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Abstract

This thesis addresses molecular segregation in perylene-based systems, including lyotropic
chromonic liquid crystals and water-in-water emulsions. These systems offer several advantages
compared to conventional surfactant- and oil-based systems, such as lower toxicity and
environmental impact, as well as reduced processing constrains, e.g. reduced foam formation. In
particular, this work focuses on the formation of chromonic mesophases by water-soluble
perylene diimide dyes, which self-assemble forming columnar aggregates that evolve to
chromonic liquid crystals at high concentrations. Perylene diimides are compounds with high
technological interest due to their unique optical and semiconducting properties, chemical
stability and versatility in terms of organic synthesis and self-assembly. In this thesis, the
chromonic behavior of several nonionic, cationic and anionic perylene diimides has been
systematically studied by polarized optical microscopy (POM) and Small-Angle X-Ray
Scattering (SAXS). The chromonic behavior was found to be significantly influenced by the
chemical structure of the perylene diimides, and some conclusions about the structure-phase
behavior relationship were drawn.

Additionally, the thesis reports the emulsification of these chromonic mesophases in all-aqueous
two- and three-phase emulsions, which yielded several interesting confined chromonic structures
and complex drop morphologies such as Janus and snowman.

Furthermore, this work explores the preparation of advanced materials from the perylene-based
chromonic aggregates. These include anisotropic gels, microporous silica materials with
interesting applications as drug carriers, and nitrogen-doped carbon nanofibers with high
performance supercapacitor properties. The silica materials revealed a gradual release of small-
molecule drugs (ibuprofen) and functioned as substrate for hydroxyapatite growth forming silica-
hydroxyapatite composites. Besides, the carbon nanofibers registered high specific capacitances
over 250 F-g™! with very high life cycles and outstanding capacitance retentions at high current
densities, in three-electrode cell systems, which is promising as electrochemical energy storage
applications where high power is required. In addition, the carbon nanofibers functioned as
efficient materials for carbon dioxide capture.

Moreover, perylene-DNA interactions were studied. DNA binding was observed for positively
charged perylenes but not for the anionic and nonionic variants.

In summary, this thesis contributes to a better understanding of the behavior of perylene-based
chromonic liquid crystal and chromonic-based all-aqueous emulsions, and demonstrates the high
potential of these systems for the preparation of advanced materials with applications in various
fields, such as drug delivery and energy storage.
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INTRODUCTION AND LITERATURE REVIEW

Molecular segregation is a phenomenon in which there is a local enrichment of certain molecular
component(s) with simultaneous depletion in other regions of the system (Figure 1.1).
Segregation includes both aggregation and phase separation systems, where the former refers to
the self-assembly of building blocks, while the latter refers the separation between two immiscible
phases, such as oil and water. Segregation processes typically occur due to intermolecular forces
and solvophobic interactions, that induce segregation by self-assembly and phase separation
within the system.

System with molecular segregation
by molecular self-assembly

.. N ot e oD
L . a o *

Non-segregated system

[ » ®
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Figure 1.1. Comparison between a non-segregated system, consisting in a solute homogeneously dispersed
in the solvent (left), and a system with molecular segregation, in which the solute self-assembles forming a
solute-rich region (the aggregate) and a solute-depleted region.

Examples of aqueous systems that show molecular segregation are soap bubbles, lyotropic liquid
crystals, vesicles such as micelles, liposomes and hexosomes, and emulsions (Figure 1.2). In all
these systems, their forming components (surfactants, chromonic mesogens, polymers, water,
oil...) self-assemble and/or phase separate yielding molecularly segregated systems. Note that the
molecular segregation can occur at multiple scales. For example, in liquid crystal systems, the
structures formed are nanometric, whereas in emulsions the droplets are typically between 100
nm and several micrometers.

The development of aqueous systems exhibiting molecular segregation is of high scientific and
technological interest as they allow to organize matter in liquid systems, at the molecular level,
through low energy methods, and in a bottom-up approach (i.e. matter spontaneously self-
assembling into complex nanostructures through intermolecular interactions, in contrast to top-
down approaches, which involve breaking up large pieces of materials to obtain the desired
nanostructures). The bottom-up approach allows the preparation of nanostructures with higher
resolution compared to the top-down approach [,

These systems are of high interest in several areas such as pharmacy, food science, cosmetics,
optics, electronics and material science. For instance, liposomes, cubosomes and hexosomes are
very promising drug carriers 1, and oil-in-water (O/W) and water-in-oil (W/O) emulsions have
been widely used in pharmacy, cosmetic and food industries ~'2I. Moreover, lyotropic
amphiphilic liquid crystals are unique templates to prepare complex porous materials with
applications in several fields "*-!7. However, all these systems share the requirement of using
either a surfactant, an oil or both to be formulated, which may be non-desired for some
applications due to their potential toxicity, environmental impact, and processing limitations. For
example, incorporating proteins in these systems may be complicated as surfactants tend to unfold
these biomolecules affecting their biological properties 821,
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MOLECULAR SEGREGATION AT MULTIPLES SCALES IN PERYLENE-BASED SYSTEMS FOR
THE PREPARATION OF ADVANCED MATERIALS
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Figure 1.2. Examples of molecularly segregated systems in water. The blue and dark blue regions represent
water, the dark-yellow regions represent hydrophobic moieties. O/W and W/W emulsions mean oil-in-water
and water-in-water emulsions, respectively.

In this context, developing all-aqueous non-surfactant systems with molecular segregation is
highly desirable to complement the surfactant-based formulations in situations where surfactant
and oils should be avoided. These systems mainly include lyotropic chromonic liquid crystals
(LCLC) and their water-in-water (W/W) emulsions, which unfortunately have been much less
studied than their surfactant- and oil-based counterparts >1?2, Accordingly, this thesis aims to
study the formulation of LCLC and chromonic-based W/W emulsions, and produce complex
materials with potential applications in the pharmaceutical and energy fields. Thus, this work is
expected to contribute to a better understanding of both chromonic liquid crystals and W/W
emulsions, and reveal the potential applications of these systems to template advanced materials
for drug delivery and energy applications.

The following sections of the Introduction chapter provide the fundamental information to
understand the formation and properties of both chromonic liquid crystals and water-in-water
emulsions, giving context about their history and current state. Furthermore, the templating of
advanced materials using these systems as templates is also covered.

In this context, the introduction is divided as follows: First, the main intermolecular interactions
leading to molecular segregation are described, including © — & interactions and solvophobic
effects (Section 1.1). Afterwards, a section covering the formation, properties and applications of
LCLC, alongside with a comparison of the chromonics with the other known thermotropic and
lyotropic liquid crystals, is presented (Sections 1.2 and 1.3). Finally, this introduction provides a
section covering W/W emulsions, with particular focus in chromonic liquid crystal-based W/W
emulsions (Sections 1.4 — 1.6).
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INTRODUCTION AND LITERATURE REVIEW

1.1 Intermolecular forces directing molecular segregation
Intermolecular interactions are the primary cause leading to molecular segregation. These are
non-covalent attractive or repulsive forces that appear between molecules, including ionic forces,
dipole — dipole and ion — dipole interactions, hydrogen bonds, dipole — induced dipole and
dispersion interactions, m — m interactions, and hydrophobic (or solvophobic) effects. All these
intermolecular interactions are depicted in Figure 1.3.

Ionic or coulombic forces are one of the strongest intermolecular interactions 123, They consist in
non-directional long-range attractive or repulsive forces between oppositely or equally charged
ions, respectively; and their strength respond to the Coulomb’s equation for the electric force
between two punctual charges 1**. Notably, ionic self-assembly has been extensively used to
synthesize supramolecular materials 2326,

Dipole — dipole and ion — dipole interactions occur between two molecules with a permanent
dipole or a dipolar molecule and an ion, respectively. Similar to ion —ion interactions, these forces
consist in electric attraction or repulsion, although they cannot be considered as punctual charges,
and thus are directional ?7). Moreover, the strength of dipole — dipole and ion — dipole interactions
is lower than for ion — ion bonding ?*!. Dipole — dipole interactions are also known as Keesom
forces.

Hydrogen-bonds (H-bonds) are a particular case of dipolar interactions involving an
electronegative atom (also called donor or D, most often O, N or F) bound to a hydrogen atom
and a second electronegative atom with lone electron pair (also called acceptor or A, typically O,
N, F, Cl, Br, I or S), forming a three-center four-electron D — H --- A intermolecular bond 28],
H-bonds show overlapping between the orbitals involved in the bond %, are stronger than
conventional dipole-dipole interactions (up to 40 kcal/mol '), and highly directional (being D —
H - A angles optimally close to 180°), although this may not always be the case for some systems
such as H-bonds with acceptor halogens in crystal structures, bifurcated H-bonds or H-bonds

involving aromatic moieties as acceptors *2,

Dispersion forces, also known as London forces, are intermolecular interactions appearing for all
molecules, including non-polar molecules **!. They consist in the formation of an instantaneous
dipole in a molecule that induces a dipole in a polarizable neighbor molecule 4. Dispersion
forces are the weakest intermolecular interactions for one pair interaction (i.e. a single A — B
dispersion intermolecular interaction). However, since they can appear anywhere, the cumulative
effect makes them very significant in bigger molecules *. For example, dispersion forces can
explain why alkanes with higher molecular weights (hexane, heptane, octane...) are liquid at room
temperature, whereas low molecular weight alkanes such as methane, ethane, propane and butane
are gases.

Besides, there are intermediate interactions in between Keesom (dipole — dipole) and London
(instantaneous dipole — induced dipole) consisting in a permanent dipole inducing a dipole in a
polarizable non-polar molecule. These forces are known as permanent dipole — induced dipole or
Debye interactions, and are characterized for having an intermediate strength between the Keesom
and London forces and being always attractive 13,

In addition to these attractive forces, molecules in close proximity also experience a powerful
repulsive force resulting from the repulsion between their atomic nuclei and the overlapping of
their electron clouds. Such overlapping violates the Pauli's exclusion principle, hence producing
a strong repulsive force. The overall interplay between these attractive and repulsive interactions
is commonly referred to as Van der Waals forces.
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7 — T interactions, also called n-stacking, are a widely used intermolecular force to describe the
self-assembly of aromatic systems. In general, ® — m interactions refer to the formation of
molecular aggregates led by the intermolecular interaction between aromatic moieties. These
interactions can be either parallel face-centered (face-to-face), parallel offset or perpendicular
edge-to-face T-shaped (see Figure 1.3), generally being the parallel offset and perpendicular
conformations more energetically favorable %, meanwhile the parallel face-centered is typically
preferred when mixing electron-poor and electron-rich aromatic compounds 728l This is in
agreement with the Hunter and Sanders model for © — 7 interactions *°!, which considers that
electron-rich aromatic molecules exhibit partial negative charge density in the center, but positive
in the periphery, whereas electron-poor aromatic compounds show the opposite charge
distribution. Accordingly, two aromatic molecules with similar charge distribution will prefer
either a parallel offset or edge-to-face conformation to prevent the electrostatic repulsion of a
parallel face-centered stacking. In contrast, for 1:1 mixtures of aromatic electron-rich and
electron-poor molecules, a face-centered sandwich stack of alternating electron-rich and electron-
poor molecules will be preferred. Despite this, more recent studies claimed that the incorporation
of electron-donor or acceptor substituents not only affects the stacking by changes in the charge
density of the aromatic core but also by direct interaction between the substituent and the adjacent
stacked aromatic molecule 02,

As a result of this complex behavior, the terms @ — © interactions and m-stacking are very
controversial **, and some authors have claimed that they are misleading and hence should be
avoided !, since they can mislead non-experts to the belief that aromatic molecules tend to stack
in parallel face-centered aggregates independently of the charge distribution and substitution
groups, which is not true. Additionally, it is not clear how significant = — & interactions are in
small aromatic compounds such as benzene *, although there is some evidence of ©T — =
interactions being important for aggregation of polyaromatic hydrocarbons (PAHs) 1461,

Furthermore, the solvent effects have also demonstrated to play a fundamental role in © — &
interactions, especially in polar protic solvents such as water. This is clearly exemplified in a
study by Iverson et al. 71, about the self-assembly in different solvents (including water) of an
electron-rich 1,5-dialkoxynaphthalene (DAN) and an electron-poor naphthalene diimide (NDI).
They determined the aggregation constants of DAN, NDI and a DAN-NDI 1:1 mixture in
chloroform, acetone, DMSO, acetonitrile, methanol, water and methanol-water mixtures, and
observed that the aggregation constants were higher for the DAN-NDI 1:1 mixture in all solvents,
indicating the presence of an electrostatic interaction between the two compounds. However, the
study also revealed that the aggregation constants increased with the solvent polarity for the three
studied systems, especially when protic polar solvents were used, which contrasts with a purely
electrostatic interaction, and suggests a strong solvent effect. Note that polar solvents should
screen electrostatic interactions, thus reducing the aggregation constants. Similar results were

obtained by Shimizu et al. 8], confirming that the solvent plays a major role in -stacking 1,

The effect behind the solvent-dependent m-stacking is called solvophobic effect. It is very
significant for the aggregation of hydrophobic molecules (of partially hydrophobic molecules) in
water. Therefore, it is often referred to as hydrophobic effect. Note that the term solvophobic is
more general and includes all solvents whereas hydrophobic particularly refers to water as the
solvent. The hydrophobic effect is typically described as the tendency of water to exclude
hydrophobic molecules provoking their aggregation, due to an apparent repulsion between the
highly polar solvent and the non-polar solute °!1. Historically, the hydrophobic effect has been
explained with the clathrate or “iceberg” model proposed by Frank and Evans back in 1945 2],
which proposes that upon adding a non-polar solute in water, the solvent molecules structure
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around it adopting a quasi-solid state, which is entropically expensive, and hence
thermodynamically unfavorable. Consequently, the non-polar solute will tend to aggregate in
order to reduce its contact with water. However, today this model is controversial, as there is no
clear evidence of the water molecules adopting ice-like structures around non-polar solutes 51,

Alternatively, other models have emerged to complement the “iceberg” model P+, which take
into consideration other parameters, such as a higher number of H-bonds between water in bulk
compared to water surrounding a hydrophobic surface, which would lead to an enthalpy gain, by
releasing water clustering the solute, upon aggregation 37!, Additionally, the importance of the
non-polar solute size ¥ and shape ©°°! has also been evaluated, observing that hydrating big
solutes is more energetically expensive and hence the hydrophobic effect is more evident for high-
molecular weight hydrophobic compounds 81, In summary, the nature of hydrophobic effect
nature is still on debate and most likely occurs due to a sum of different enthalpic and entropic
factors.

Besides these, there are other intermolecular interactions involving aromatic moieties such as
cation-mt, which consist in a electrostatic interaction between the positively charged cation and the
center of electron-rich aromatic compounds (not necessarily annular) such as benzene ! or
tryptophan ! Notably, the polarizability of the m-clouds plays a major role in cation-w
interactions %2, Additionally, the less intuitive anion-m interactions have also been described,
occurring either between anions and the center of electron-poor aromatic cores *%4 or through
charge-transfer from the anions to the periphery of an aromatic moiety (¢,
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Figure 1.3. Scheme of the main intermolecular interactions.

In summary, it is the interplay between all the forces described in these last paragraphs that direct
the aggregation of compounds in solution and trigger the formation of systems with molecular
segregation, such as liquid crystals and emulsions.
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1.2 Overview of liquid crystals

Liquid crystals are materials that exist in a state of matter in between solids and liquids. In
materials science, the term crystal refers to solid materials composed of packed atoms, ions or
molecules with tridimensional long-range positional and orientational order; whereas liquids are
isotropic materials without any long-range order. This is translated into different macroscopic
properties for crystals and liquids. For example, crystal solid materials are typically resistant to
deformation, whereas liquids easily deform under the application of a force, hence flowing.

Liquid crystals are a unique state of matter that shares properties of both crystals and liquids, both
at the atomic and macroscopic scales. Liquid crystals are typically made up of molecules
(hereinafter called mesogens, from the Ancient Greek meso and genés, which mean middle and
producer, respectively). These mesogens self-assemble forming structures that possess either
long-range orientational order, positional order, or both (like a crystal), but reduced as compared
to solid crystals. This gives the mesogens freedom to move in at least one dimension, allowing
the liquid crystal materials to flow (like a liquid) at the macroscopic scale (Figure 1.4). The liquid-
crystalline phases are also called mesophases.

Additionally, liquid crystals are generally anisotropic, which means that they exhibit different
mechanical, thermal, optical or electrical properties along different axes of the material.
Anisotropy arises due to the different structure of a material as a function of direction. For
instance, in the liquid crystal structure shown in Figure 1.4, the arrangement of mesogens is
different along the vertical axis compared to the perpendicular directions, which result in the
liquid crystal properties varying depending on the direction within the material.

This is further illustrated by the optical properties of liquid crystals. Liquid crystals exhibit an
optical property called birefringence, which consists in the material showing different refractive
indexes depending on the direction of propagation of the light within its structure. This property
is also observed in most crystalline solids, which are also anisotropic, but not in isotropic liquids.
The only exception are cubic crystalline solids and liquid crystals, since the cubic lattice only
shows positional order, but not orientational order nor anisotropy. Note that orientational order
refers to the oriented distribution of molecules towards one direction, whereas positional order
consists in a translational symmetry of atoms, ions or molecules within a material structure.

Crystalline Liquid Isotropic
solid crystal liquid
) i/ \
* Packed constituents * Less-packed constituents *  Non-packed constituents
* Long range 3D orientational * Long range orientational and/or * No long-range orientational
and positional order positional order nor positional order
* Do not flow * Flow (at least in one direction) *  Flow
*  Typically anisotropic *  Typically anisotropic * Isotropic

Figure 1.4. General structure and properties of a crystalline solid, a liquid crystal and an isotropic liquid.

Historically, liquid crystals were first observed by Heintz (1849-1855), who described ‘““a second
melting point™ for stearin samples !, In his article, Heintz wrote “Stearin becomes cloudy at 51-
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52”C, at higher temperatures it opalizes, and at 58°C it is completely opaque. Above 62.5”°C it is
molten and quite clear” 1!, Almost simultaneously, Virchow described a soft floating substance
surrounding the nerve core, and called it myelin 8’1, and Mettenheimer observed that myelin
was birefringent "%, Almost 40 years later, in 1888, the Austrian scientist Friedrich Reinitzer
described a similar behavior for cholesterol derivatives extracted from carrots, observing that “the
substance melted to a cloudy liquid at 145.5 °C and became a clear liquid at 178.5°C” "], Further
research about these materials by Reinitzer and Otto Lehman ended with the latter discovering
that the cloudy liquids described by Heintz and Reinitzer were birefringent liquids "?. Otto
Lehmann greatly contributed to the development of the liquid crystal field during the 1890 — 1900
decade !, and published a compilation of his research in 1904, which included the term “Fliissige
Kristalle” (liquid crystal in German) in the title "*. Note that the term “Fliissige Kristalle” was
first used by Gattermann and Ritschke in 1890 !, and later on popularized by Lehmann.

Today, our knowledge about liquid crystals has expanded drastically, and several different types
of these materials have been described. Liquid crystals are traditionally classified as thermotropic
and lyotropic. Thermotropic liquid crystals are formed only as a function of temperature, existing
between the solid and the liquid phases. As a consequence, materials exhibiting thermotropic
liquid crystal phases have at least two melting points between the solid and the liquid phase, one
corresponding to the solid = liquid crystal transition and one to the liquid crystal 2 liquid
transition. Both the stearin and the cholesterol derivatives observed by Heintz and Reinitzer are
thermotropic liquid crystals.

In general, thermotropic liquid crystals are formed either by rod-like (calamitic liquid crystals) or
disk-like (discotic liquid crystals) mesogens (Figure 1.5a,b). Rod-like mesogens are commonly
composed by side chain (R), two aromatic groups (A and A’) connected with a linkage (X) and
another side chain (R’) in the other side (Figure 1.5a) %771, Calamitic liquid crystals form various
mesophases, which are normally classified as nematic and smectic liquid crystal phases (Figure
1.5¢). In nematic phases, all the mesogens orient towards one direction, the so-called director
axis, but they lack of positional order. On the other hand, smectic phases are formed when the
mesogens not only are orientationally correlated but also have some degree of positional order,
although reduced compared to solids. Notably, smectic mesophases are subcategorized in, mainly,
smectic A and smectic C phases, where the main difference is that in smectic A mesophases the
mesogens are oriented parallelly to the director axis meanwhile in smectic C phases they are tilted.

Additionally, calamitic liquid crystals also form the so-called cholesteric mesophase "8, which is
thermodynamically equivalent to the nematic phase, but present a helical superstructure due to
the presence of chiral groups in the mesogens or by the addition of chiral dopants to the nematic
phase (Figure 1.5d).

In contrast, disk-like mesogens are composed by a planar polyaromatic core functionalized with
flexible aliphatic chains at the periphery [®). Examples are the benzene hexa-n-alkanoates % and
triphenylene derivatives %% (Figure 1.5b), among others like perylene diimides #%], truxene ¥4,
phtalocyanines 3 and hexabenzocoronene derivatives ¢, Discotic liquid crystals also form a
variety of mesophases (Figure 1.5e). At lower temperatures, they show columnar rectangular and
hexagonal phases, which consists in stacks of the disk-like mesogens forming columns that
organize into rectangular and hexagonal lattices, showing both orientational and positional
ordering. At higher temperatures, the positional ordering is lost and a columnar nematic phase
appears. Additionally, these mesogens form discotic nematic phases, which consist in all the
mesogens orientationally correlated but without forming columnar stacks.
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In contrast to thermotropics, lyotropic liquid crystals only occur in solution, and their formation
is governed not only by the temperature but also by the concentration of the mesogen in the
solvent, which is commonly water 7, The first known example of a lyotropic mesophase is
myelin, described by Virchow and Mettenheimer. Afterwards, Lehmann observed that
ammonium oleate formed liquid crystal phases with low amounts of water, although he never
distinguished this compound from the more common thermotropic compounds. In 1922, the
French crystallographer George Friedel made one of the greatest contributions to the lyotropic
liquid crystal field 8], recognizing the lyotropic mesophases as a distinct and particular type of
liquid crystals and hence dividing the liquid crystal field into thermotropic and lyotropic liquid
crystals. Friedel also coined the terms mesogen and mesophase.
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Figure 1.5. Model chemical structure of thermotropic a) rod-like mesogens and b) disk-like mesogens.
Structure of c¢) conventional calamitic liquid crystal phases, d) a cholesteric nematic liquid crystal phase,
formed by adding a chiral center or dopant to a calamitic nematic phase and e) conventional discotic liquid
crystal phases.

Lyotropic mesogens exhibit a “biphilic” character in their chemical structure, with hydrophilic
and hydrophobic parts that interact differently with the solvent, resulting in the formation of
complex structures with liquid crystalline behavior. These mesophases are generally formed by
amphiphilic molecules in water. Amphiphilic compounds (Figure 1.6a) are composed by a
hydrophilic head (glycerol, polyethylene glycol chains, quaternary amines, carboxylates, or
phosphates) covalently bonded to a long hydrophobic tail (normally long aliphatic chains).
Examples of amphiphiles are soaps, detergents, phospholipids or glycolipids, among others 7!,
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When water is added to amphiphilic compounds, these can either be insoluble (due to very big or
rigid hydrophobic moieties), only partially dissolve forming low-concentration micellar aqueous
solutions or generate lyotropic liquid crystalline phases at high concentration in aqueous solutions
891 At very low concentrations in water, amphiphilic molecules typically adsorb at the air-water
interface reducing the solvent surface tension, with the hydrophilic head in the water phase and
the hydrophobic tails in the air phase, in an attempt to prevent the repulsive interactions between
the water and the hydrophobic chains. This behavior arises from the thermodynamically
unfavorable hydration of the hydrophobic moieties of the amphiphiles (hydrophobic effect).

As the amphiphile concentration increases, the air-water interface becomes saturated, and the
amphiphilic molecules must penetrate the bulk of the solvent (water). To prevent the hydration of
the hydrophobic chains, the amphiphiles spontaneously self-assemble forming spherical
nanostructures called micelles (Figure 1.6b), where the hydrophilic heads stay in the outer area
of the sphere “hiding” the hydrophobic chains inside. The concentration at which the interface
gets saturated and micelles start to form is called critical micelle concentration (cmc).
Interestingly, the formation of micelles is an entropically-driven process, as it is mainly directed
by the exclusion of the hydrophobic chains from water. Moreover, the formation of micelles is
not only concentration-dependent but also temperature-dependent, as there is a lower-temperature
limit below which the hydrophobic chains become too rigid and cannot form micelles, known as
Krafft point 7!,

At higher amphiphile concentrations in water, micelles self-assemble into more complex
structures with orientational and/or positional order forming lyotropic mesophases. There is a big
variety of lyotropic mesophases, being cubic, hexagonal and lamellar phases the most well-
stablished (Figure 1.6b) ™. Notably, both hexagonal and lamellar phases are anisotropic
structures that exhibit both positional and orientational order, and thus are birefringent. In
contrast, cubic phases only show positional order due to the high symmetry of the cubic lattice.

a)
mmmm) Hydrophilic head

mmm=) Hydrophobic tail

Amphiphilic molecule

Micellar cubic Hexagonal Lamellar
phase (1) phase (H)) phase (L,)

aC

Micelles

Figure 1.6. a) Structure of amphiphilic molecules. b) Structure of micelles and three lyotropic mesophases
(cubic, hexagonal and lamellar).
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In general, amphiphilic lyotropic mesogens form cubic mesophases (I;) at lower concentrations,
that evolve to hexagonal (H;) and lamellar (L,) as concentration increases (Figure 1.6b). However,
inverted hexagonal (H:) and inverted cubic (/2) phases can also appear at even higher
concentrations, which are equivalent to H; and I; phases but with the hydrophilic heads and the
hydrophobic tails inverted. Additionally, the formation of these amphiphilic mesophases not only
depends on the mesogen concentration but also in the structure of the amphiphile. The influence
of the structure in the mesogenic behavior is typically described by the packing parameter !,
which is calculated as the volume of the hydrophobic part divided by the length of the
hydrophobic chain and the area of the hydrophilic head. Therefore, amphiphiles with short and
non-branched hydrophobic chains show low packing parameters, whereas bigger hydrophobic
moieties exhibit higher packing parameters. In general, low packing parameters (< 1) favor
normal structures with high curvature (such as cubic I;), packing parameters about 1 generate
structures with less curvature (hexagonal H; and lamellar L,) and high packing parameters (> 1)
induce the formation of inverted structures.

In addition to conventional amphiphiles with the structure shown in Figure 1.6a, other compounds
also exhibit the ability to form lyotropic mesophases. Some examples are proteins, synthetic
polymers, nanoparticles or rod-like viruses, such as the tobacco mosaic virus ?!. Furthermore,
there is another group of biphilic molecules formed by small drugs, dyes and nucleic acids that
give rise to a new family of lyotropic mesophases known as lyotropic chromonic liquid crystals
(LCLC). LCLCs are the main topic of this thesis and, consequently, will be described in detail in
the next section.

1.3 Lyotropic chromonic liquid crystals (LCLC)

1.3.1 Chromonic self-assembly

Chromonic liquid crystals are lyotropic mesophases formed plank-like or disk-like biphilic
molecules, composed of a hydrophobic planar aromatic core functionalized with hydrophilic
moieties at the periphery (Figure 1.7a), which impart water-solubility to the molecules, whereas
the hydrophobic core facilitates the self-assembly of these molecules to form chromonic
mesophases > Accordingly, chromonic mesophases are typically formed by small anti-
asthmatic and anti-allergy drugs -1, water-soluble dyes such as perylene diimides ', and
nucleic acids (Figure 1.7b) 101,

LCLC exhibit several properties that clearly differentiate them from the conventional amphiphilic
lyotropic liquid crystals in almost every aspect besides being lyotropic and typically existing in
water (Table 1.1) "%, For instance, chromonic molecules do not form micelles but stack like a
pile of cards forming columnar aggregates that grow as the mesogen concentration increases, and
possess hydrophobic rigid aromatic cores, rather than flexible aliphatic chains.

Moreover, the column elongation in chromonic systems is an additive process, in contrast to the
cooperative nature of surfactant micellization. This means that there is no optimal column length
and increasing the aggregation number (the number of molecules in an aggregate) only slightly
reduces the hydrophobic surface in contact with water, gradually reducing the free energy (Figure
1.8). In contrast, surfactant-based micelles have an optimal size, and consequently an aggregation
number of minimum free energy (Figure 1.8) and a critical micelle concentration (cmc).
Furthermore, the formation of micelles is an entropically-driven process, whereas the chromonic
self-assembly presumably results from the attractive interactions between the m-systems of the
planar aromatic groups, and it is exothermic (enthalpically-driven) [1%-1%1  although there is also
a contribution from the exclusion of the hydrophobic moieties from the solvent (hydrophobic
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effect), indicating that the chromonic self-assembly also has significant entropic contributions
(106-1081 "Tn addition, there is no chromonic equivalent to the amphiphile Krafft point, and the
existence of chromonic mesophases at low temperatures is limited by the formation of ice.
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Figure 1.7. a) General structure of amphiphilic and chromonic molecules. The hydrophilic (blue) and
hydrophobic (yellow) areas are marked. b) Some examples of chemical compounds forming chromonic
mesophases.

Notably, the free energy reduction of adding a chromonic mesogen (A;) to a chromonic aggregate
(A») is independent to the size of the aggregate (n), which means that the aggregation constant (K)
does not depend on the aggregate size. This behavior is known as isodesmic assembly %, and it
is a distinctive characteristic of chromonic systems.

An + Al g An+1

According to the isodesmic model, there is no minimum aggregate size, and the formation of
columnar stacks starts with the formation of dimers. This explains why chromonic mesogens
aggregate even at very low concentrations (107 — 10> M) in water. Despite this, it should be noted
that chromonic self-assembly is not completely isodesmic, as the formation n-mers (up ton =4 —
5 molecules) causes a slightly higher decrease in the free energy than larger aggregates %, as
exemplified in the free energy graph of Figure 1.8.

Table 1.1. Comparison between the main characteristics of the amphiphilic self-assembly and the
chromonic self-assembly.

Amphiphilic self-assembly Chromonic self-assembly
Forms micelles Forms columnar stacks
Cooperative process (non-isodesmic) Additive process (isodesmic)
Entropically driven Enthalpically driven
Limited by Krafft point Limited by ice formation
Starts by the formation of dimers (very low

Starts at the critical micelle concentration ]
concentrations)
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Figure 1.8. Comparison between amphiphilic and chromonic self-assembly. In the left part, a scheme of
how the micelles and columnar aggregates grow is depicted. It can be seen how amphiphilic micelles have
an optimal size, meanwhile chromonic columnar aggregates gradually elongate. The graphs on the right
part represent the variation of the free energy as a function of the aggregation number. The free energy
has a clear minimum for amphiphile micellization (non-isodesmic), in contrast to chromonic aggregates,
which elongate with a gradual decrease in the free energy (isodesmic). Note that the free energy decrease
for chromonic aggregate elongation is not completely linear. This results from the higher free energy
reduction of the formation of dimers and small n-mers. AC means increment in the concentration.

Furthermore, chromonic molecules can self-assemble in two ways: face-to-face, by stacking the
aromatic cores on top of each other (H-aggregates), or tilted (J-aggregates), as shown in Figure
1.9. The tilting angle (#) classifies an aggregate as H- or J-aggregate, with H-aggregation
occurring for 6 > 54.7° and J-aggregation for § < 54.7° U011 The optical properties of the
aggregates change compared to the non-aggregated monomeric species, and such variations
highly depend on the kind of aggregate formed.

H-aggregates cause a hypsochromic (blue) shift in the maxima of absorbance as compared to the
monomeric species, with hypochromicity (absorbance intensity reduction), and quenched
fluorescence. J-aggregates, on the other hand, produce a bathchromic (red) shift. This behavior
can be partially explained by Kasha’s molecular exciton model for dye dimers [''?!, which defends
that upon photon-induced excitation of a dye dimer, the excited state splits in two as a result of
the interaction between the transition dipoles moments formed in each molecule of the dimer.
Kasha’s model states that, of these two levels formed, the highest energy one is forbidden for J-
aggregates whereas the lowest energy level is not allowed for H-aggregates, which explains the
absorbance shift (Figure 1.10). Note that there is a point in which the two split excited states have
the same energy (6 = 54.7°), where the absorbance spectrum is not distinguishable from that of
monomeric species, and which is considered the frontier between H- and J-aggregation.
Moreover, this model also considers the so-called Kasha’s rule 3], that states that “the emitting
excited level of a given multiplicity is the lowest excited level of that multiplicity”, and, since the
lowest-energy excited level is forbidden for H-aggregates, fluorescence gets quenched. It is worth
noting that Kasha’s model may be oversimplified for some systems, since it only considers only
the formation of dimers and supposes that there is no overlapping between the m-orbitals of
molecules forming the dimer.
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H-aggregate J-aggregate

Figure 1.9. Structure of H-aggregates (left) and J-aggregates (right). The angle (0) defines the kind of
aggregate, being H-aggregate for 0 > 54.7° and J-aggregate for 0 < 54.7°.
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Figure 1.10. Schematic energy level diagram for H- and J-dimers according to the Kasha's model of
excitonic coupling. Sp and S; correspond to the ground and excited states, respectively. AEvaw indicates the
energy reduction of the dimer compared to the monomer, resulting from the attractive intermolecular
interactions between the two molecules of the dimer. Note that this value is higher in the excited state, due
to the higher polarizability of the excited molecules. E’ and E’’ correspond to each of the two energy levels
in which the excited state of dimers is split, and the arrows next to these levels indicate the direction of the
transition dipoles of each molecule. Note that the splitting results from the electrostatic interactions
between the transition dipoles.

Normally, chromonic mesophases are formed by H-aggregated species with unimolecular cross-
sections ), when the interactions between long columnar aggregates trigger orientational and/or
positional order within the system at high concentrations, forming lyotropic chromonic liquid
crystal phases. However, more complex aggregates with head-to-tail arrays !!*!115] bimolecular
cross-sections ', and multimolecular hollow-chimney and brick-wall "1 structures have been
described (Figure 1.11). The next section covers the main LCLC phases and their structures, along
with the principal characterization techniques for LCLC phase identification.
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Figure 1.11. Different aggregate structures forming chromonic mesophases. Note that the hydrophilic
chains have not been drawn to improve the visualization of the pictures.
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1.3.2 Chromonic liquid crystal phases

The first description of chromonic liquid crystals phase came from the studies of Hartshorne,
Woodard, Cox and Walter McCrone 7%, from the McCrone Research Institute, about the
lyotropic mesophases formed by the anti-asthmatic drug disodium cromoglycate (DSCG), during
the 1970s. They described two different mesophases for DSCG in water: the nematic (N) phase
and the hexagonal or middle (M) phase. The selection of these terms to name the mesophase was
due to the similarity between DSCG polarized optical microscopy (POM) textures and those of
thermotropic nematic and lyotropic amphiphilic hexagonal phases, respectively. Note that the
lyotropic hexagonal phase is also called middle phase, as it is usually in the middle between the
isotropic solution and the lamellar phases.

Later work by Lydon and Attwood, among others, helped to define the chromonics as a particular
and differentiated class of lyotropic liquid crystals "8, It was demonstrated that the formation of
chromonic mesophases was a widespread phenomenon among small anti-asthmatic and anti-
allergy drugs, and water-soluble dyes. Furthermore, X-ray experiments of the chromonic
mesophases were performed, models explaining the structure of both N and M phases were drawn
and new chromonic mesophases were discovered.

Today it is widely accepted that both N and M phases are typically formed by face-centered stacks
of chromonic mesogens with a stacking distance of ~3.4 A between adjacent mesogens (note that
there are some exceptions, as shown in Figure 1.11). In N phases, these columnar stacks interact
triggering orientational order (i.e. all the stacks are oriented towards one direction defined by the
director vector, 71, in localized regions of the mesogenic sample). Additionally, in M phases, these
columnar stacks also gain positional order, arranging in a hexagonal lattice (Figure 1.12a).

In general, chromonic liquid crystals show multi-peritectic' phase diagrams (Figure 1.12b), with
N phases forming at lower concentrations than M phases, and with a narrow concentration range
in which all the possible mesophases (for a system forming exclusively N and M phases) are
observed by increasing the temperature. The phase transitionsare M > M+ N > N> N+ 1>
M + 1 = I (see the red arrow of Figure 1.12b). Note that I means isotropic phase (i.e. no liquid
crystal). In contrast, conventional amphiphilic lyotropic liquid crystals do not typically show all
the mesophases by changing the temperature for a given concentration and exhibit multi-eutectic!
phase diagrams.

However, three more mesophases have also been described: the P phase, the rectangular or
orthorhombic (O) phase and a lamellar phase. The chromonic P phase (Figure 1.13a) is most
prevalent exception to the common N/M behavior represented in Figure 1.12. The P phase consist
in an intermediate mesophase that appears during the M <> N transition. Typically, the M < N
transition is an abrupt first-order process. However, chromonic systems with circular column
cross-sections, formed either by discotic mesogens or plank-like mesogens stacked in a helical
fashion, promote a smoother higher-order phase transition that give rise to the P mesophase. This
probably occurs due to the higher rotational freedom within the columnar chromonic aggregate
of discotic and helically stacked mesogens !,

' The term peritectic is commonly used in phase diagrams to refer to a solid and a liquid in equilibrium with
a second different solid at a particular temperature and composition. In contrast, the term eutectic is used
for liquid systems in equilibrium with two different solid phases. These concepts can be applied to
chromonics by changing “solid” for “liquid crystal phase”, and “liquid” for ‘“‘isotropic phase”. In
chromonics, there is typically a point where the M + I phase is in equilibrium with the N phase, and a
second point where the solid + I phase is in equilibrium with the M phase, hence showing a multi-peritectic
behavior
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Figure 1.12. a) Structure of the nematic (N) and the hexagonal (M) chromonic mesophases. b) Phase
diagram of DSCG. Reproduced with permission from Elsevier *’I. The red arrow indicates the narrow

concentration range in which all the chromonic mesophases are observed as a function of temperature: M
>M+N NN+ 22M+1 21

The chromonic O phase consists in a mesophase with orientational and positional order in which
the chromonic aggregates self-assemble in a rectangular lattice (Figure 1.13b). This phase is
expected to exist at lower temperatures and/or higher concentrations that the M phase !, although
e U121 which suggests that the formation of O
mesophases is not a widespread phenomenon in chromonic systems.

there is only few evidence of its existenc

Lamellar mesophases have been scarcely observed in chromonic systems, mainly for cyanine
dyes stacked in brick-wall structures (see Figure 1.11) at rather low concentrations 7). However,
recently, a hemicyanine dye was reported to form lamellar phases at high concentrations and
temperatures, and a model of face-centered columnar aggregates aligned in a lamellar fashion was
proposed (Figure 1.13¢) 120121,

In addition to these five differentiated mesophases (N, M, P, O and lamellar), chiral mesogens or
achiral mesogens with chiral dopants can also form chiral or cholesteric nematic mesophases (N*).
This phase is thermodynamically equivalent to the N phase, but it forms a chiral superstructure in
which the director vector is helically twisted along the sample (Figure 1.13d) 12271241,
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Figure 1.13. Structure of the chromonic a) P phase, b) rectangular or orthorhombic (O) phase, c) lamellar
phase and d) cholesteric or chiral nematic (N*) phase. Note the discotic units of the P phase are not
necessarily disk-like mesogens, as they can also be plank-like mesogens stacked in a helical fashion. Also
note that the cylinders of the N* phase do not represent single mesogens but columnar aggregates, which
twist helically giving rise to a chiral superstructure.

The characterization of chromonic mesophases is typically done by polarized optical microscopy
(POM) and small-angle X-ray scattering (SAXS), although other techniques such as "H-NMR,
differential calorimetry (DSC) and spectrophotometric techniques are also useful.

POM is a technique consisting in observing a sample between crossed polarizers with an optical
microscope. This allows to distinguish the presence of birefringent (anisotropic) materials and
mesophases. Notably, when observed by POM, the different chromonic mesophases exhibit
distinguishable textures, which converts POM in an excellent technique to identify the mesophase
formed by a sample.

In particular, N phases show Schlieren textures consisting in more or less uniform bright zones
along with dark points and lines (Figure 1.14a), corresponding to particular regions where the
director vector is aligned with one of the two crossed polarizers !>, In contrast, M phases show
either a grainy or a herringbone texture, depending on the purity of the sample and the method of
preparation °>!2, In general, purer samples prepared by partially evaporating the solvent of a
nematic phase yield herringbone textures (Figure 1.14b), whereas impure samples or phases
prepared directly mixing the mesogen with water at a concentration giving M phases favor grainy
textures. Furthermore, POM is a very useful technique to detect the formation of cholesteric
nematic mesophases, since the twisting of the director vector gives the mesophase a easily
distinguishable fingerprint texture (Figure 1.14c) "], similar to that observed in cholesteric
nematic phases of thermotropic liquid crystals 28], Despite this, the identification of P, O and
lamellar mesophases by POM is trickier. P phases do not exhibit a distinctive texture as they are
an intermediate phase between N and M phases, and generally appears as a grainy M-like texture
more fluid than a conventional M phase (this is further discussed in the Results and Discussion
chapters 4.1 and 4.2). Furthermore, O phases exhibit mosaic and focal conic textures that can be
hard to distinguish from the hexagonal textures %121 and lamellar phases have been shown to
display oily streaks and grainy textures ['712%1 Alternatively, orthogonal and lamellar phases can
be distinguished from conventional N and M phases by X-ray diffraction techniques.

X-ray diffraction techniques also proved to be very useful to characterize and distinguish the
chromonic mesophases, as they allow to get insights about the structure of the columns and their
organization. Generally, chromonic materials are characterized by small- and wide-angle X-ray
scattering (SAXS and WAXS).
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Figure 1.14. POM images of a) Schlieren nematic texture and b) herringbone hexagonal texture of DSCG.
Both images were taken of an isotropic DSCG solution in water by lateral evaporation of the solvent. c)

POM image of a chiral nematic phase formed by a perylene diimide !'*7/.

X-ray diffraction techniques are used to determine the atomic or molecular structure of materials
by analyzing the diffraction patterns generated by the interaction of X-rays with the materials.
This diffraction occurs in materials with aligned planes such as crystals or other ordered materials
(including liquid crystals). By measuring the intensity of the scattered X-rays as a function of the
angle of incidence of the X-rays to the material planes for a given X-ray wavelength, it is possible
to measure the spacing between the planes, according to the Bragg equation:

n-A=2-d-sin(0) (Eq. 1)

Where 7 is a natural number that indicates the order of diffraction, 4 is the wavelength of the X-
rays, d is the spacing between the material planes and @ is the angle of incidence of the X-rays to
the material planes. Bragg law says that the constructive scattering will only occur when the phase
shift of the scattered X-rays is a multiple of 2xt, condition expressed by Eq. 1.

X-ray diffraction permits studying materials with planes of all sizes, from atomic (sub-
nanometric) to nanostructures with d-spacings above 100 nm ?’!, However, different incident
angles will be required depending on these d-spacings. According to Eq. 1, the d-spacing and the
incident angle are inversely proportional, which means that materials with atomic-sized spacings
will require wider angles than materials with nanometric spacings. Consequently, SAXS
(operating at angles between 0.1 and 10°) allows studying materials with interplanar spacings in
the nanometer scale, whereas WAXS (operating at angles above 10°), permits studying shorter
interplanar distances.

SAXS offers a straightforward method to identify the chromonic mesophases of a sample, as the
intercolumnar distances of N and M phases are typically of few nanometers. Furthermore,
different signals will appear depending on the chromonic mesophase. Notably, SAXS plots are
typically expressed as the scattered X-ray intensity as a function of a parameter called scattering
vector (g), which is proportional to the sine of the incident angle (sin 6).

In N phases the columnar stacks are aligned towards one direction defined by the director vector,
but lack of positional order and thus do not have a well-stablished intercolumnar distance
(distance between the centers of two adjacent aligned columns, see Figure 1.15a). Consequently,
the SAXS spectra for N phases yields a broad band with the scattering vector of maximum X-ray
scattering intensity proportional to the inverse of the mean distance between aggregates. The
average first order (n = 1) d-spacing (average intercolumnar distance or dy) can be calculated from
the g of maximum intensity using Eq. 2, which is derived from the Bragg equation.

d=2r/q (Eq.2)

In contrast, the positional order between aligned columns in a hexagonal lattice present in M
phases (Figure 1.15b) produces a SAXS pattern with multiple sharp peaks at scattering vector
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ratios 1:V3:V4:\7, corresponding to the planes with (h k 1) Miller indices (1 0 0), (1 1 0), (2 00)
and (2 1 0), respectively. The d-spacing of each reflection can be calculated with Eq. 2, whereas
the hexagonal lattice parameter (a, see Figure 1.15b) can be determined using Eq. 3, from the
slope resulting of plotting 1/d* as a function of (h* + hk + k*), where d corresponds to the d-
spacing of each plane; h, k and [ are the Miller indices, and a and ¢ are hexagonal lattice
parameters. Notably, the square root of the slope should ideally correspond to the inverse of the
d-spacing of the (1 0 0) plane (dx from Figure 1.15b). It is also worth noting that the Miller index
[ is always 0, as chromonic M phases are 2D hexagonal lattices, where the unit cell is infinite in
the vertical axis, making the term (//c?) always null.

Lot Rtk kDL (Eq 3)
c? ’

d? 3-a?

In addition to nematic and hexagonal, SAXS also permits the identification and lattice parameter
calculation of rectangular and lamellar mesophases. Rectangular or orthorhombic mesophases
usually exhibit two reflections corresponding to the (0 2 0) and (1 1 0). Contrary to hexagonal
phases, a fixed ratio between the peaks cannot be considered as it depends on the ratio between
the lattice parameters a and b (see Figure 1.15c and Eq. 4). As for hexagonal mesophases, / is
always 0 and thus the //c? term is null (2D rectangular lattice).

Lamellar mesophases consist in stacked lamellas at a d; distance. Lamellar mesophases exhibit
unit cells that are infinite in the horizontal planes (along each lamella) and hence only show X-
ray reflections resulting from the repetition of lamellar along one dimension. This means that
these reflections come from the planes with Miller indices (1 0 0), (2 0 0), (3 0 0), etc.
Consequently, lamellar mesophases show multiple SAXS sharp peaks at ratios 1:2:3:4:... (see
Figure 1.15d and Eq. 5).

z" a7 (Eq.5)

Furthermore, if the volume fraction is known, SAXS permits the calculation of parameters such
as the cross-section of hexagonally packed chromonic aggregates or the lamellae size in lamellar
mesophases. This was used to infer the bimolecular cross-section of Bordeaux dye chromonic
aggregates (Figure 1.11¢) 1H16],

WAXS, on the other hand, is a useful technique to study the structure of the mesogens within a
column. Most chromonic systems exhibit a WAXS peak at q = 18.2 nm™!, which corresponds to
the distance between adjacent face-centered stacked mesogens (3.4 A). For some cases, such as
the chromonic food colorant Sunset Yellow FCF, a second WAXS reflection at = 9.2 nm™ also
appears, corresponding to a stacking distance of 6.8 A 614115 This value doubles the
conventional 3.4 A and results from the particular stacking head-to-tail stacking behavior of this
mesogen (Figure 1.11b).

In summary, POM and X-ray diffraction are very effective straightforward and non-destructive
techniques to characterize the chromonic (and other thermotropic and lyotropic) mesophases.
Among the different mesogens forming chromonic systems, perylene diimides are of particular
interest due to their unique properties and technological potential. In the next section, a brief
description of perylene diimides (PDIs) and other rylene dyes will be addressed, since this thesis
is principally focused on the formation of chromonic molecular segregation systems based on
PDIs.
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Figure 1.15. Structure of the liquid crystalline mesophase with the main lattice parameters.

1.3.3 Rylene diimides

Rylene diimides (RDI), also called rylene bisimides or RBI, are compounds chemically composed
by an extended aromatic core formed by fused naphthalene units functionalized at both sides with
an imide group (Figure 1.16). Depending on the amount of naphthalene units (n), rylene dyes are
classified in naphthalene (n = 1, abbr. NDI), perylene (n = 2, abbr. PDI), terrylene (n = 3, abbr.
TDI) and quaterrylene (n = 4, abbr. QDI) diimides.

O O O
R—N . ‘ N—R
O (0]

n

Figure 1.16. Chemical structure of the rylene diimides, that include naphthalene (n = 1), perylene (n = 2),
terrylene (n = 3) and quaterrylene (n = 4).

Rylene diimides have attracted the attention of many researchers from different fields because of
their outstanding physicochemical properties. RDIs are robust, show fluorescent quantum yields
close to unity, have excellent thermal, chemical and photochemical stabilities, its structure of
electron-rich core functionalized with electron-withdrawing groups grant them excellent electron-
transfer behavior and air-stability ! and are very versatile in terms of organic synthesis 1!,
since they can be functionalized both in the imide position and in the aromatic framework. Such
combination of unique properties gives applications to RDIs as fluorescent probes, n-type
semiconductors for organic electronics 3?1 and building blocks in supramolecular chemistry
(133.134 ‘Fyrthermore, their relatively small size and planarity converts RDIs in potential candidates
to intercalate inside DNA, thus becoming potential anticancer agents 33,

Among the different rylene diimides, naphthalene and, particularly, perylene diimides are no-
doubt the most important and used. The main reason is their ease of synthesis and relative low-
cost. Both are prepared from the corresponding rylene tetracarboxylic acid dianhydride (RTCDA)
in a single step imidation reaction with a primary amine and a base (sometimes metallic catalyzers
such as Zn(OAc), are also used). Both naphthalene (NTCDA) and perylene (PTCDA)
tetracarboxylic acid dianhydrides are commercially available for laboratory scale at prices around
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1 —2 €/g and purities above 97 %. Interestingly, NTCDA and PTCDA are easily synthesized from
pyrene 3% and acenaphthene "*7], respectively, which, in turn, are directly obtained from coal.
On the other hand, larger rylene diimides syntheses are not straightforward and normally require
using perylene cores as precursors in multi-step reactions, which make the final products
significantly more expensive.

Among the many self-assembled structures that rylene diimides form, there are both thermotropic
and lyotropic liquid crystals. The interest in mesogenic rylene diimides started around 25 years
ago when Cormier and Gregg prepared a series of perylene diimides functionalized with branched
oligoethylene glycol chains that formed thermotropic mesophases upon heating 3131 Since
then, many thermotropic mesogenic rylene diimides, namely perylene diimides, but also
naphthalene and terrylene diimides, have been synthesized 140,

More recently perylene and quaterrylene chromonic mesogens have been prepared and
characterized. Differently to the thermotropic mesogens, which are normally functionalized with
long flexible chains such as ethylene glycol, alkyl chains, siloxane, dendritic peptides, phenyl and
triphenylene derivatives, among others [“%; rylene-based chromonic mesogens are formed
appending small ionic groups to the imide positions. To date, only few chromonic mesogenic
rylene diimides have been reported and most of them consist in cationic perylene diimides
functionalized with quaternary amines !00-123.140-198] " Chromonic perylene diimides hold
considerable technological promise resulting of their combined mesogenic behavior and

outstanding physicochemical properties >3,

1.3.4 Applications of lyotropic chromonic liquid crystals

In the last 20 years, it has been shown that taking advantage of the self-assembly and liquid-
crystalline properties of chromonic mesophases permits the preparation of several promising
functional materials and devices 152, In general, the applications of chromonics can be divided
into three areas: i) those consisting in drying, polymerizing or gelling chromonic mesophases to
obtain anisotropic materials, mainly films; ii) those using the LCLC phases in water, such as
sensing devices, and iii) those taking advantage of the self-assembled chromonic structures as
templates for the preparation of porous nanofibers, including silica and carbon nanofibers.

Undoubtedly, the preparation of anisotropic films by drying chromonic solutions is the most
widely studied application of these mesophases. The high interest in dried films arises from the
capacity of the chromonic mesophases to retain their orientationally ordered structures upon
solvent evaporation. Typically, the obtention of oriented films is achieved in three steps. First, a
chromonic aqueous solution is prepared, and then it is deposited in a substrate and aligned. There
are several techniques to align the chromonic mesophase in the substrate, which include using
strong magnetic fields, mechanical shearing or modifying the substrate with an alignment layer
(1501 Finally, the anisotropic films are obtained by solvent evaporation.

The anisotropic films obtained by this method exhibit unique properties such as birefringence,
polarization-dependent light absorption, the ability to align other materials, semiconductor
behavior and direction-dependent charge mobility 12 This allowed the application of the
chromonic dried films for several applications including the preparation of visible and near-IR
polarizing films with high dichroic ratios 14>153, polarizing and aligning plates for thermotropic
materials in twisted-nematic liquid crystal displays !'**, micropatterned chromonic films with
multiple alignment directions within the same film 151561 and materials for organic electronics
(1571 More recently, polarizing and micropatterned films were prepared by polymerizing a
chromonic material '*8; and a photoconductive film was obtained by gelling a water-soluble
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[158]

perylene diimide with chromonic self-assembly These materials showed improved

mechanical properties compared to the chromonic films obtained by drying the solvent.

In addition to the preparation of dried, polymerized or gelled films, chromonic liquid crystals also
show promising applications in solution. For example, Lavrentovich et al. designed biosensing
devices based in the N phase of LCLC, in which the chromonic mesophase was embedded in
between crossed polarizers so that the director vector stays parallel to one polarizer, and hence no
light crosses between the two polarizers. The transduction mechanism of this sensor was based in
the director vector distortions caused by large particles, which generated birefringence and light
passing through the crossed polarizers. Such biosensors were effectively used to detect an
antibody in the presence of antigen-coated particles, that distort the director vector upon
agglomeration 15,

Additionally, LCLC mesophases have been used as optical compensators "1 and to guide the
self-assembly of gold nanorods either in a side-by-side or an end-to-end fashion depending on the
charge of the gold nanorods surface "', By coating the gold nanorods with CTAB (positively
charged) and adding them to a DSCG chromonic solution (negatively-charged), side-by-side
aggregates were obtained. In contrast, further coating the CTAB-gold nanorods with polyacrylate
(negatively charged) resulted in the formation of end-to-end gold nanorod aggregates.

The third area of applications of chromonic mesophases is their use as templates for porous
organic and inorganic materials. Rodriguez-Abreu et al. investigated the possibility of using
chromonic cyanine dyes %193 and perylene diimides ' to template hierarchically micro- and
mesoporous silica and carbon nanofibers (Figure 1.17). Silica nanofibers were obtained in a sol-
gel method using cationic chromonic mesogens as templates and tetraethyl orthosilicate (TEOS)
as the silica precursor in basic aqueous solution. The resulting nanofibers consisted in high-aspect
ratio materials with aligned stripes of the chromonic template within, which could be removed by
calcination, yielding silica fibers with aligned micro- or mesopores with diameters close to the
size of the chromonic dye core used as template, indicating that the selection of the template
determines the pore size of the silica material. Notably, the silica templating occurred in an
isotropic solution of the chromonic dyes, suggesting that hierarchical dye-TEOS aggregates are
formed during the process.

Furthermore, they used the cyanine dye — silica composite to prepare micro- and mesoporous
carbon nanofibers 1!, Their approach consisted in filling the silica pores with a carbon precursor
(furfuryl alcohol) and carbonizing the precursor — silica composite in an inert N, atmosphere to
produce carbon nanofibers and then remove the silica by etching with a strong base (Figure 1.17).
This resulted in high-surface area carbon nanofibers that exhibited high performance as electrodes
for supercapacitor devices.
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Figure 1.17. Scheme of the preparation of silica and carbon nanofibers using chromonic materials as
templates [162-161,

Supercapacitors, also called electrical double-layer capacitors (EDLC) or ultracapacitors, are
electrochemical energy (EES) storage devices that gained popularity in the recent years for their
unique properties such as fastness of charging/discharging, long life cycle, and large power
density (i.e. energy expended per unit of time and mass) %191, Supercapacitors are formed by
two electrodes separated by an electrolyte solution and an insulator. Their working principle
consists in the formation of an electric double layer in the electrode surface upon the application
of a voltage. When charging a supercapacitor, a voltage between the two electrodes is applied and
charge is stored, which induces the polarization of the electrolyte solution by separating the
positive and negative ions to opposite electrodes. During the discharging, the electrolyte solution
is depolarized and electrical current flow between the two electrodes through a wire (Figure 1.18).

Despite the advantages of supercapacitors described in the previous paragraph, they are still far
behind batteries in terms of energy density (i.e. energy stored per unit of mass after one charging),
and hence much effort has been put in improving this parameter [’ An effective strategy to
achieve this is to induce faradaic pseudocapacitance. Pseudocapacitors are capacitive devices that,
besides storing energy with the formation of an electric double-layer, experience fast and
reversible electron transfer processes in the electrode surface, without phase changes in the
electrode material nor ion penetration into the electrode network, which would reduce their power
density and cycle life, as it occurs in battery-like devices. Pseudocapacitance can be induced by
doping the carbon surface with nitrogen or other heteroatoms. This increases the overall specific
capacitance (Cs)? without affecting the other unique properties of EDLCs 17-141 According to
these properties, EDLCs are not intended to substitute batteries but to complement them, being
useful as power backups %!, for regenerative braking ['"®!, and for hybrid vehicles 1751771,

Notably, despite commercial supercapacitors being typically composed by two-electrode cells, as
shown in Figure 1.18; in laboratory scale three-electrode cells are more commonly used to
measure the specific capacitance of an electrode (note that three-electrode cells do not permit the

2 Specific capacitance (Cs) is the total amount of charge that can be stored by a supercapacitor per unit of
surface area or mass, and it is typically expressed as F/m? or F/g (F refers to Farads). Higher Cs leads to
devices with higher energy densities.
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calculation of energy and power densities). In general, EES devices are evaluated by a
combination of techniques including cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD) and electrochemical impedance spectroscopy (EIS) [171:178:179],
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Figure 1.18. Scheme of an electrical double-layer capacitor (EDLC) or supercapacitor. In the charging
(left), the electrodes are polarized by the application of a voltage and the energy is stored by the formation
of an electric double-layer at the electrode surface. In the discharging process (right), the stored energy is
released through a connection between the two electrodes and the ions return to the bulk of the solution.
Note that no chemical redox reactions are involved in the charge-discharge processes.

In CV experiments, the EES device is charged and discharged in a potential window (V) at a fixed
scan rate (i.e. constant dV/dt), and changes in current as a function of the voltage are recorded. In
contrast, GCD measurements are carried out by fixing the current and recording changes in the
voltage as a function of time. Differently, EIS studies the variation of impedance as a function of
the frequency of a small-amplitude sinusoidal voltage superimposed on a fixed voltage, and it is
commonly used to determine the equivalent series resistance (ESR) of a EES system.

CV and GCD curves permit to distinguish between supercapacitor, pseudocapacitor and battery-
like devices. Typically, supercapacitor devices (storage charge solely by the formation of an
electric double-layer in the electrode surface) exhibit rectangular CV (Figure 1.19a) and triangular
GCD curves (Figure 1.19d), as no redox reactions occur in the charging/discharging and hence
the variation of current as a function of voltage is constant. In contrast, batteries work converting
chemical energy in electric energy through redox reactions. Consequently, batteries exhibit non-
linear CV curves with two marked asymmetric bands (Figure 1.19¢) and GCD curves with
plateaus in both charging and discharging processes (Figure 1.19f). Both the asymmetric bands
and the plateau correspond to the redox reactions, where a burst of energy is delivered.

Pseudocapacitors exhibit an intermediate behavior between supercapacitors and batteries '”!). For
example, pseudocapacitors show rectangular CV curves with symmetric bands (Figure 1.19b)
corresponding to the faradaic processes (note that the faradaic bands are symmetric in
pseudocapacitors and asymmetric in batteries). Furthermore, pseudocapacitor GCD curves are
triangular, but present a small sinusoidal shape (Figure 1.19e), also resulting from the faradaic
reactions.
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Figure 1.19. CV curves of a) supercapacitor, b) pseudocapacitor and c) battery-like devices and GCD curves of d)
supercapacitors, e) pseudocapacitors and f) battery-like devices.

Additionally, there are other reports in the literature about the fabrication of carbon nanomaterials
from chromonic materials. For example, Sousa et al. [ obtained arrays of carbon nanotubes
carbonizing the chromonic mesogen indanthrone disulfonate, and Rodriguez-Abreu et al. (18!
prepared carbon nanofibers with excellent supercapacitor performance using ionic self-
assemblies produced from chromonic porphyrins.

1.4 Overview of emulsions

The liquid crystals described in the previous two sections consist in systems showing molecular
segregation behavior at the nanoscale, as the different self-assembled structures formed by both
thermotropic and lyotropic materials exhibit nanometric sizes. In contrast, emulsions are systems
that show molecular segregation at the microscale.

Emulsions are heterogeneous mixtures composed of two immiscible liquids, typically water and
an oil. Resulting from the entropically unfavorable interactions between the polar water molecules
and the hydrophobic oil, the two components phase separate. However, by applying energy, the
two phases can be mixed forming a colloidal dispersion, consisting in a liquid phase dispersed in
the form of droplets within a continuous liquid phase. Such dispersions are called emulsions.

Generally, emulsions are classified as oil-in-water (O/W) or water-in-oil (W/O) emulsions
depending on which is the dispersed phase. Emulsions are thermodynamically unstable systems,
which tend to phase separate in segregated equilibrium phases. As a result of the unfavorable oil-
water intermolecular interactions, the interfacial tension between the two phases in absence of
surfactants is rather high, which convert emulsions in thermodynamically unstable systems that
tend to phase separate in order to reduce the interfacial area between the two immiscible phases.

Various mechanisms have been described to cause this phase separation. These are:
sedimentation, creaming, flocculation, coalescence and Ostwald ripening (Figure 1.20) 82,
Sedimentation and creaming correspond to the downward and upward movement of the dispersed
droplets resulting from different densities between phases, respectively. Flocculation is the
reversible aggregation with no merging between droplets. Instead, coalescence consists in an
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irreversible merging of droplets forming a bigger droplet. Finally, Ostwald ripening occurs when
a bigger droplet absorbs part of smaller droplets reducing the total oil-water interfacial area.
Normally multiple destabilization mechanisms participate in the emulsion breakdown
simultaneously, and their occurrence depends on the emulsion type, the composition, the
preparation method, the ionic strength and the droplet size, among other parameters.
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Figure 1.20. Main destabilization mechanism triggering phase separation in O/W and W/O emulsions.

Despite emulsions being thermodynamically unstable, they can be kinetically stabilized by adding
some substances that absorb at the oil-water interface, which increase the electrostatic and/or
steric repulsion between droplets delaying the destabilization and phase separation. The products
used to increase emulsion lifetime are, typically, surfactants, which stay at the oil-water interface
and generate electrostatic and steric repulsion between droplets, and particles, that form the so-
called Pickering emulsions.

Physically, emulsions appear as milky or cloudy blueish liquids, due to the droplets’ capacity to
disperse light. The color of the emulsion depends on the concentration and droplet size of the
dispersed phase. Conventional emulsions prepared in absence of colorants, with micrometric
droplet diameters (0.2 — 100 pm), are normally white suspensions. In contrast, diluted emulsions
and emulsions with nanometric droplets (also called nanoemulsions, 50 — 200 nm [¥3) are
generally translucent and blueish. Such color differences come from the so-called Tyndall effect,
in which the intensity of the scattered light is inversely proportional to the fourth power of the
wavelength 184185 ‘meaning that blue light is more effectively scattered. Additionally, the small
size (< 200 nm) of nanometric droplets limits their capability to scatter high-wavelength visible
red light, as light only interacts with particles whose size exceeds about a quarter of its
wavelength.

Nowadays, emulsions are widely used in food industry (mayonnaise, salad dressing...), cosmetics
(cream, lotions...), pharmaceutical industry, paints, bitumen products, and much more, which
demonstrates the high technological and scientific importance of these heterogeneous liquid
systems 82, However, O/W and W/O emulsions present similar drawbacks as amphiphilic
lyotropic liquid crystals, namely the requirement of surfactants, oils or both for their formulation,
which are bad for the environment and may be toxic. Alternatively, there is a surfactant- and oil-
free variety of emulsions consisting in all-aqueous polymer — polymer or polymer — salt
heterogeneous mixtures. These emulsions are called water-in-water (W/W) emulsions, and are
very promising in fields such as food and pharmaceutical industries due to their higher
biocompatibility and reduced processing limitations (do not form foam).
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Notably, oil-in-oil (O/O) emulsions also exist, and consist in heterogeneous mixtures of two
immiscible oils, like vegetable and silicon oils. However, these emulsions fall out of the scope of
this work and will not be discussed further.

1.5 Water-in-water (W/W) emulsions

Water-in-water (W/W) emulsions are liquid-liquid colloidal dispersions of an aqueous phase into
another aqueous phase *2!8¢ In contrast to conventional O/W and W/O emulsions, phase
separation in W/W emulsion does not arise from immiscibility between two solvents (since water
is used in both phases), but from thermodynamic incompatibility between two hydrophilic solutes
dissolved in water, typically two polymers, two salts or one polymer and one salt 871881,

This thermodynamic incompatibility leads to a positive free energy of mixing two polymers/salts
in water that, above a critical concentration of each compound, triggers phase separation forming
aqueous two-phase systems (ATPS), in which each phase is enriched with one of the two
compounds and saturated with the other. ATPS can be emulsified by applying energy to the
system, thus forming W/W emulsions. Notably, this all-aqueous phase separation behavior is
typically called segregative phase separation. Alternatively, associative phase separation can
occur in water solutions of two components, if the solute1-solute?2 interactions are more favorable
than the interactions between the solutes and the solvent. In this case, a suspension of a coacervate
in a solute-depleted water phase is obtained (Figure 1.21) 18,
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Figure 1.21. Different interactions that can occur in mixtures of polymers and/or salts in water, including
attractive (coacervate formation) and repulsive interactions. Adapted from 1%,

The thermodynamics leading to phase separation are typically explained by the Flory-Huggins
interaction parameters ??). The Flory-Huggins interaction parameter (y;) was introduced
independently by Paul Flory "% and Maurice Huggins ! and indicate the strength of attraction
or repulsion between two components i and j. This parameter is directly proportional to (2E;; — E;
— Ejj), where Ej;, E;; and Ej; correspond to the energy of interaction between the components i and
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J» and between each component with itself. Consequently, a positive y; account for high repulsive
interactions between i and j, whereas a negative y; indicate attractive interactions "9,

In three-component systems such ATPS (solute i, solute j, and solvent s), three Flory-Huggins
interaction parameters are defined: y;, 1is and 7. In general, due to the higher molecular weight
of the solutes compared to the solvent, the interaction parameter y; dominates the energy of
mixing, and thus large and positive y;; lead to segregation and phase separation whereas negative
y;i trigger associative coacervation 19!,

W/W emulsions exhibit several distinctive properties compared to conventional O/W and W/O
emulsions. For example:

- The interfaces are relatively thick, ill-defined and the interfacial tensions are extremely low
(10™* = 1072 mN/m), which is often much lower than oil/water interfaces 3.

- Surfactants cannot adsorb at the water/water interface and thus cannot stabilize W/W
emulsions. Alternatively, W/W need to be stabilized with particles adsorbed at the interface
(Pickering) 919! or by forming a membrane at the water/water interface %!,

To date, many different types of ATPS have been described to form W/W emulsions, including
biopolymer mixtures such as gelatin/maltodextrin or mixtures that include synthetic polymers like
polyethylene glycol/dextran. Furthermore, W/W emulsions have been used for several
applications. For example, W/W emulsions have been used as delivery systems for probiotic
bacteria 1°7! and enzymes '), and templates for microgel !'*! preparation.

More recently, a new variety of W/W emulsions consisting in polymer/chromonic liquid crystal
mixtures has been described °, These W/W emulsions gained interest among the scientific
community both from theoretical (to understand the chromonic behavior in confined domains)
and practical (for the preparation of chromonic-based sensors or complex gelled particles of
interest as drug delivery systems) points of view.

In the next and last section of this introduction, the emulsification of liquid crystals (with
particular focus on lyotropic chromonic liquid crystals) and their behavior in confined domains
will be discussed.

1.6 Liquid crystal droplets: confinement effects on chromonic

mesophases
The confinement of liquid crystals in emulsion droplets can be achieved either by emulsifying
thermotropic liquid crystals in water, forming O/W emulsions !l or by emulsifying lyotropic
chromonic liquid crystals in oils or polymer-rich aqueous solution that trigger phase separation
upon mixing, forming W/O or W/W emulsions ?**2%2. The confinement effects on liquid crystal
structures is typically studied in nematic mesophases 12°!,

As described in Sections 1.2 and 1.3, bulk nematic liquid crystals are characterized for exhibiting
localized orientational order in which the mesogens or stacks of mesogens are oriented towards
one direction defined by the director vector. However, confining these liquid crystals in small
regions generates elastic deformations in the anisotropic aggregates distorting the director vector
in the boundaries of the confined regions (Figure 1.22).

Such elastic deformations can be divided into three: splay, twist and bend deformations (Figure
1.23) 12931, Each of these deformations has an associated energy cost, and the interplay between
the deformation energy and interfacial tension of emulsified liquid crystal droplets defines the
droplet shape. For high interfacial tensions, the droplet will form spherical shapes, assuming the
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energy cost of deforming the liquid crystal structure. However, in low interfacial tension
emulsions (such as W/W emulsions), the droplets can deform forming undulated and tactoidal
structures, which minimize the director vector deformation 2!,

Bulk liquid crystal Formation of a confined  Confined liquid crystal
region

Figure 1.22. Director vector deformation of a bulk liquid crystal in small confined regions.
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Splay deformation Bend deformation Twist deformation

Figure 1.23. Elastic deformations of liquid crystal phases within confined volumes: a) splay, b) bend and
c) twist deformations. Note that the cylinders correspond either to aligned mesogens (thermotropic calamitic
liquid crystals) or columnar mesogen stacks (thermotropic discotic and lyotropic chromonic liquid crystals).

In addition to elastic deformations, the confinement of liquid crystals also produces point defects
within the confined region. The most typical configurations within a liquid crystal droplet are
radial and bipolar configurations, which exhibit one and two point defects, respectively [2°4295], In
radial configuration, the director vector is perpendicular to the interface (which is denoted as
homeotropic anchoring) and shows a topological point defect in the middle of the droplet (Figure
1.24a). In contrast, bipolar droplets show two topological point defects in opposite poles of the
droplet, also called boojums, and the director vector is parallel to the droplet’s interface (which is
denoted as planar anchoring) (Figure 1.24b). Notably, more complex configurations can also be
formed [2%°!,

a) b)

Radial Bipolar
configuration configuration

Figure 1.24. a) Radial and b) bipolar configurations of nematic liquid crystal droplets. The lines indicate
the director vectors.

Summarizing, the behavior of nematic liquid crystals in confined emulsion droplets is typically
defined by the interfacial tension of the emulsion, the energy cost of the splay, bend and twist
deformations and the preferred anchoring (homeotropic or planar) 2%,
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For the scope of this thesis, a brief review about the formation of W/W emulsions with confined
chromonic structures is very appropriate. The first report of chromonic-based W/W emulsions
was published by Simon et al. in 2008 2!, They described how DSCG formed chromonic droplets
in presence of nonionic polymers such as polyacrylamides or polyvinyl alcohols. Notably,
depending on the polymer used, spherical radial or tactoidal bipolar droplets were obtained,
suggesting a high influence of the polymer in the anchoring of the DSCG mesophase in the droplet
interface.

Upon the addition of polyethylene glycol (PEG), Sunset Yellow FCF chromonic nematic
mesophases were also shown to phase separate into a N phase with higher mesogen concentration
and an I phase enriched with PEG >/, Furthermore, such phase separation was enhanced at
relatively low Sunset Yellow FCF concentrations by the addition of small amounts of NaCl. More
recently, a chromonic nickel (II) phtalocyanine was reported to form stable W/W emulsions with
polyvinylpyrrolidone 2!, Both spherical and tactoidal droplets were obtained.

In summary, the formation of chromonic-based W/W emulsions is a promising but relatively
unexplored field, and new research about it is expected to give new insights about chromonic self-
assembly in all-aqueous confined regions. Furthermore, promising applications of these systems
for templating anisotropic materials and generating complex gelled particles and capsules are
envisioned.
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OBJECTIVES

The main objective of this thesis is the systematic formulation of water-soluble perylene systems
with molecular segregation. These include lyotropic chromonic liquid crystals and water-in-water
emulsions with confined chromonic droplets.

This thesis also aims to prepare advanced anisotropic materials from these chromonic structures,
including silica porous nanomaterials and carbon nanofibers, and evaluate their performance as
drug carriers and electrode materials for supercapacitor devices, respectively. Additionally, the
DNA-binding properties of various perylene diimides will be evaluated.

Accordingly, the specific objectives of this thesis could be summarized as follows:

* Contribute to a better understanding of the chromonic liquid crystal formation by a systematic
study of chromonic phase behavior in water of a series of nonionic, anionic and cationic
perylene diimides.

e Discuss how the chemical structure of the mesogens influences the chromonic phase
behavior.

e Compare the self-assembly behavior at low concentrations with the chromonic mesophases
formed at high concentrations.

* Expand the field of chromonic-based all-aqueous emulsions by systematically formulating
W/W and W/W/W emulsions with chromonic perylene diimides and nonionic polymers

* Investigate the potential applications of the perylene-based chromonic mesophase to template
inorganic materials such as porous silica and carbon nanofibers.

* Evaluate the capacity of the templated silica materials to carry and release small drugs and
the performance of the carbon nanofibers as electrodes for supercapacitor devices.

* Study the DNA-intercalation and cytotoxic properties of the synthesized perylene diimides
and compare it to similar naphthalene diimides.

The objectives of each chapter are summarized as follows:

Chapter 1: Chromonic PEGylated perylene diimides for the aqueous synthesis of nanostructured
silica materials.

- Synthesize a series of nonionic PEGylated perylene diimides with the formula
(PEG,).PDI and study their self-assembly and chromonic phase behavior in water.

- Determine the relationship between PEG chain length and chromonic phase behavior.

- Evaluate the capacity of these mesogens to serve as templates for microporous silica
fibers.

Chapter 2: Formulation of complex all-aqueous emulsions and gels from ionic chromonic
perylene diimides.
- Characterize the chromonic phase behavior of a chiral alanine-functionalized perylene
diimide (Ala),PDI.

- Formulate W/W, W/W/W and W/W/O emulsions of (Ala),PDI with nonionic high
molecular weight polymers and compare them with similar emulsions based on an achiral
cationic chromonic perylene diimide.

- Investigate the effects of the polymer and mesogen on the droplets’ configuration and
morphology by POM.
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Evaluate the gelling properties of (Ala),PDI chromonic N phases in the presence of
glucono-6-lactone. Investigate if the nematic structure is retained in the obtained
hydrogels.

Chapter 3: Preparation of silica monoliths for the encapsulation and release of ibuprofen

Prepare porous silica materials with a cationic perylene diimide as template and mixtures
of tetraethyl orthosilicate (TEOS) and hexadecyl trimethoxy silane (HDTMS) as silica
precursors.

Evaluate the effects of changing the silica precursor TEOS/HDTMS ratio in the final
silica materials, by electron microscopy, Fourier-transform infrared spectroscopy (FTIR)
and nitrogen physisorption.

Design the silica materials as monoliths and characterize them.

Evaluate the capacity of the silica monoliths to encapsulate ibuprofen and investigate the
release kinetics in simulated body fluid (SBF)

Investigate the hydroxyapatite growth in the silica materials to design robust drug-loaded
silica-hydroxyapatite composites.

Chapter 4: Perylene-templated N-doped hierarchically porous carbon nanofibers as efficient

supercapacitor electrode materials.

Prepare nitrogen-doped porous carbon nanofibers (CNFs) from a chromonic perylene
diimide, by preparing a chromonic-silica composite, carbonizing and removing the silica
by etching.

Evaluate the effect of carbonizing temperature and etching agents on the physicochemical
properties of the CNFs by a combination of techniques including electron microscopy,
SAXS, X-ray diffraction (XRD), Raman, FTIR, X-ray photoelectron spectroscopy (XPS),
Turbiscan and nitrogen physisorption.

Prepare electrochemical three-electrode cells doping the working electrode with the
CNFs and evaluate their performance for supercapacitor devices by cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS).

Discuss and compare the performance of the CNFs as supercapacitor electrodes with
other carbon materials described in the literature.

Chapter 5: DNA-intercalation properties of rylene diimides.

Study the capacity of several perylene and naphthalene diimides as DNA-intercalators by
absorbance and fluorescence spectrophotometry, circular dichroism (CD) and viscosity
measurements.

Investigate how the rylene diimides electric charge and core size affect their DNA-
intercalation behavior.

Evaluate the cytotoxicity of the rylene diimides with HeLa cells
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3.1 Materials

3.1.1 General reagents

Perylene tetracarboxylic acid dianhydride >98% (PTCDA, TCI Europe), naphthalene
tetracarboxylic acid dianhydride >97% (NTCDA, Alfa Aesar), mPEG4-1-amine (TCI Europe),
mPEG7-1-amine (Iris Biotech), 500 MW mPEG-1-amine (Sigma), 750 MW mPEG-1-amine
(ABCR), 5000 MW mPEG-1-amine (ABCR), L-alanine (TCI Europe), N,N-
diethylethylenediamine (TCI Europe), p-methyl toluenesulfonate (Sigma), zinc acetate anhydrous
99.9% (Alfa Aesar), imidazole >98% (TCI Europe), fluorescein isothiocyanate (Sigma),
rhodamine isothiocyanate (Sigma), dibutyltin dilaurate (Sigma), glucono-B-lactone (GdL, TCI
Europe), tetraethyl orthosilicate (TEOS, Sigma), hexadecyl trimethoxy silane (HDTMS, TCI
Europe), ibuprofen (Ibu, Alfa Aesar) and sorbitan monooleate (Span 80, Fluka) were used without
further purification.

3.1.2 Solvents

Pyridine 99% (Sigma), hexane (Sigma), anhydrous hexane (TCI Europe), dichloromethane
(Carlo-Erba), diethyl ether (Merck), chloroform (Carlo-Erba), ethyl acetate (Panreac), absolute
ethanol (Merck), dimethyl sulfoxide (DMSO, Sigma), acetone (J.T. Baker), dimethyl formamide
(DMF, Sigma) hydrochloric acid 37 % (HCI, Merck), ammonia 25 % (NH4OH, Panreac) were
used without further purification. Ultrapure water (resistivity = 18.2 MQ/cm) was used in all the
experiments.

3.1.3 Polymers

Dextran (Dex) MW 86000 (Acros Organics), Polyethylene glycol (PEG) MW 10000 (Sigma),
MW 6000 (Sigma) and MW 400 (Sigma), and DNA from salmon testes (Sigma) were used
without further purification.

Fluorescein- and rhodamine-functionalized Dex were prepared as follows: 5 g of dextran MW
86000, 12.5 mg of fluorescein or rhodamine isothiocyanate and 100 mg of dibutyl dilaurate were
dissolved in 50 mL DMSO with 5 droplets of pyridine, and stirred at 65 °C for 2 h. Then, 200 mL
of ethanol were added to the mixture at room temperature, and the formed precipitate was
recovered by filtration, rinsed with ethanol until the washing solution was completely transparent
and dried at 40 °C.

3.1.4 Salts and buffer solutions

Several salts and buffer organic compounds were used to prepare buffer solutions and for other
experiments. These include sodium chloride (NaCl, Fluka), potassium chloride (KCl, Panreac),
sodium phosphate monobasic (Na;HPO4, Merck), potassium phosphate monobasic (KH2POs,
Merck), sodium bicarbonate (NaHCOs, Sigma), potassium phosphate dibasic trihydrate
(KoHPO4-3H,0, Calbiochem), magnesium chloride (MgCl,, Sigma), calcium chloride (CaCls,
Merck) sodium sulfate (NaSOs, Fluka), calcium nitrate tetrahydrate (Ca(NOs),-4H>0O, Acros
Organics) and tris(hydroxymethyl)aminomethane (Tris, Merck).

Phosphate buffered saline (PBS) was prepared by dissolving NaCl (8 g), KCI (0.2 g), Na,HPO,
(1.44 g) and KH>PO4 (0.24 g) in ~800 mL of water, adjusting the pH to 7.4 with HCI and then
adding water to a total volume of 1 L.

Simulated body fluid (SBF) was prepared by dissolving NaCl, (8.04 g), KCI, (0.224 g), NaHCO;
(0.35 g), KoHPO4-3H,0 (0.23 g) and MgCl, (0.146 g) in ~500 mL of water with 15 mL of HCl
1M, and then adding CaCl, (0.29 g), Na,SO4 (0.072 g) and Tris (7.04 g), adjusting the pH to 7.4
with HCI and adding water to a total volume of 1 L.
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3.2 Instrumentation

3.2.1 Nuclear magnetic resonance (NMR)

The NMR experiments were conducted at IQAC-CSIC using a Varian Mercury — 400 MHz
spectrometer equipped with a VNMRS console. The temperature was regulated with a OneNMR
probe and maintained at 25 °C. Proton chemical shifts are denoted in parts per million (3 scale)
and calibrated using residual undeuterated solvent peaks as the internal reference (CDCls: 67.26,
DMSO-de: 82.50, MeOD: §3.31, D,0: 84.79). The '"H-NMR spectra data is presented as follows:
chemical shift (8 ppm) (multiplicity, coupling constant (Hz), integration, interpretation).
Multiplicities are denoted as follows: s = singlet, d = doublet, t = triplet, m = multiplet.

3.2.2 Fourier-transform infrared spectroscopy (FTIR)

The synthesized rylene diimides were subjected to FTIR analysis in the solid phase at IQAC-
CSIC, using a Thermo Nicolet Avatar 360 spectrophotometer equipped with a Thermo Scientific
Smart iTR Attenuated Total Reflectance (ATR). The measurements were carried out in the
wavenumber range 4000 — 600 cm !. Intensities are indicated with s = strong, m = medium, w =
weak.

For the carbon nanofibers (CNF), FTIR measurements were obtained by a Nicolet Nexus 670
FTIR at NIMS, Japan. The measurements were done in the ATR mode.

3.2.3 Absorption (UV-Vis) spectrophotometry

UV-Vis absorption spectrophotometry spectra were collected with different equipments.

-A double-beam Perkin Elmer Lambda 365 spectrophotometer at IQAC-CSIC, in the range
between 190 and 1100 nm. Samples were measured in 1 cm path-length quartz cuvettes.
Temperature-controlled experiments were carried out with a Lauda Loop L100 circulation
thermostat operating between 4 and 80 °C.

-A single-beam Cary Eclipse 300 Bio UV-Visible spectrophotometer at IQAC-CSIC, with quartz
cells of 1 cm path length, operating only at room temperature (ca. 20 °C) and in a range between
200 and 800 nm.

-A single-beam Jasco V-650 spectrometer at IQAC-CSIC, operating only at 800 nm, with quartz
cells of 1 cm path length. Temperature-controlled experiments were performed with a Jasco ETC-
717 temperature controller.

3.2.4 Fluorescence spectrophotometry

Fluorescent spectra were collected at room temperature (ca. 20 °C) using an Agilent Cary Eclipse
at IQAC-CSIC, with quartz cuvettes of 1 cm path length. The detector voltage was set between
400 and 800 V. Temperature-controlled experiments were carried out with a Lauda Loop L100
circulation thermostat operating between 4 and 80 °C.

3.2.5 Microplate reader
Absorbance of the 96 well-plate was measured with a Synergy H1 microplate reader (BioTek) at
IQAC-CSIC, at 570 nm.

3.2.6 Circular dichroism (CD)

Circular dichroism spectra were collected at Scientific-technical services, UB, Spain, with a J-
815 CD Spectrometer (Jasco) between 200 and 700 nm.

3.2.7 Optical microscopy

Optical microscopy observations were carried out with two different equipments:
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-An Olympus BX51TRF-6 microscope at IQAC-CSIC, coupled to an Olympus DP73 camera.
Temperature controlled measurements were carried out using a Hot Stage T95 PE Linkam
Scientific Instrument Ltd, using microscope slides and cover slips sealed with glue.

-An upright widefield/fluorescence microscope (Nikon Eclipse Ni-E) at INL, Portugal. The
microscope was equipped with a SOLA lamp with an output power of 3.5 W and a wavelength
range of 380 — 660 nm.

3.2.8 Raman microscopy

Raman microscopy experiments were carried out at INL, Portugal, using an ALPHA300 R
Confocal Raman Microscope (WITec). The microscope was equipped with a 532 nm and a 785
nm laser lights for excitation, employing a backscattering geometry. The experiments were
conducted at room temperature (ca. 20 °C), with the laser beam focused on the sample by a 100x
Zeiss lens. The measurements were performed using a variable laser power ranging from 1 to 30
mW, and an acquisition time of 2 s was employed.

3.2.9 Tensiometer

Surface tension and wettability measurements were carried out at room temperature (ca. 20 °C)
by the Wilhelmy plate and the Washburn methods, respectively, using an Attension Sigma 701
force tensiometer (Biolin Scientific) at IQAC-CSIC, equipped with a platinum plate (L = 39.24
mm, for surface tension) or a glass cylinder with a porous membrane (for wettability).

3.2.10 Rheometer

The characterization of rheological properties under deformation and flow regimes was
performed at IQAC-CSIC, by an AR-G2 Rheometer (TA instruments) equipped with a stationary
stage with concentric cylinders and a gap of 4000 um. The equipment was set in flow steady state

mode, and measurements were taken at shear rates between 1 and 100 s

3.2.11Small- and wide-angle X-ray scattering (SAXS and WAXS)

SAXS and WAXS measurements were carried out using two different equipments:

-A HECUS X-Ray system GMBH (Graz, Austria), model S3MICRO at IQAC-CSIC. A radiation
source with a wavelength (A) of 0.1542 nm, generated by a CuKa anode, was employed.
Scattering data were recorded using a MBraun PSD-50 M linear detector. The generator was
operated at 1 mA and 50 kV. Temperature control was achieved with a Peltier device from Anton
Paar (Austria).

-A SAXSess camera (Anton Paar, Austria) at INL, Portugal, was used in conjunction with a
PW3830 sealed-tube anode X-ray generator from PANalytical. The monochromatic X-ray beam
used had a wavelength (1) of 0.1542 nm, and was focused with a Gobel mirror and a block (line)
collimator.

For liquid samples, wax-sealed glass capillaries with diameters ranging from 0.9 to 1.5 mm were
employed., and the analysis was conducted at various temperatures. Solid samples, on the other
hand, were placed on a 1 mm thick sample holder, sealed by two Kallebrat films (Kalle Austria
GmbH) and analyzed at 25 °C.

The d-spacings and lattice parameters were calculated with Eq. 2 and 3. For nematic and silica
and gel samples exhibiting a single broad band in SAXS, the dy parameter was determined with
Eq. 2. For hexagonal samples, the dy and a lattice parameters were determined from the slope of
Eq. 3.
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3.2.12 Powder X-ray diffraction (XRD)

Powder X-Ray diffraction measurements were performed at NIMS, Japan, with a Rigaku X-Ray
diffractometer (RINT, Japan) operated at 40 kV and 40 mA with Cu-Ka radiation at 25 °C in the
range between 10 and 50 °.

3.2.13 Scanning electron microscopy (SEM)

SEM images were taken by different equipments:

-A tabletop Hitachi TM 1000 SEM microscope operating at 5 kV at IQAC-CSIC.

-A tabletop Hitachi TM4000Plus SEM microscope operating at 5 kV at IQAC-CSIC.
-A field emission Hitachi S-4800 SEM microscope operating at 10 kV, at NIMS, Japan.

-A Quanta 650FEG ESEM microscope at INL, Portugal, operating at 5 kV and equipped with
Energy dispersive X-ray analysis (EDX).

Samples were prepared by drop casting ethanol or water dispersions on a silicon wafer, or by
directly depositing solid samples on 12 mm carbon tabs.

3.2.14 Transmission electron microscopy (TEM)
TEM images were taken by different equipments:

-A JEOL JEM-2100 microscope operating at 200 kV, at Scientific-technical services, UB, Spain.
-A JEOL JEM-1210 microscope operating at 120 kV, at ICMAB-CSIC, Spain.
-A JEOL JEM-3100 microscope operating at 300 kV, at NIMS, Japan.

The solid samples were dispersed in solvent (namely ethanol) and deposited on a copper grid
covered with a layer of carbon (Carbon support film on copper 200 Square Mesh). Before
observation, it was left at room temperature for the solvent to completely evaporate.

3.2.15 Nitrogen sorption

Nitrogen sorption experiments were performed with two equipments:

-A Quantachrome Instrument, Autosorb-IQ at IQAC-CSIC.

-A Quantachrome Instrument, Autosorb-1, at NIMS, Japan.

Before measurements, samples were degassed at high vacuum and temperature:
-Silica samples: 120 °C for 12 h and 125 °C for 2 h.

-Carbon samples: 120 °C for 24 h.

For all samples, the weight after degassing was used for calculations.

The specific surface area (SSA) was estimated from nitrogen adsorption/desorption isotherm
analysis (BET model), the micropore area and volume were estimated from the t-plot, the pore
size distribution and pore diameter were calculated by using the Barrett-Joyner-Halenda (BJH)
and non-local density functional theory (NLDFT) models, and the total pore volume was
determined from the last point (P/Po = 0.99) of the isotherms.

3.2.16 Carbon dioxide sorption
Carbon dioxide adsorption isotherms were obtained with a Micrometrics ASAP 2020, degassing
the sample at 50°C for 12 h, at ICMAB-CSIC, Spain.
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3.2.17 Raman spectroscopy
Raman spectroscopy was measured by a Jasco NRS-3100, at NIMS, Japan.

3.2.18 Thermogravimetric analysis (TGA)

TGA was performed by two instruments:

-A Mettler-Toledo 851e TGA/SDTA instrument at IQAC-CSIC, operating between 25 and 600
°C in oxygen atmosphere.

-A TA Instruments SDT650 DSC/TGA simultaneous instrument at IQAC-CSIC, operating
between 25 and 1000 °C in nitrogen atmosphere.

3.2.19 X-ray photoelectron spectroscopy (XPS)
XPS was collected with a Theta Probe spectrometer (Thermo Electron Co.) equipped with a
monochromatic Al-Ka radiation source with a photon energy of 15 KeV, at NIMS, Japan.

3.2.20 Turbiscan

The stability of solvent-dispersed carbon nanofibers was tested with a Turbiscan Lab Expert at
IQAC-CSIC, using a laser of 880 nm wavelength.

3.3 Methods

3.3.1 Synthesis of rylene diimides

3.3.1.1 Synthesis of PEGylated PDI, (PEG,).PDI (n =4 - 16)

The synthesis of these products was prepared following a previously described method (Figure
3.1) 2% First, PTCDA (1 eq., see Table 3.1), zinc acetate (~1.3 eq., see Table 3.1) and the
corresponding methoxy-PEG,-amine (mPEG,-1-amine, ~2.1 eq., see Table 3.1) were dissolved
in 5 mL of pyridine and heated to reflux for 20 h. Subsequently, the pyridine was removed by
rotary evaporation, resulting in a solid residue. The solid was dissolved in 3 mL of
dichloromethane (CH2Cl>) and precipitated using hexane. The resulting purple precipitate was
collected through filtration, re-dissolved in 3 mL of CH>Cl; and added dropwise to an excess of
diethyl ether. After being refrigerated for 12 h, the formed precipitate was collected by filtration
and dried under vacuum to give the corresponding (PEG,).PDI, with yields between 47 and 68
% . Note that the n values of mPEG;-1-amine are 4, for mPEGs—1-amine; 7, for mPEG7-1-amine;
~10, for 500 MW mPEG-1-amine and ~16, for 750 MW mPEG-1-amine.

Table 3.1. Summary of the specific amounts of reagents and yields for the synthesis of (PEG,),PDIs (n = 4

- 16).
Pr())duct PTCDA Zinc acetate m(PEG),-1-amine Yield (%)
(PEG4).PDI 78 mg, 0.20 mmol 50 mg, 0.26 mmol 100 mg, 0.48 mmol -
(PEG7),PDI 238 mg, 0.61 mmol 145 mg, 0.80 mmol 450 mg, 1.33 mmol 68
(PEG10).PDI 115 mg, 0.29 mmol 70 mg, 0.36 mmol 340 mg, 0.68 mmol 54
(PEG16),PDI 90 mg, 0.23 mmol 55 mg, 0.30 mmol 375 mg, 0.50 mmol 47

All the samples were characterized with '"H-NMR and FTIR:

(PEG4),PDI. '"H-NMR (400 MHz, CDCl5)* 6 = 8.68 (d, J = 8.0 Hz, 4H, Ar-H), 8.61 (d, J = 8.0 Hz,
4H, Ar-H), 4.46 (t, ] =6.0 Hz, 4H, NCH:H,0), 3.86 (t, ] =6.0 Hz, 4H, NCH.CH-0), 3.60 (m,
12H, OCH,CH;0), 3.35 (s, 6H, OCH3). FTIR (cm™)* 2877 m, 1688 s, 1655's, 1591 s, 1578 m,
1507 w, 1435w, 1403 w, 1371w, 1336 m, 1301 w, 1261w, 1243w, 1178 w, 1105 m, 1064 m,
1044 w, 1020 m, 962 w, 856 w, 809 m, 790 w, 745 w.

3 s = singlet, d = doublet, ¢ = triplet, ¢ = quadruplet, br = broad.
4 s = strong, m = medium and w = weak.
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(PEG).PDI. '"H-NMR (400 MHz, CDCl;): & = 8.68 (d, J = 8.0 Hz, 4H, Ar-H), 8.62 (d, J = 8.0 Hz,
4H, Ar-H), 4.46 (t, ] =6.0 Hz, 4H, NCH:H,0), 3.86 (t, ] =6.0 Hz, 4H, NCH.CH-0), 3.63 (m,
24H, OCH,CH;0), 3.37 (s, 6H, OCH3). FTIR (cm™): 2867 s, 16905, 16565, 15925, 1578 m,
1508 w, 1437w, 1404 w, 1336 m, 1301 w, 1244 m, 1179w, 1098, 1063 m, 1022 m, 946 w,
856 w, 810 m, 791 w, 746 w.

(PEG10),PDL. 'H-NMR (400 MHz, CDCLy): §=8.68 (d, J=8.0Hz, 4H, Ar-H), 8.63 (d,
J=8.0 Hz, 4H, Ar-H), 4.46 (t, J = 6.0 Hz, 4H, NCH,H,0), 3.85 (t, J = 6.0 Hz, 4H, NCH,CH;0),
3.65 (m, 72H, OCH,CH,0), 3.37 (s, 6H, OCH3). FTIR (cm™): 2872s, 1691s, 1659 s, 1593 s,
1579 m, 1508 w, 1439w, 1404w, 1373w, 1336 m, 1300w, 1244 m, 1099s, 1026 m, 951 w,
854 w, 810 m, 746 w.

(PEGi6):PDI. '"H-NMR (400 MHz, CDCls): 6=8.69 (d, J=8.0Hz, 4H, Ar-H), 8.65 (d,
J=8.0Hz, 4H, Ar-H), 4.46 (t, J = 6.0 Hz, 4H, NCHH-0), 3.85 (t, ] =6.0 Hz, 4H, NCH.CH:0),
3.64 (m, 120H, OCHCH;0), 3.37 (s, 6H, OCH3). FTIR (cm™): 2867 s, 16925, 1658 s, 1592 s,
1577 m, 1507 w, 1438 w, 1404 w, 1337 m, 1301 w, 1244 m, 1094 s, 947 w, 856 w, 810 m, 745 w.

3.3.1.2 Synthesis of PEGylated PDIs, (PEG,)PDI (n = 113)

This synthetic procedure was adapted from literature *'%, PTCDA (5 mg, 0.013 mmol), 5000 MW
mPEG-1-amine (140 mg, 0.028 mmol) and imidazole (1.2 g) were mixed in a pressure tube and
heated until the imidazole melted (~ 90 °C). Then, the mixture was homogenized by vortex
agitation and heated up to 120°C for 72 h. Afterwards, the sample was cooled to room
temperature, and the obtained solid was dissolved in a small quantity of dichloromethane
(CH2Clz). The CH2Cl; solution was added dropwise to an excess of diethyl ether under stirring.
The precipitate was collected through filtration and dried under vacuum to give (PEGj3),PDI
with a 12 % yield.

(PEGi13),PDI. '"H-NMR (400 MHz, CDCl;) §=8.70 (d, J=8.0Hz, 4H, Ar-H), 8.66 (d,
J=8.0Hz, 4H, Ar-H), 4.46 (t, ] = 6.0 Hz, 4H, NCH:H,0), 3.84 (t, ] = 6.0 Hz, 4H, NCH,CH,O0),
3.62 (m, ~900H OCH.CH;0), 3.36 (s, 6H, OCH3). FTIR (cm™'): 2883's, 1695 w, 1659 w, 1595
w, 1466 m, 1455w, 1360w, 1341w, 1279 m, 1241 m, 1146 w, 1099, 1060s, 959 m, 842 m,
810w, 746 w.

0 o /éo \/% Q 0
NH $<
(0] O N N
n=4-16 A\
Pyridine, Zn(OAc), \O
o o) Reflux, 20 h o 0

n=113
Imidazole, 120 °C, 72 h
PTCDA (PEG,),PDI

Figure 3.1. Scheme of the synthesis of (PEG,);PDIs (n =4 — 113).

3.3.1.3 Synthesis of alanine-functionalized PDI, (Ala),PDI

This synthesis was adapted from literature (Figure 3.2) 38, PTCDA (790 mg, 2 mmol), L-alanine
(360 mg, 4 mmol) and imidazole (5.6 g, 40 mmol) were mixed in a round bottom flask and purged
with nitrogen for 15 minutes. Then, mixture was heated to 120 °C and stirred for 5 h in a N inert
atmosphere. Afterwards, the mixture was cooled to 90 °C and water (6 mL) was added, observing
the formation of a red precipitate (unreacted PTCDA). This mixture was stirred for 30 min at 90
°C and then cooled to room temperature and filtrated to remove the remaining PTCDA. Then, 50
mL of HCI 2 M were added to the filtrate to precipitate the synthesized H>(Ala).PDI (the acidic
form of (Ala),PDI) and the mixture was stirred overnight. Finally, the obtained precipitate was
recovered by centrifugation, washed several times with slightly acidic water and dried.
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The dibasic (Ala)PDI was obtained by grinding the acid compound obtained before and mixing
it (0.47 mmol, 250 mg) with Na,CO; (0.47 mmol, 50 mg) in an ethanol/water 5:1 mixture (90
mL) and stirring at 50 °C overnight. Afterwards, the mixture was centrifuged and the precipitate
was recovered, washed with the ethanol/water 5:1 mixture several times and dried.

The acid and dibasic forms of (Ala),PDI were characterized with 'H-NMR and FTIR:

Ha(Ala),PDI. 'H-NMR (400 MHz, DMSO-d6) &= 12.80 (br s, 2H, C~COOH), 8.58 (br s, 8H,
Ar-H), 8.38 (br s, 8H, Ar-H), 5.61 (g, J = 7.0 Hz, 2H, C-H), 1.66 (d, J = 7.0 Hz, 6H, C—-CHa).
FTIR (cm™'): 3500 w, 3100 w, 2944 w, 2563 w, 1742 m, 1693 s, 1641 s, 1589 s, 1575 s, 1484 w,
1437 w, 1385 s, 1340 s, 1254 s, 1178 s, 1102 m, 1027 w, 973 m, 959 w, 895 w, 859 m, 837 w,
808 s, 745 s, 732 m, 710 m, 663 m, 596 w.

(Ala),PDI. 'H-NMR (400 MHz, MeOD) § = 8.72 (d, J = 8.0 Hz, 8H, Ar-H), 8.53 (d, ] = 8.0 Hz,
8H, Ar-H), 5.46 (q, J = 7.0 Hz, 2H, C-H), 1.61 (d, J = 7.0 Hz, 6H, C—CH3). FTIR (cm™): 3340
w, 1692 m, 1645 s, 1610 m, 1589 s, 1574 s, 1506 w, 1462 w, 1436 w, 1402 w, 1365 m, 1341 s,
1298 w, 1255 m, 1196 w, 1178 w, 1149 w, 1095 w, 1038 w, 971 w, 958 w, 895 w, 852 w, 807 s,
745's,713 w, 643 m, 598 w.

(0] O (0] O
1. L-alanine, imidazole, -
& 00C +
O« e <4 4
o (0] N N

2.Na,CO;, EtOH/H,0  + .
5:1, 50 °C, overnight Na CO0
o O o @]

PTCDA (Ala),PDI
Figure 3.2. Scheme of the synthesis of (Ala):PDI.

3.3.1.4 Synthesis of cationic diethylethylenediamine-PDI derivative, MeCatPDI.
The synthesis of the MeCatPDI was adapted from literature (Figure 3.3) 1%, Tt was divided into
three steps.

Step 1. First, PTCDA (4.56 g, 11.6 mmol) was dissolved in N,N-diethylethylenediamine (25 mL,
173 mmol) and stirred at 100 °C for 17 h. Afterwards, the so-formed red precipitate was recovered
by vacuum filtration, thoroughly washed with ethanol and diethyl ether and dried to yield
compound MeCatPDI_d1 of Figure 3.3, with a 87 % yield.

Step 2. Part MeCatPDI_d1 obtained in step 1 (1.5 g, 2.6 mmol) was dissolved in 18 mL of p-
methyl toluenesulfonate and stirred at 50 °C overnight. Afterwards, the sample was cooled to
room temperature and an excess of methanol was added. Then, the solution was filtered to remove
unreacted MeCatPDI_d1 and the filtrate was partially evaporated to reduce the methanol volume.
Subsequently, the solution was added dropwise to an excess of diethyl ether, observing the
formation of a red precipitate, which was recovered by vacuum filtration and thoroughly washed
with an ethanol/diethyl ether mixture and dried to yield MeCatPDI_d2. Yield: 80 %°.

Step 3. All the MeCatPDI_d2 obtained in step 2 (~ 2 g, 2.1 mmol) was dissolved in 15 mL of
concentrated HCI (180 mmol, ~ 90 eq.) and stirred at 85 °C for 45 min. Then, the solution was
cooled and added dropwise to an excess of acetone, observing the formation of a red precipitate,

which was recovered by vacuum filtration, thoroughly washed with acetone and diethyl ether and
dried to yield MeCatPDLI. Yield: 75 %.

3 In the original synthesis, Tam-Chang et al. !'%! further suspended the product in pure ethanol and recovered
it by filtration. However, we observed that the product was partially soluble in ethanol, and by applying
this step, the yields were decreased almost to 0 %. Consequently, this step was removed.
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MeCatPDI. 'H-NMR (400 MHz, D,0) § = 7.79 (br s, 8H, Ar-H), 4.46 (br s, 8H, NCH,CH)N),
3.60 (br s, 8H, NCH,CH3), 3.22 (br s, 6H, NCH3), 1.51 (br s, 12H, NCH.CH3)°. FTIR (cm™):
3228 m, 2983 m, 1688 s, 1651 s, 1591 m, 1575 m, 1510 w, 1480 w, 1437 m, 1400 m, 1360 m,
1340 m, 1251 m, 1164 w, 1127 w, 1099 w, 1053 w, 1023 w, 852 w, 808 m, 792 w, 746 m, 626

W.
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Figure 3.3. Scheme of the synthesis of MeCatPDI.

3.3.1.5 Synthesis of glycine-functionalized NDI. (Gly),NDI

The synthesis of (Gly),NDI was reproduced from the literature '), NTCDA (268 mg, 1 mmol)
and glycine (150 mg, 2 mmol) were dissolved in 15 ml of propanoic acid and heated to reflux for
12 h at 115 °C. The mixture was then cooled down to room temperature and the resulting
precipitate was filtered and washed with ethanol three times. The acid H2(Gly).NDI was obtained
as a pale-yellow solid and dried in a stove at 40 °C. Yield: 69 %.

The dibasic specie was subsequently obtained by the neutralization of H»(Gly),NDI with
NaHCO:;. The equivalent amount of NaHCOs and the acid product obtained in previous step were
dissolved in 17 ml water. After stirring the solution, the water was removed by rotary evaporation.
The obtained product was dried in a stove at 40 °C.

The acid Hx(Gly),NDI was characterized by "H-NMR and FTIR.

"H-NMR (400 MHz, DMSO-de) 8 13.22 (br s, 2H, C-COOH), 8.76 (s, 4H, Ar-H), 4.79 (s, 4H,
N-CH,-COOH). FTIR (cm™): 3082 w, 3043 w, 3006 w, 2962 w, 2672 w, 2578 w, 1723 m, 1666
s, 1583 m, 1456 m, 1447 w, 1387 m, 1359 m, 1324 m, 1244 s, 1189 m, 1008 m, 954 m, 900 m,
879 w, 809 w, 775 m, 725 w, 710 w, 610 w.

(0] o} Q
1. L-glycine, propanoic -
O acid, 115°C, 12 QG
(0] 0] . N N
2. Na,COjs, EtOH/H,0 & \ -
5:1, 50 °C, overnight Na COO
(0] (0]

NTCDA (Gly),NDI
Figure 3.4. Scheme of the synthesis of (Gly).NDL

6 All signals are broad singlets due to the aggregation of MeCatPDI in water.
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3.3.1.6 Synthesis of cationic diethylethylenediamine-NDI derivative. HCatNDI.
The synthesis of the diethylethylenediamine-NDI derivative was reproduced from literature
In a first step, NTCDA (370 mg, 1.38 mmol) and N,N-diethylethylenediamine (493 mg, 5.6
mmol) were mixed with imidazole (14.1 g, 207 mmol) in a round-bottom flask and heated to 130
°C in an inert nitrogen atmosphere for 2 h. Then, the resulting mixture was allowed to cool down
to room temperature and the formed precipitate was suspended in methanol to dissolve the
imidazole. Finally, a brown solid was collected by filtration using a nylon membrane filter (pore
diameter: 0.45 pum). The obtained product was washed with methanol 5 times, mixed using a
vortex and centrifuged. Finally, the product was filtered and dried in a stove at 40 °C. Yield: 19
%.

[212]

In the second step, the obtained product was acidified by dissolving it in excess HCI 0.5 M and
warmed until complete dissolution. Then, the remaining solvent was removed by rotary
evaporation obtaining a yellowish solid, which was furtherly dried on a stove at 40 °C.

The product before the acidification was characterized by '"H-NMR and FTIR.

"H-NMR (400 MHz, CDCl3) & 8.69 (s, 4H, Ar-H), 4.25 (t, 4H), 2.72 (t, 4H), 2.58 (q, 8H), 0.98
(t, 12H). FTIR (cm™): 3077 w, 2969 m, 2938 w, 2834 w, 2813 w, 1699 m, 1652 s, 1582 m, 1453
m, 1373 m, 1348 s, 1322 m, 1287 m, 1243 s, 1218 w, 1165 m, 1097 m, 1068 m, 1043 m, 986 w,
957 w, 893 m, 769 m, 712 w, 605 w.

O O —\ @) O
1. N,N-dicthylethylenediamine, NI‘-I
imidazole, 130 °C, 2h / \\_ Cl
o) o) > N N /—
O 2. HC1 0.5 M, warming & Q _\;NH
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e} o} o o) \—

NTCDA HCatNDI

Figure 3.5. Scheme of the synthesis of HCatNDI.

3.3.2 Qualitative determination of the chromonic phase behavior

The formation of chromonic liquid crystal phases was qualitatively tested by contact and
evaporation tests. In contact tests, a small solid crystal was placed in between a glass slide and a
cover slip and a droplet of water was deposited on the edge of the cover slip so that water diffused
through the solid crystal dissolving it and creating a concentration gradient. The sample was
subsequently observed by POM.

In evaporation tests, diluted isotropic solutions in water were prepared (1 — 10 wt%) and a droplet
was deposited in between a glass slide and a cover slip. It was left for water to evaporate from the
edge of the cover slip creating a concentration gradient. The sample was subsequently observed
by POM.

3.3.3 Quantitative determination of the chromonic phase behavior: Phase
diagrams

Samples at known concentrations were prepared, and studied by POM and SAXS. Highly viscous

samples were prepared in a flame-sealed glass tube (diameter = 5 mm) with a constriction in the

middle and centrifuged repeatedly at room temperature and stirring with a vortex under heating

to 50 °C in between centrifugations.

POM observations at various temperatures were done by placing a droplet of the prepared sample
between a glass slide and a cover slip and sealing it with glue. Temperature-controlled
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experiments were performed in a range between -10 and 90 °C using a peltier hot stage with a *1
°C precision placed below the glass slide. POM was used to determine the chromonic phase at
each concentration and temperature studied.

SAXS measurements were performed by introducing the sample in a glass capillary (diameter =
0.9 — 1 mm) and sealing it with wax. The samples were placed in a vacuum chamber with
controlled temperature. SAXS was used in selected samples to confirm the POM observations
and determine d-spacings and lattice parameters.

To draw the phase diagrams, the temperatures at which phase transitions occurred at each
concentration were recorded. Additionally, the chromonic phases at the studied temperatures were
determined. The average concentration between two studied samples with different chromonic
phases at a given temperature was considered to correspond to the phase transition between the
two chromonic phases at that temperature. For example, if one sample is isotropic at 10 wt% and
80 °C, and another is nematic + isotropic at 12 wt% at the same temperature, the point at 11 wt%
and 80 °C is considered to have a nematic + isotropic to isotropic phase transition.

3.3.4 Lower critical solution temperature (LCST) determination

LCST determinations of (PEG.)PDI compounds were performed preparing a water solution of
the (PEG,),PDI at ~ 10 M with salts at concentrations between 0.5 and 2 M. Then, the samples
were heated with a temperature-controlled oil-bath until the solution became turbid (LCST value).
Some selected samples were also studied by temperature-controlled absorbance
spectrophotometry. The following salts were used: LiCl, NaCl, KCl, CaCl,, NH4Cl, NH4F and
(NH4)2SOs4.

3.3.5 Surface tension and wettability measurements

Surface tension measurements were performed with the tensiometer Attension Sigma 701 at
IQAC-CSIC, by preparing (PEG.);PDI water solutions in glassware thoroughly washed with
ethanol and acetone and dried in a stove at 40 °C. The solutions were poured in a crystallizer
(diameter = 50 mm) previously immersed in a chromic acid solution for several hours and
thoroughly washed with ethanol, and measured with the tensiometer at room temperature (ca. 20
°C) using a Wilhelmy plate also washed with chromic acid solution and ethanol.

Wettability was measured with the Washburn method. 100 mg of the studied sample were loaded
into a glass cylinder with a porous membrane. The method consisted in placing the cylinder in
the tensiometer (Attension Sigma 701) and putting in contact with a water-filled cuvette. The
mass increment as a function of time was measured.

3.3.6 Preparation of two-phase and three-phase emulsions

Water-in-water (W/W) emulsions were prepared by weighting the polymers/mesogens in a glass
assay tube (diameter = 10 mm) and adding the corresponding amount of water. Then, mixtures
were centrifuged and mixed with a vortex for 10 minutes. More viscous emulsions were prepared
similarly, but after the 10 min vortex they were heated to 50 °C and mixed another 5 min with the
vortex.

Three-phase water-in-water-in-water (W/W/W) emulsions were prepared by weighing two of the
compounds, adding the corresponding amount of water, centrifuging and mixing with vortex for
10 min. Then, the third compound was added, the sample was centrifuged, mixed with vortex for
10 min, heated to 50 °C for 5 min and mixed again with vortex for 10 min.

W/W and W/W/W emulsions were kept in a 25 °C bath for at least 5 min before the observation
by optical microscopy.
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Three-phase water-in-water-in-oil emulsions (W/W/O) were prepared by first preparing a W/W
emulsion as described previously, and then incorporating it in hexadecane with Span 80. The
mixture was vortexed for 10 min and immediately observed with optical microscopy. The
hexadecane was washed several times with water prior to the preparation of the emulsions to
saturate it with water.

3.3.7 Characterization of water-in-water emulsions

Emulsions were characterized by optical microscopy and SAXS. Optical microscope samples
were prepared pouring a droplet of the emulsion with a spatula on a glass slide and covering with
a cover slip. Samples were observed by bright field microscopy, POM and fluorescence
microscopy at room temperature (ca. 20 °C). Temperature-controlled experiments in a range
between -10 and 90 °C were performed sealing the cover slip with glue and heating with a peltier
hot stage with a +1 °C precision placed below the glass slide.

SAXS measurements were performed by introducing the sample in a glass capillary (diameter =
0.9 — 1 mm) and sealing it with wax. The samples were placed in a vacuum chamber with
controlled temperature.

3.3.8 Preparation of chromonic liquid crystal gels

Chromonic liquid crystal gelation experiments were performed by first preparing a nematic
sample of (Ala),PDI in an assay tube (diameter = 10 mm) and adding solid glucono-d-lactone
(GdL), centrifuging and mixing with a vortex for 10 min to ensure the complete dissolution of
GdL. Then, the sample was left at room temperature during 24 h for the (Ala),PDI to gel.

3.3.9 Characterization of chromonic liquid crystal gels

Gels were characterized by optical microscopy and SAXS. Optical microscopy samples were
prepared by placing a piece of the gel (after gelation) in a glass slide and covering with a cover
slip. Other samples were prepared by directly gelling them in the glass slide. For that, a droplet
of the sample after the addition of GdL and vortex homogenizing was poured in a glass slide,
covered with a cover slip and sealed with glue to prevent water evaporation. Samples were
observed by bright field microscopy and POM.

SAXS samples were prepared by introducing the sample before gelation (i.e. after GdL addition
and vortex homogenization) in a glass capillary (diameter = 0.9 — 1 mm) and sealing it with wax.
The samples gelled inside the capillary and then were placed in a vacuum chamber with controlled
temperature and analyzed.

3.3.10 Synthesis of nanostructured templated silica materials
3.3.10.1 (PEGy)2PDI templated silica

Nanostructured silica synthetic procedure was adapted from the literature 2'32'4 First,
(PEGy).PDI (where n=7,10,16) was dissolved in 5 M HCI aqueous solution. Then, tetraethyl
orthosilicate (TEOS) was added to the solution, and the entire mixture was stirred at 60 °C for
24 h. The mass ratio of (PEGy)2PDI to aqueous HCI to TEOS was 2/93/5. After that, the sample
was kept at 80 °C for an additional 24 h. Ethanol was subsequently added to the mixture, which
was stirred for 20 h. Finally, the mixture was filtered, washed with more ethanol, and dried at
80 °C for 5 h.

A portion of the resulting red powder was calcined at 600 °C for 6 h in a Carbolite GHA 12/450
oven, under a heating rate of 1 °C/min, resulting in a white powder. The products were labelled
as Si-x, where x indicates the mesogen used in the synthesis. Specifically, Si-2 for (PEG7).PDI,
Si-3 for (PEGlo)QPDI and Si-4 for (PEGm)zPDI.
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3.3.10.2 MeCatPDI templated silica

Nanostructured silica synthesis was adapted from the literature %4, First MeCatPDI was
dissolved in ammonia 25 %. Then, the silica precursor (TEOS or a TEOS/HDTMS 9:1 mixture)
was added to the solution and the whole mixture was stirred at 25 °C for 90 minutes and at 50 °C
for another 150 minutes, the MeCatPDI/ammonia 25%/silica precursor mass ratio was 1/50/10.
After that, the formed precipitate was recovered by vacuum filtration, thoroughly washed with
water, dried and calcined at 600 °C for 6 h in a Carbolite GHA 12/450 oven (heating rate:
1 °C/min) to obtain a white powder. The products were labelled as SIHDTMS_n, where n
indicates the mass percentage of HDTMS used for the synthesis.

3.3.10.3 MeCatPDI templated silica monoliths

The preparation of nanostructured silica monoliths was prepared as follows. First, 100 mg of
MeCatPDI were dissolved in 5 g of ammonia 25 wt%. Afterwards, 9 Eppendorf tubes were filled
with ~510 mg of the prepared solution. Note that each Eppendorf contains ~10 mg of MeCatPDI
and ~500 mg of ammonia 25 %. Subsequently, 100 mg of the silica precursor (TEOS or a
TEOS/HDTMS 9:1 mixture) were added to each Eppendorf, so that the MeCatPDI/ammonia
25%/silica precursor mass ratio was 1/50/10, and homogenized with vortex immediately after
addition. Then, the samples were left with no agitation at 25 °C for 90 min and at 50 °C for 150
min. After that time, red monoliths were formed inside the eppendorf vials. The monoliths were
washed inside the eppendorf vials by filling them with water several times. Next, the eppendorf
vials were filled again with water, three small holes were made in the cap with a needle and then
were frozen and lyophilized to detach the monoliths from the vials, obtaining conical red silica-
PDI monoliths. The MeCatPDI template was removed by calcining the monoliths at 600 °C for
6 h in a Carbolite GHA 12/450 oven (heating rate: 1 °C/min) to obtain white nanostructured silica
monoliths. The monoliths were labelled as SiMonHDTMS_n, where n indicates the mass
percentage of HDTMS used for the synthesis.

3.3.10.4 Hydroxyapatite growth on nanostructured silica materials

Hydroxyapatite was grown on silica fibers as follows. First, silica was cleaned with a 2% SDS
solution overnight, washed and activated with a HCI 37 %/Methanol 1:1 mixture for 30 min at
room temperature, aiming to induce the formation of silanol (Si—OH) in the silica surface.
Afterwards, 50 mg of the activated silica were suspended in water (5 mL) and 59 mg of
Ca(NOs3)2-4H20 were added, the pH was adjusted to 10 with ammonia and the mixture was stirred
at room temperature for 3 h, to favor the Si—O --- Ca interactions. Then, 21 mg of Na,HPO4 were
added and the pH was again adjusted to 10 with ammonia. The mixture was stirred for another 24
h at room temperature. Finally, the suspended white solid was recovered by centrifugation,
washed with MiliQQ water and ethanol and dried.

3.3.11 Encapsulation of ibuprofen in the silica powder samples
Ibuprofen was encapsulated in silica powder samples by two methods: the soaking + drying
method and the melting method.

The soaking + drying method (SDM), involved suspending the silica in a 33 mg/mL ibuprofen
solution in hexane (66 mg of silica per mL of hexane) and letting it equilibrate for 15 minutes,
followed by evaporation of the solvent under a nitrogen flow. Then, the silica was suspended in
1 mL hexane, stirred and recovered by centrifugation. This was done twice (30 s stirring in the
first wash and 10 s stirring in the second wash), to remove surface-adsorbed ibuprofen.

The melting method (MM), involved preparing a solid silica-ibuprofen composite at a 2:1 mass
proportion and heating it to 85°C for 10 minutes to allow the ibuprofen to melt and penetrate
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within the pores. Then, the silica was suspended in 1 mL hexane, stirred and recovered by
centrifugation. This was done twice (30 s stirring in the first wash and 10 s stirring in the second
wash), to remove surface-adsorbed ibuprofen.

The ibuprofen encapsulation efficiency (/buEE) was calculated by thermogravimetric analysis
(TGA) of pure silica materials and the ibuprofen-loaded silica materials. The total loaded
ibuprofen was determined as the weight loss between 100 and 700 °C, applying a correction from
the weight loss of the unloaded silica materials in this temperature range. /buEE was determined
by Eq. 6.
Ibuypaq (Mg)
IbUEE (%) = —=*——=-100 (Egq.6)

Iburotqr (Mg)

Where Ibu; 4 is the amount of loaded ibuprofen (calculated from the TGA) and Iburoai is the total
ibuprofen used in the encapsulation method.

3.3.12 Encapsulation of ibuprofen in the silica monolithic samples

Ibuprofen was encapsulated in silica monolithic samples by the SDM method. For this, 1 mL of
ibuprofen dissolved in hexane (16.5 mg/mL) was added to a monolith (average weight = 30 mg)
inside an Eppendorf vial and allowed to equilibrate for 15 min before drying in a stove at 30 °C
until complete evaporation of the solvent.

The IbuEE of ibuprofen in the silica monoliths was determined by weighting the monoliths before
and after drug loading, and considering the difference as the total amount of ibuprofen
incorporated into the monoliths (Eq. 7).

IbUEE (%) = MoLoad m9) ~Monw M9) 4 (5, 7)

Iburotqr (Mg)

Where Mon;..a and Mon,, are the weights of the monoliths after and before ibuprofen loading and
Iburoaiis the total ibuprofen used in the encapsulation method (16.5 mg).

3.3.13 Ibuprofen quantification with absorbance spectrophotometry
Quantification of ibuprofen in solution was performed with absorption spectrophotometry. A
calibration curve of ibuprofen was done in Simulated Body Fluid (SBF, pH = 7.4) at room
temperature (ca. 20 °C), with UV absorbance at 264 nm. For this, ten solutions of ibuprofen in
SBF (0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45 and 0.50 mg/mL) were prepared and
absorbance was measured at 264 nm with a quartz cell (path length = 1 cm). The calibration curve
was plotted and a regression line was obtained (Figure 3.6). For samples of unknown
concentration, absorbance was measured and substituted in the equation of Figure 3.6 (y) to
calculate the concentration (x).
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Figure 3.6. Ibuprofen calibration curve in simulated body fluid (SBF) pH 7.4, at ca. 20 °C.

3.3.14 Determination of ibuprofen solubility in SBF

An excess of ibuprofen (50 mg) was added to SBF (10 mL, pH = 7.4) and stirred overnight at 37
°C. Then, the mixture was filtered to obtain a saturated solution of ibuprofen in SBF, and its
ibuprofen concentration was determined by UV absorbance at 264 nm, using the calibration curve
of Figure 3.6. The solubility of ibuprofen in SBF at 37 °C was determined to be 2.02 mg/mL.

3.3.15 In-vitro ibuprofen release

Drug release experiments were performed with the ibuprofen-loaded silica monoliths. The release
assays were performed in jacketed glasses coupled to a thermostatic bath to maintain the
temperature at 37 °C. The jacketed glasses were filled with water and a Falcon tube was filled
with 20 mL of the receptor medium (SBF). A dialysis bag (Spectra/Por molecular porous dialysis
membranes with molecular weight cut-off (MWCO) of 3.5 kD) was prewetted inside the Falcon
tube for 15 min. Afterwards, one ibuprofen-loaded silica monolith was placed in the dialysis bag
and 1 mL SBF was added. Immediately, the bag was closed and introduced again into the Falcon
tube and the timer for the release experiment was turned on. Aliquots of 1 mL. were withdrawn
from the release receptor medium after different time intervals, and it was subsequently refilled
with 1 mL of new receptor medium (SBF) to maintain the total volume constant. Before taking
every aliquot, the Falcon tube was removed from the jacketed glass and very carefully
homogenized to collect the water condensed in the Falcon tube walls and cap.

A total of 19 aliquots were taken (5, 10, 15, 30, 45, 60, 90, 120, 150, 180, 210, 240, 300, 360, 540
min, and 24, 27, 30 and 48 h). The ibuprofen concentration of each aliquot was determined with
UV-Vis absorbance at 264 nm. All the samples were measured in triplicate experiments. The drug
release profiles were plotted as the percentage (%) of ibuprofen released as a function of time.

The volume of receptor medium used in the release experiments (20 mL) was determined to
ensure that it could solubilize at least three times the amount of ibuprofen present in the dosage
form, hence ensuring sink conditions.

Furthermore, the drug release profiles were fitted to several kinetic models '3 using the

DDSolver Excel template 216):

7MWCO refers to the lowest molecular weight solute (in Daltons) in which 90% of the solute is retained
by the membrane. In our case, the membrane would retain 90% of a solute with MW of 3.5 kD.
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Zero-order model: The zero-order model describes dissolution kinetics in which the dissolution

rate is constant. This is expressed by Eq. 8.

dCp _

Where Cp indicates the concentration of drug in the dosage form and ¢ is time. Hence dCp/dt
indicates the drug dissolution rate from the dosage form. By integrating, Eq. 9 is obtained.

CDO_CD=k.t (Eq9)

Where Cpy is the amount of drug loaded in the dosage form and Cpo — Cp is the concentration of
drug released (Cr). Hence, dividing each side of the equation be Cpp and multiplying by 100, Eq.
9 can be rewritten as shown in Eq. 10.

%Rel = ky-t (Eq. 10)
Where %Rel is the percentage of released drug, and ko is equal to k-100/Cpy.

First-order model: The first-order model considers dissolution kinetics in which the drug
dissolution rate depends on the drug concentration (Eq. 11)

dac
—d—t” =k-Cp (Eq.11)

Where Cp indicates the concentration of drug in the dosage form and ¢ is the time. Hence dCp/dt
indicates the drug dissolution rate from the dosage form. After integration, Eq. 12 is obtained.

CD = CDO . e_kt (Eq ]2)

Where Cpo is the amount of drug loaded in the dosage form. By subtracting each side of Eq. 12
to Cpo, Eq. 13 is obtained.

Cpo—Cp =Cpo- (1 —e ) (Eq. 13)

Where Cpo — Cp is the concentration of drug released (Cr). Finally, by dividing each side of Eq.
13 by Cpo and multiplying by 100, Eq. 14 is obtained.

%Rel =100 (1 —e™*) (Eq. 14)
Where %Rel is the percentage of released drug.

Higuchi model: *'" This model considers an ideal situation in which the drug is released from a
solid matrix saturated with drug to a receptor container in complete sink conditions.

According to this model, the dissolution rate depends on the dissolution of the drug from the
saturated solid matrix, which is a diffusion-limited process that follows Fick’s Laws of diffusion.
Additionally, Higuchi’s model considers that other processes leading to drug release such as
swelling or erosion do not occur.

The Higuchi model is mathematically described by Eq. 15, that indicates that the amount of drug
released (%Rel) is proportional to the square root of time.

%Rel = ky - t%> (Egq. 15)

Where ky is the Higuchi’s constant.

Korsmeyer-Peppas: '8 The Korsmeyer-Peppas model is a semi-empirical model that establishes
an exponential relation between the percentage of drug released (%Rel) and time (Eq. 16).

Notably, the Korsmeyer-Peppas model can only be applied up to release percentages below 60 %
[219]
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%Rel = ka . tn (Eq. ]6)
Where kkp is the Korsmeyer-Peppas constant, and # is the Korsmeyer-Peppas exponent.

However, in contrast to the Higuchi model, this exponent is not limited to 0.5, but it is variable.
If n = 0.5, the Korsmeyer-Peppas model is reduced to the Higuchi model.

The determination of the n parameter of drug delivery systems gives insights about the mechanism
of drug release. A release exponent n < 0.5 corresponds to fully Fickian-based transport of the
drug from the dosage form to the bulk solution, whereas 0.5 < n < 1 indicates an anomalous non-
Fickian diffusion.

3.3.16 Synthesis of carbon nanofibers

Carbon nanofibers were prepared in a two-step process using MeCatPDI as the carbon precursor
and silica as a hard template. In the initial step, nanostructured silica was prepared following the
literature: MeCatPDI (400 mg) was dissolved in ammonia 25 % (20 g) and TEOS (1 g) was added
dropwise under vigorous agitation. Then, the mixture was homogenized with vortex and stirred
at 25 °C for 90 min and at 70 °C for another 90 min. Afterwards, the obtained red precipitate was
recovered by filtration, washed with abundant water and dried to obtain a silica-PDI composite.

In the second step, carbon nanofibers (CNFs) were prepared through pyrolysis of the
nanostructured SiO; materials previously obtained. This was performed under an inert nitrogen
atmosphere at high temperatures (900 — 1100 °C) for 2 h (heating at a rate of 5 °C/min), which
produced a silica-carbon nanofiber composite. The silica was etched with aqueous solutions of
strong bases (aq. 1 M NaOH or 1 M KOH, 90 °C, 17 h), resulting in black precipitates that were
washed by successive centrifugations, at 2880 relative centrifugation force (RCF), with Milli-Q
water. The washing process was considered complete when the pH of the supernatant was
between 7 and 8. The obtained wet product, which consisted in a black ink-like viscous dispersion
of CNFs in water, was dried by lyophilization, to obtain the carbon nanofibers (hereinafter CNF-
PDIs). Four materials were prepared: CNF-PDI_N900, CNF-PDI_N1000, CNF-PDI_N1100 and
CNF-PDI_K900, where the number indicates the carbonization temperature and the letter the base
used for etching (N for NaOH and K for KOH).

3.3.17 Determination of carbon nanofiber electrochemical properties

The electrochemical energy storage (EES) performances of the CNF-PDI materials were studied
using cyclic voltammetry (CV), chronopotentiometry (galvanostatic charge discharge, or GCD),
and electrochemical impedance spectroscopy (EIS) at 25°C, and in a three-electrode system with
an aqueous electrolyte solution (1M H>SOs). The working electrode consisted in a glassy carbon
electrode (GCE) modified with the CNF-PDI. In contrast, the reference and counter electrodes
were an Ag/AgCl electrode and a platinum wire, respectively. The working electrodes were
prepared with the carbon nanofiber materials by first grounding the CNF-PDIs on an agate mortar
with a pestle and then dispersing them in a solvent mixture consisting in a water/ethanol mixture
(4:1, 1 mg/mL), by applying sonication for 60 min in a bath sonicator. 3 pL. of the resulting
suspensions were deposited onto the clean and dry GCE surface and dried in a hot-air oven at 60
°C for 2 h. 5 pLL of a 5 % in ethanol Nafion solution was used as binder. The solution was
incorporated and dried under reduced pressure at 80 °C for 6 h. The electrochemical energy
storage measurements were conducted at 25 °C with a CHI 660E workstation from CH
Instruments, Inc. Austin, TX, USA. The electrochemical impedance spectroscopy (EIS)
measurements were performed at an open-circuit potential in the frequency range from 0.01 Hz
to 100 kHz, and at an amplitude of 5 mV. The specific capacitance (C;) of the electrode was
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calculated from both the cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD)
curves, by Eq. 17 and Eq. 18, respectively.

V2
vy 1(V)dv

Cs = EF (Eq. 17)

Where [ is the current intensity, V is the potential, m is the mass of active electrode material (3
. L . V. : :
ng), AV is the potential window and v is the scan rate. Note that fvz [(V)dV is the integrated area
1

under the CV curves (both charge and discharge curves)

tp
2.1 ftplz V(tp)dtp

C, = (Eq. 18)

m-AV?2

Where [ is the intensity, V is the potential, #p is the discharge time, m is the mass of the active
electrode material (3 pg) and AV is the potential window. Note that //m is the current density.

Also note that |, t’ZJZ V(tp)dtp is the integrated area under the discharge GCD curve.
1

The rate capability was calculated from the CV and GCD curves dividing the C; at a given scan
rate or current density by the C; at the lowest scan rate or current density studied.

Furthermore, the coulombic efficiency (CE) and the energy efficiency (EE) were calculated from
the GCD curves with Eq. 19 and Eq. 20, respectively.

CE = E—D 100 (Eq. 19)
C

sz
V(tp)dt
ffnl (tp)dtp

EE = 100 (Eq. 20)

tc
ftcf V(te)dtc

Where 7¢ and #p are the charge and discharge times, respectively.

Finally, the cycle life stability was determined from the GCD experiments, as the ratio between
the C; after 10000 charge-discharge cycles and the C; of the first cycle.

3.3.18 Preparation of carbon nanofiber films

Carbon nanofiber films were prepared by drop casting a concentrated dispersion of CNF-PDIs in
water onto a previously cleaned glass substrate framed with adhesive tape and spreading such
drop with a glass roller. The black ink-like dispersion obtained during the synthesis, before the
lyophilization step, was used. This resulted in a black layer, which was dried on a stove. This
procedure was repeated for five times. The resistivity of the prepared CNF-PDI films was
measured with a digital multimeter (Silver Electronics, Model 9965).

s

Drop casting CNF-PDI Film

Figure 3.7. Scheme for the preparation of CNF_Films.
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3.3.19 Preparation of DNA-RDI solutions

DNA concentrated solutions were prepared by mixing 20 mg of DNA with 10 mL of PBS and
stirring for several hours at room temperature (ca. 20 °C). After DNA was completely dissolved,
it was stored in the fridge and used for no more than 4 days.

Separately, a RDI 200 mg/L solution in PBS was prepared. DNA-RDI solutions were prepared
by diluting the two concentrated solutions together with PBS to obtain a mixed solution with the
desired concentration of each component. These dissolutions were stored in the fridge and
analyzed within the following 24 h.

3.3.20 Determination of the RDI DNA-intercalation properties

The in-vitro DNA-intercalating behavior of the different synthesized RDIs was assessed by
multiple techniques. Absorption and fluorescence spectrophotometry spectra were taken at room
temperature (ca. 20 °C) using a quartz cuvette in the range between 300 and 700 nm. Circular
dichroism was analyzed in the range between 200 and 700 nm, also using a quartz cuvette.
Viscosity measurements were run with a rheometer using the concentric cylinders’ geometry, as
described in Section 3.2.10. Viscosity measurements were performed in triplicate. The average
viscosity of the shear rates between 10 and 30 s™! was taken as the viscosity of each sample, and
the standard error of the measurement was considered from the calculated viscosities of the
triplicate measurements.

3.3.21 Cytotoxicity tests

The cytotoxicity of the different RDIs was evaluated in HeLa cells. For that, HeLa cells were
cultivated in Dulbecco’s Modified Eagle Medium (DMEM) at 37 °C and 5 % CO, atmosphere.
DMEM was previously supplemented with 10 % fetal bovine serum (FBS). HeLa cells (5000
cells) were placed in a 96-well plate in the presence of DMEM (200 pL) and incubated for 24
hours. After the incubation, DMEM was removed and cells were incubated for 24 h with DMEM
modified with RDI at 10 pM (200 pL). Then, the system containing media was removed and
replaced with fresh DMEM (200 pL) and incubated for 16 hours. Afterwards, 20 pLL of MTT (5
mg/mL) were added and cells were incubated for another 3 hours, observing the formation of
formazan crystals. Finally, the DMEM was removed and 200 pL. of DMSO were added to dissolve
formazan crystals and the absorbance of each well of the 96 well-plate was measured at 570 nm
in a microplate reader.
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4.1 Chromonic PEGylated perylene diimides for the aqueous
synthesis of nanostructured silica materials

This chapter describes the synthesis and characterization of five PEGylated perylene diimides
formed by attaching PEG substituents of different length at the imide position of the perylene
core (Figure 4.1). Hence, these compounds are formed by a hydrophobic perylene core with
hydrophilic PEGylated functional groups at the imide positions. These nonionic hydrophilic
groups impart solubility and capacity to self-assemble in water to the molecules, whereas the
polyaromatic core leads to m—stacking. The diluted solutions of the synthesized PEGylated
perylene dyes exhibit interesting optical and fluorescent properties that vary depending on the
solvent and concentration. These compounds also show a lower critical solution temperature
(LCST) and surface activity. Furthermore, at high concentrations, the PEGylated PDIs produce
lyotropic chromonic liquid crystals (LCLC) with nematic and hexagonal structures, formed by
aligned molecular stacks. These nonionic compounds are interesting since the formation of
chromonic mesophases by nonionic compounds has not been systematically studied, and can be
useful in applications where the potential toxicity of the cationic perylene-based chromonic
mesogens may be a concern. The lyotropic chromonic liquid crystals reported here were used for
the fabrication of composite chromonic-silica materials consisting in a SiO, matrix with ordered
perylene nanostripes, that formed aligned nanopores (with a diameter of ca. 1.4 nm) upon
calcination. Notably, the distance between aligned PDI nanostripes and consequently the pore
wall thickness could be finely controlled solely by changing the length of the PEG chain.

R o ;< Ln=4
O\e 2:n=7
N N[ 3:n=10
¢ 4:n=16
>8 S5:n=113
o} @]

Figure 4.1. Chemical structure of the synthesized PEGylated PDIs. A total of five molecules were prepared.

4.1.1 Synthesis of compounds

The syntheses of the (PEG,).PDIs (named 1 — 5 according to the PEG chain length, see Figure
4.1) were carried out as described in the Sections 3.3.1 and 3.3.2 of the experimental chapter. The
products were characterized by '"H-NMR, FTIR and UV-Vis spectroscopy (see Annexes). The
"H-NMR spectra matched with those described in the literature for the same products (except 5,
which had not been previously reported, but presented a similar spectra) 22202211 The FTIR
spectra (Figure 4.2 and Annexes) showed two bands at ~1690 and ~1655 cm™ while bands in the
range between 1700 and 1800 cm™" were not detected. This indicates a complete formation of the
imide bond and the absence of anhydrides, respectively. Furthermore, the three bands at 1510,
1580 and 1590 cm™ are typical of the perylene core and a broad band at ~2900 cm™', which
corresponds to C — H stretching, increased with the PEG chain length, as expected. The UV-Vis
spectra in chloroform (Figure 4.3) showed a succession of three bands at 459 (0 = 2 transition
band), 490 (0 = 1 transition band) and 526 nm (0 = 0 transition band), which are also typical of
perylene diimides 1?22,
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Figure 4.2. Comparison between the FTIR spectra of 2 (blue), 3 (orange) and 4 (grey). Note that 3 and 4
spectra have been shifted vertically for a better visualization.

4.1.2 Solution properties and surface activity

First, the solubility of compounds 1 — 5 in various solvents, including chloroform (CHCl3), ethyl
acetate (EtOAc), dimethyl sulfoxide (DMSO), ethanol (EtOH), and water (H,O) was tested (Table
4.1). Compounds 4 and 5 exhibited complete solubility in all tested solvents, while 2 and 3 showed
low solubility in ethanol. Compound 1 was only soluble in chloroform and completely insoluble
in water. Therefore, the shortest PEG chain (n = 4) produced a compound that is insoluble in polar
solvents (water and ethanol), and long PEG chains led to compounds soluble in all the studied
solvents. However, when mixing compounds 1 and 2 in water at a 1:2 molar ratio with a total
concentration of 3-10* M, the 1 + 2 mixture was completely soluble. This suggests that the
initially water-insoluble 1 was intercalated within the columnar aggregates of 2 and solubilized.
Conversely, when the ratio was 2:1, the mixture was only partially soluble, indicating that there
was not enough 2 to completely intercalate and dissolve 1. On the other hand, 3 and 4 could not
solubilize 1 at any ratio, which means that some intercalation occurs only if the PEG chain lengths
(n) of the mixing (PEG,),PDI are similar (see Table 4.1). This is interesting since it postulates
PEGylated PDIs as potential carriers for insoluble small aromatic drugs.

Table 4.1. Solubility of the compounds 1 - 5 at room temperature (ca. 20 °C) and ca. 10~* M in different
solvents. Green = Soluble; Yellow = Partially Soluble; Red = Insoluble; (-) = Not studied. *Indicates the
average n value for 1 + 2 mixtures, being 5 for mixtures at a 2:1 ratio and 6 for mixtures at a 1:2 ratio.

Compound n CHCl; EtOAc DMSO EtOH H,O

1 4
2 7
3 10
4 16
5 113

1+2 5%

1+2 6*

Furthermore, the color of the dissolution clearly changed depending on the solvent used (Inset
Figure 4.3). This indicates that the PEGylated PDIs present solvatochromism, as other similar
compounds 227220l To confirm such behavior, the absorbance in the visible range of the
compounds 1 — 5 in various solvents was measured, and the resulting spectra are shown in Figure
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4.3. Note that Figure 4.3 only shows the spectra of 4, however, all the compounds presented
similar spectra when dissolved in the corresponding solvent (see Annexes). This suggests that,
although the PEG chain length determines the solubility of the compound in each solvent, it does
not significantly affect the electronic properties of the perylene core. The absorption spectra of 4
in organic solvents is composed by a series of three bands of decreasing intensity at lower
wavelengths, corresponding to the 0 = v (v = 0, 1 and 2) electronic transitions induced by the
absorption of a photon 3%, Note that all transitions are from the ground state to the excited state,
the numbers (v) indicate the vibronic level of such states, higher v means a vibronic level at higher
energy.
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Figure 4.3. Visible absorption spectra of 4 at 11 uM in all the solvents tested at ca. 20 °C. Inset: Image of
4 in different solvents at 11 uM. The solvatochromism is clearly observed.

The main difference in the absorption behavior is observed with water as solvent. Figure 4.4
shows how the addition of water to a DMSO solution of compound 3 changed the absorption
spectra dramatically. Adding water caused a clear hypochromicity (reduced light absorption) of
the largest band (i.e. 0 = 0 transition, at 529 nm) with a concomitant broadening and overlapping
of the three bands observed in organic solvents. This behavior indicates the loss of the vibronic
fine structure of the single molecules in solution due to the formation of H-aggregates in water,
i.e. the (PEG,),PDIs form single face-to-face columnar stacks in water 12, This behavior is
similar for all the compounds 2 — 5, which indicates that the (PEG,).PDIs aggregate in water even
when functionalized with very large PEG chains (n = 113), suggesting high aggregation capacity.
Such behavior in water suggests that the PDI-PDI interactions do not only result from n-stacking
but there is also a significant hydrophobic effect.

A careful comparison of the absorption behavior of 2 — 5 in water also reveals that the PEG chain
length slightly affects the aggregation behavior of the (PEG,).PDIs in water. In Figure 4.5a, the
molar extinction coefficient spectra (g) of 2 — 5 at 11 pM are compared, and it is observed that it
increases at larger PEG chain lengths (the only exception is 3 showing a lower ¢ than 2), which
suggests a reduced degree of aggregation for (PEG,).PDIs with increasing n. These results were
confirmed in Figure 4.5b, where the 0 = 0/0 = 1 band ratios of 2 — 5 at concentrations between
1.8 and 11 uM are plotted. It is observed that the ratio is higher for § and increases as (PEG,),PDI
concentration decreases, resulting from a decreased aggregation at lower concentrations and
longer PEG chain lengths.
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Figure 4.4. Visible absorption spectra of 3 at 11uM in DMSO + water mixtures at different DMSO
concentrations (in wt%) at ca. 20 °C. The band at 529 nm (largest in 100% DMSO) decreases with
increasing water content, which indicates increased aggregation of 3 in water. Inset: Ratio between the
maxima of absorption of the 0 2 0 and 0 2 1 bands as a function of the DMSO concentration.
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Figure 4.5. a) Extinction molar coefficient spectra of 2 -5 at 11 uM and b) 0 2 0/0 2 1 band ratio of 2
—-5at1.8,2.8 55and 11 uM at ca. 20 °C, and b) 0 2 0/0- 1 band ratio as a function of the (PEG,);PDI
concentration.

The formation of H-aggregates by (PEG,).PDI molecules in water was confirmed by comparing
the fluorescence emission of the (PEGy).PDIs in water and organic solvents. As expected from
Kasha’s exciton model "2, H-aggregates should cause a significant fluorescence quenching for
dimeric dyes. In Figure 4.6a, such quenching can be clearly observed, as fluorescence decreases
from high emission yields in chloroform, ethyl acetate and ethanol, to almost zero in water.
Interestingly, there is some quenching in DMSO, where, according to UV-Vis absorbance data,
there is no aggregation. This behavior was attributed to some effect of the solvent on the
fluorescence emission.
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The fluorescence spectra of 4 in all solvents (including water, see Inset Figure 4.6a), are composed
by two bands of decreasing intensity, which are the specular image of the 0 = 0 and 0 > 1
absorption bands. Notably, the fact that the spectra in water also shows the same shape as in
organic solvents (i.e. the 0 = 0 fluorescence transition is more intense that the 0 = 1 transition)
suggests that the fluorescence emission comes from the small non-aggregated fraction of
(PEG,).PDI and therefore the aggregated species emit zero fluorescence. Fluorescence spectra
also manifest solvatochromism in the emission wavelength. Interestingly, plotting the maximum
of absorbance and fluorescence as a function of the dielectric constant of the solvent (Figure 4.6b)
reveals a hypsochromic (blue) shift on both the absorption and emission maxima from low to mid
dielectric constants and a bathchromic (red) shift from mid to high dielectric constants. Such a
behavior has previously been observed for similar PDIs 122,
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Figure 4.6. a) Fluorescence of 4 in various solvents at 11 uM at ca. 20 °C. Solvatochromism and
fluorescent quenching in DMSO and water are clearly observed. Samples were excited at 490 nm. Inset
a) Zoom-in of the fluorescence spectra of 4 in water. b) Plot of the wavelength with maximum intensity
of absorbance and fluorescence spectra at ca. 20 °C as a function of the dielectric constant of the solvent.
Note that the dielectric constants are: 4.81 for CHCl3, 6.02 for EtOAc, 24.6 for EtOH, 46.7 for DMSO
and 78.4 for H>O.

Fluorescence spectra were also obtained at various concentrations of (PEG,).PDI using
chloroform as the solvent. An intriguing red-shift in the maxima of emission was observed,
shifting from 539 to 578 nm, which is translated into a concentration-dependent change in the
color of the solution when irradiated in the dark using a UV lamp with a wavelength of 365 nm
(see Figure 4.7). This behavior was also observed in a study about a (HO-PEG4),PDI with a
hydroxyl termination at each PEG chain (note that our compounds end with a methoxy group),
which showed that this compound’s fluorescence also red-shifts as its concentration in chloroform
(2271 This can only
be explained by the Franck-Condon principle, which states that a change in the vibrational energy
level in an electronic transition will be more likely to occur if the two vibrational wave-functions

increases until showing a completely red emission (Amax = 674 nm) at 31 mM

overlap #2221 Tt has been described that the formation PDI aggregates favors the overlapping
between wave-functions of different vibrational energy levels of the ground and excited electronic
states, hence favoring the 0 = v transitions for v > 0 over the 0 = 0 transition both in absorbance
and fluorescence 7). Note that in absorbance the transition is Oground-state = Vexcited-state and in
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fluorescence it is Oexcited-state 2 Veround-states Which means that aggregation causes a blue-shift of the
maximum in absorption and a red-shift in fluorescence.

Accordingly, the concentration-related red-shift in the fluorescence spectra exhibited by 4
solutions in chloroform indicate that this compound also aggregates in organic solvents, by m-
stacking rather than by solvophobic effects, at much higher concentrations than in water, and most
likely forming self-assemblies of variable size and dynamic nature (i.e. aggregates of variable
size that rapidly exchange PDI units with other aggregates and monomeric species) 1227,
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Figure 4.7. Fluorescence of 4 in chloroform at two different concentrations Samples were excited at 490

nm. Inset: Photograph of the samples when excited with a UV lamp at 365 nm, the green one corresponds
to 11 uM and the yellow one to 170 uM.

Further investigation was carried out to examine the behavior of (PEG,),PDIs in water. The
objective was to determine if such molecules present surface activity and to explore the
occurrence of phase separation due to the presence of a lower critical solution temperature (LCST)
of the PEG chains. Note that LCST refers to the minimum temperature at which two components
of a mixture phase-separate. PEGylated molecules are dissolved through hydration of the PEG
chain at low temperature, however, by heating, the H.O — PEG interactions are unfavored and the
compound dehydrates inducing either solid — liquid or liquid — liquid phase separation.

Table 4.2 provides a summary of the surface tension measurements of 2 — 4 at 10~ M. The results
indicate that these compounds have surface activity as they reduce the surface tension of water
(ca. 72.0 mN/m 2*%), However, no significant changes are observed with the PEG chain length.
A possible explanation to this behavior is that the water surface is already saturated at the tested
concentrations. Furthermore, strong m — m interactions could produce a relatively compact
absorbed layer in spite of the steric hindrance of the PEG chains.

Table 4.2. Surface tension measurements for 2 —4 (c = 10~ M) in water at room temperature (ca. 20 °C).

Compound Surface tension (mN/m)
2 49.2+0.0
3 46.3 £ 0.0
4 48.2+0.0

LCST measurements were initially conducted heating solutions in a temperature-controlled bath
up to 90 °C, and the onset of precipitation or turbidity was visually observed. Compounds 2 — 4
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were studied at concentrations ranging from 10 M to 10~ M, but no phase separation was
observed. This lack of phase separation can be attributed to the relatively long PEG chains, which
do not exhibit LCST within the studied temperature range. Interestingly, the 1 + 2 mixture, which
can be considered as a (PEG,),PDI with n = 6 as average, exhibited a LCST at 73 °C at a
concentration of 1-10~ M in water. This temperature could be reduced down to 67 °C when the
concentration was tripled. In order to search for a LCST in the compounds 2 — 4, a collection of
salts at various concentrations were added to the solutions.

Compound 2 was extensively studied with LiCl, NaCl, KCI, CaCl,, Na;SO4, NH4Cl, NH4F and
(NH4)2SOs at concentrations between 0.5 and 2 M. Table 4.3 reveals that Na,SO4 and (NH4)2SO4
are the best salts to induce the precipitation of 2, followed by CaCl,, NH4F and KCI. Compounds
3 and 4 LCSTs in (NH4)>SOs 0.5 M were also measured, observing LCSTs of 68 and 74 °C,
respectively, values slightly higher than that observed for 2 (52 °C). These LCST values were
confirmed by temperature-controlled transmission measurements at 800 nm (PDIs do not absorb
at this wavelength), as shown in Figure 4.8. The LCST of the 1 + 2 mixture (n = 6) in (NH4)>SO4
0.5 M was 38 °C. The presence of a LCST for the 1 + 2 mixture both in pure water and in
(NH4)2S04 0.5 M at lower values than for 2 confirms the intercalation between 1 and 2.
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Figure 4.8. Transmittance as a function of temperature for 2 (blue), 3 (orange) and 4 (grey) in aq.
(NH4)2S504 0.5 M at 800 nm. The reduction in transmittance indicates the formation of particles in
suspension, which increases light scattering. The temperature at which the transmittance started
decreasing was taken as the LCST (see black arrows).

Remarkably, even though PEG itself does not exhibit a lower critical solution temperature
(LCST) below 90 °C even at high molecular weights >*1, the presence of salts can decrease this
LCST. The reduction in LCST follows the anionic series: SO4*> F~> ClI~ and the cationic series:
K* > Na* > NH4* > Li*, for monovalent cations >*? (as shown in Table 4.3). This trend aligns
with the results observed for 2 in Table 4.3, confirming that both pure PEG and 2 follow the
Hofmeister series with minor alterations, such as the ammonium ion, which ordinarily should be
placed above the potassium ion [233-2361,

Notably, 2 apparently show higher LCST values than PEG MW 20000 %*?! in the presence of both
monovalent cations (K*, Na*, NH4* and Li*) and monovalent and divalent anions (SO4>~, F~ and
CI7). However, this trend is reversed in presence of a divalent cation such as Ca?*, which reduced
the LCST for (PEG,).PDIs even more than K* at the same concentration, meanwhile for PEG
MW 20000 its effect was minor, similar to that of Na* at the same concentration (Table 4.3). This
indicates that, contrary to PEG MW 20000, 2 also follows the Schulze-Hardy rule 7-2*1, that
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states that multivalent ions should destabilize colloidal dispersions more efficiently than
monovalent ions. The Schulze-Hardy rule has also failed for the Triton X-100 PEGylated
nonionic surfactant, consisting in an octylphenol adduct containing 9-10 ethylene oxide units per
molecule ?*%, and it has been attributed to the formation of coordination complexes, in which the
ethoxylated chains work as polydentate ligands for the multivalent cations, over the formation of
hydrated cations, which should increase the water-solubility of the PEG chain. Differently, for 2,
the shorter PEG chain length and the small PDI-PDI distance within the H-aggregate could
prevent the formation of [2-Ca]** complexes and hence the Schulze-Hardy rule is not violated.

Besides, it has been previously described that bolamphiphilic PEGylated PDIs (i.e. PDIs
PEGylated at both sides, forming a hydrophilic — hydrophobic — hydrophilic structure) exhibit
LCST below 100 °C in absence of salts. In the study by Wiirthner et al. **!1, the synthesis of two
bolaform PDIs was described. These PDIs featured tridentate PEG substituents with 9 and 15
ethoxy units connected to the perylene core by a benzyl moiety. These compounds showed LCSTs
at 26 and 69 °C respectively, at a concentration of 4.9-10~* M in the absence of salts. Additionally,
three naphthalene diimides (NDIs) with the same substituent structure as the tridentate PEG-PDI
(with a total ethoxy units of 9, 12 and 15 on each side) were synthesized. LCST values of 59, 78
and 88 °C were reported for these NDIs at a concentration of 1-10~ M in water 1**?, Notably,
these LCST values are significantly lower than those of (PEG,),PDIs. This difference can be
attributed to the presence of the benzyl group, which facilitates the aggregation, as well as the
branching of the PEG chains, which may hinder hydration of the inner ethylene glycol units and
increase the degree of aggregation.

To provide further insights, it could be informative to compare the LCST behavior of the current
(PEG,),PDI with that of nonionic (ethoxylated) bolaform surfactants, specifically those with a
general formula (PEG,):C12. Zana et al. reported LCST values of 50 °C and 71 °C for
(PEG3)2C12 and (PEG4),C12, respectively **). Considering that compound 1 (n = 4) is insoluble
in water at room temperature, it can be concluded that the PDI moiety is more hydrophobic (and
more rigid) than the dodecyl chain.

Despite differences in aggregation mechanism and chemical structure, certain comparisons can
also be drawn with other bolaform-like surfactants, such as Pluronics, which feature a
hydrophobic moiety of polypropylene glycol (PPO) with more hydrophilic PEG groups on both
sides. It is worth noting that Pluronics with similar PEG content to 1 (approximately 50 wt%) are
soluble in water and exhibit cloud points between 73 and 91 °C at 1% **¥ (note that this
concentration is much larger than the one used in this work). These cloud points are even higher
than the LCST observed for the 1 + 2 mixture with n = 6. This suggests that the aggregation is
more favored for bolaform PEGylated PDIs compared to Pluronics, likely because of the higher
hydrophobicity (and rigidity) of the perylene core. It is important to note that in the
aforementioned bolaform-type surfactants, the phase separation above LCST is a liquid-liquid
phase separation, while for (PEG,),PDI a solid-liquid phase separation occurs.

The presence of a LCST and its reduction upon salt addition and shortening of PEG chain length
provide evidence for the significant role of PEG chain hydration in the dissolution and
aggregation of (PEGy,),PDI in water. Furthermore, the results obtained from absorbance and
fluorescence experiments suggest that the hydrophobic effect, combined with © — & interactions,
promote the formation of H-aggregates for (PEG,).PDI in water, even at extremely low
concentrations (< 2 uM). In contrast, in chloroform and other organic solvents, the driving force
for aggregation is solely based in n—stacking, without significant influence of solvophobic effects.
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Table 4.3. LCST values in the presence of salts. Increasing the salt concentration reduces the LCST.
Moreover, the ability of the different ions to precipitate (PEG,):PDI follow a pattern similar to the
Hofmeister series. (> 90) means that the LCST was not detected in the range of temperatures studied. (Ins.)
means that the compound was insoluble at room temperature (ca. 20 °C).

Mesogen (Conc.) Salt (Conc.) LCST (°C)
2 (10*M) LiCl (1 M) > 90
2 (107*M) LiCl (1.5 M) 88
2 (107*M) LiCl 2 M) 77

2 (107*M) NaCl (1 M) > 90
2 (107*M) NaCl (1.5 M) 73
2 (10*M) NaCl (2 M) 58

2 (107*M) KCI (1 M) 81
2 (107*M) KCI (1.5 M) 70
2 (107*M) KCI (2 M) 61

2 (107*M) CaCl. (1 M) 64

2 (10 M) CaCl, (1.5 M) 54

2 (10 M) CaCl, 2 M) 54

2 (107*M) NH4CI (1 M) > 90
2 (107*M) NH4F (1 M) 78

2 (107*M) Na,SO4 (1 M) Ins.
2 (10*M) Na,S04 (0.5 M) 40

2 (107*M) (NH4)2S04 (1 M) Ins.
2 (107*M) (NH4)2S04 (0.5 M) 52
3(107*M) (NH4)2S04 (0.5 M) 68

4 (107*M) (NH4)2S04 (0.5 M) 74
142 (107 M) (NH4)2S04 (0.5 M) 38
142 (10* M) None 73
142 (1.5-107*M) None 69
142 (3-107*M) None 67
142 (10 M) CaCl> (0.5 M) 54
142 (107 M) CaCl (1 M) 42
1+2 (1.5-10*M) CaCl, (0.5 M) 54
142 (1.5-107*M) CaCl. (1 M) 42
1+2 (3-10*M) CaCl, (0.5 M) 53
142 (3-107*M) CaCl. (1 M) 42
PEG MW 20000 (1 wt%) [23% LiCl (1 M) 87
PEG MW 20000 (1 wt%) 232 NaCl (1 M) 76
PEG MW 20000 (1 wt%) [23% KCI (1 M) 74
PEG MW 20000 (1 wt%) 232 NH4Cl1 (1 M) 85
PEG MW 20000 (1 wt%) 232 NaF (1 M) 42
PEG MW 20000 (1 wt%) [23% Na>S04 (0.3 M) 55
PEG MW 20000 (1 wt%) 232 CaCl, (0.5 M) 85
PEG MW 20000 (1 wt%) [23% CaCl, (1 M) 79

Also, several experimental and computational studies suggested that PDI H-aggregates most
likely consist in face-to-face stacked molecules twisted ~30 © around the stacking axis, in organic
solvents %281 aqueous solution **! and thermotropic mesophases !, Notably, such a twisting
between adjacent molecules not necessarily implies the formation of only helical aggregates
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(Figure 4.9a), but also of alternating clockwise-anticlockwise stacks (Figure 4.9b). Accordingly,
(PEG.):PDIs were considered to form both helical and alternating twisted columnar aggregates.

In summary, (PEG,).PDI aggregates in aqueous solution form twisted columnar stacks with a
clear trend of increasing the degree of aggregation as PEG chain is shortened. Thus, it is expected
for the shorter PEG chain length products to form chromonic liquid crystal phases at lower
concentrations.
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Figure 4.9. Proposed models for (PEG,)PDI self-assembly. a) Top: helical model, lateral view. Bottom:
helical model, view from above. b) Top: alternating model, lateral view. Bottom: alternating model, view
from above. Most likely, (PEG,).PDI H-aggregates are a mixture of both models. The molecules were
drawn with the Chem3D software.

4.1.3 Chromonic phase behavior at high concentrations

The chromonic phase behavior of 1 — 5 was firstly assessed by contact and evaporation tests
observed under polarized light optical microscopy (POM). Since 1 is insoluble in water, no liquid
crystalline phases could be obtained, and consequently phase behavior was not studied. In
contrast, 2 and 3 contact and evaporation tests showed the existence of both nematic (N) and
hexagonal (M) phases (Figures 4.10a,b,i). For 4, only M phase was observed in both contact and
evaporation tests (Figure 4.10c). Finally, 5 did not show any chromonic mesophase despite being
water-soluble, indicating that its PEG chain length is too large, and thus the compound is too
hydrophilic, to permit the self-assembly in chromonic mesophases.

Further POM characterization of the chromonic behavior of 2 — 4 was assessed by preparing
samples at selected concentrations and studying their phase behavior as a function of the
temperature (Table 4.4). For 2, it was observed that N phases start to appear at 15 wt% and 18 °C,
meanwhile 3 formed N phases between 20 and 25 wt% at room temperature (ca. 20 °C). Above
25 wt%, M chromonic phases emerged for 3. Surprisingly, despite 2 showing N mesophases at
lower concentrations than 3, it did not form M chromonic phases up to 35 wt% below 20 °C and
40 wt% at room temperature. Briefly, the N phase is formed in a wide range for 2 (from 15 wt%
to 35 wt% at ca. 20 °C), while this nematic range is significantly narrower for 3 (from
approximately 20 to 25 wt% at ca. 20 °C).

This trend is supported by the findings for compound 4, which only formed hexagonal phases,
starting at a 25 wt% at ca. 20 °C. Even with increasing temperature, nematic textures could not
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be observed, and the sample passed from M phase to a mixed hexagonal-isotropic (M + I) phase
before eventually becoming completely isotropic. Additionally, in the range from 20 to 25 wt%,
4 exhibited a M + I phase, but it transitioned to a completely isotropic phase at 17.5 wt%. In
contrast, for compounds 2 and 3, transitions from M phases to mixed hexagonal-nematic (M + N)
phases, followed by N phases, mixed nematic-isotropic (N + I) phases and finally isotropic (I)
phases were clearly observed upon increasing temperature (see Table 4.4). Therefore, it can be
concluded that the range of PEG chain lengths in which (PEG,),PDIs can form mesophases lies
between n = 7 and n = 16 (note that n represents half the total ethoxy units, as each mesogen is
functionalized by two PEG chains), and that the PEG chain length highly influences the
chromonic phase behavior.

+200:um,

Figure 4.10. POM images of a) Contact test of 3, b) Evaporation test of 2, c) Contact test of 4, d) Schlieren
texture formed by the N phase of 2 at ca. 20 °C and 30 wt%, e) N + I phase of 2 at ca. 20 °C and 17.5 wt%,
f) N + I phase of 2 at 36 °C and 25 wt%, g) Tiger-skin N phase of 3 at ca. 20 °C and 23 wt%, h) Herringbone
texture of M phase of 3 at ca. 20 °C and 25.5 wt%, i) Contact test of 3, j) Grainy M phase of 4 at ca. 20 °C
and 25 wt%, k) M + I phase of 4 at 38 °C and 25 wt% and 1) M gems formed by cooling down a 25 wt%
solution of 4 from the I phase.

Carefully analyzing the POM images of 2 — 4 at different conditions, a big variety of birefringent
textures can be observed (Figure 4.10a-1). For example, 2 formed conventional Schlieren nematic
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textures ! between 17.5 and 30 wt% concentration range at room temperature (Figure 4.10d),
but showed nematic droplets with radial internal structure dispersed in an isotropic medium at 15
wt% at room temperature, forming a N + I phase (Figure 4.10e), meanwhile isotropic islands in a
nematic continuous phase appeared when heating nematic phases (Figure 4.10f). This curvature
difference of the N + I phase suggests that the interfacial tension between the N and I phases is
rather low “°!, Differently, 3 formed nematic phases with a tiger-skin texture (Figure 4.10g) and
hexagonal phases with a herringbone pattern (Figure 4.10h) similar to those formed by 4 in the
contact test (Figure 4.10c). Notably, the evaporation test of 3 also confirmed both the tiger-skin
nematic texture and the herringbone pattern in the hexagonal phase (Figure 4.10i). Instead, 4 only
formed hexagonal phases consisting in a grainy structure (Figure 4.10j), which suggests more
brittle structure than for 3. By heating 4 hexagonal phases, M + I bicontinuous phases were
obtained (Figure 4.10k), meanwhile cooling 4 isotropic phases induced the formation of M
domains in an isotropic continuous medium (Figure 4.101), suggesting again a low interfacial
tension between chromonic and isotropic phases.

Table 4.4. Phase transitions for 2, 3 and 4 at different concentrations (N: nematic, M: hexagonal, I:
Isotropic). *Mesophase at room temperature (ca. 20 °C).

M->M+N  M+N >N (°C) N->N+I N+I2>1

Conc. (Wt%) Mesophase*

°C) °C) °C)
10 | - - - -
12.5 I - - - 11
15 N+I - - 18 32
17.5 N - - 44 51
2 20 N - - 53 60
25 N - - 64 71
30 N - - 67 74
35 N 19 24 - -
40 M 33 42 - -
17.5 I - - - -
20 N - - 29 45
3 23 N 2 2 40 52
25.5 M 31 33 60 65
27 M 49 52 80 85
30 M 52 55 82 86
Conc. Mesophase* M-> M+I (°C) M+I2>1 (°C)
17.5 | - -
20 M+I - 42
23 M+ - 46
s M 34 50
27 M 36 52
30 M 40 55
5 No liquid crystal phases are formed

With the data included in Table 4.4, partial phase diagrams of the compounds 2 — 4 were drawn
(Figure 4.11a-c). As expected, as PEG chain length and hence polarity and water-solubility
increase, the concentration at which the corresponding (PEG,).PDI starts forming mesophases
also rises (15 wt% for 2, 20 wt% for 3 and 25 wt% for 4). Also, the phase diagrams clearly show
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how increasing the PEG chain length expands the regions of hexagonal phase and reduces the
nematic range of the phase diagrams until it disappears for 4. This is in agreement with a
computational work by Kuriabova et al. 22, in which they studied the chromonic self-assembly
with a coarse-grained model considering the chromonic mesogens as sticky cylinders that
experience a favorable binding energy by stacking and a core repulsion caused by the excluded
volume effect. They used cylinders with length to diameter ratios (/D) of 0.5 (see Figure 4.11d).
Monte Carlo simulations and analytic theory predicted that the sticky cylinders would stack
forming flexible linear aggregates that evolve to N and M phases above critical volume fractions
(Figure 4.11d). Notably, this model also predicted that the N phase is favored for mesogens with
a high binding energy, whereas direct isotropic-to-hexagonal transitions are preferred for
mesogens with a low binding energy. This matches with 2, that presented a higher degree of
aggregation, and hence a higher binding energy, forming N phases in a wide range of
concentrations and 4 showing only M and I phases. It is worth noting that the L/D ratio considered
by Kuriabova et al. matches with that of PDI considering a length of 0.34 nm (the stacking
distance of chromonic self-assemblies) and a diameter of 0.7 nm (only the perylene core, see
Figure 4.11e). If the whole perylene diimide core is considered as D, the L/D ratio is notably
decreased.

It is particularly interesting to note that the phase behavior of the (PEG,),PDI differs from that of
conventional ionic LCLC such as DSCG (Figure 1.12b) 3% Sunset Yellow "3 or ionic perylene
diimides ["**, and the theoretical phase diagram predicted by Kuriabova et al. (Figure 4.11d) 123,
in several aspects. First, (PEG,).PDI chromonic mesophases emerge at higher concentrations than
many ionic conventional chromonics (~ 1 — 10 wt%), although for some ionic compounds
chromonic phases may appear at much higher concentrations (> 30 wt%) "%l In fact, a series of
chromonic cationic PDIs composed by a perylene core functionalized with quaternary amines
with different counter anions reported by Tam-Chang et al. %! showed that the compounds with
small counter anions (CI7) formed chromonic phases at rather low concentrations (5 — 8 wt%)
independently of the quaternary amine used but with bigger counter anions (tosylate) chromonic
mesophases did not appear until 30 wt%, suggesting that the steric effect of the counter anions
plays an important role in the formation of chromonic mesophases for cationic PDIs.
Consequently, the higher required concentration for the appearance of chromonic mesophases for
(PEG,),PDI with larger n may not only result from the increased water-solubility but also from
the steric hindrance between the PEG chains.

Interestingly, another possible effect of the steric hindrance of the PEG chain may be observed
by carefully analyzing the M + N phase of 2 and 3. For 3, the M > M + N = N transitions were
abrupt and clearly detected by POM (Figure 4.12b) and occurred in a rather narrow temperature
window (~ 2 °C). Differently, for 2, such transitions were not easily detected (Figure 4.12a), as
the changes in the birefringent texture were slow and gradual, and occurred in a wider temperature
window (> 5 °C).

This behavior indicates that 2 probably presents the so-called P phase. Normally, the M - N
transition is a first-order process that occurs abruptly by heating/cooling a chromonic system, as
observed for 3. However, for some compounds, such process is apparently second- or higher-
order, resulting in a smooth transition between M and N phases. In the latter case, such “transition
phase” is called P phase (see Section 1.3.2) 9391,
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Figure 4.11. Partial phase diagrams of a) 2, b) 3 and c) 4. Filled circles refer to experimentally measured
temperature-induced phase transitions, whereas empty circles are approximated as the average
concentration between two measured samples with a different chromonic phase at a given temperature. ' =
N+ Iand? = M + N. d) Chromonic phase diagram predicted by Kuriabova et al. 1*?! considering a L/D
ratio of 0.5. Redrawn with the Royal Soceity of Chemistry permission from 1?>*! and reproduced with Taylor
and Francis permission from %, e) Perylene core size measured by the Chem3D software. Three values
are shown: the perylene core (0.7 nm), the perylene diimide core (1.1 nm) and the perylene diimide core
with one methyl substituent group (1.4 nm).

It is believed that P phases appear for chromonic systems formed by mesogens that can rotate
within the columnar stacks, which typically occurs for molecules with circular cross-section or
for plank-like compounds stacked in a helical fashion (Figure 4.12c). This suggests that 2 has
more rotational freedom within the columnar aggregates than 3, which could result from its
shorter PEG chains causing less steric hindrance between adjacent PDI molecules and facilitating
the rotation. Moreover, the absence of N phase for 4 could be caused by the higher steric hindrance

between the long PEG chains, that completely prevents any rotation and impossibilities the M =
N transition.

Other remarkable aspects of the (PEG.).PDI phase diagrams are the high stability of the
chromonic phases at high temperatures (many times water started to evaporate before reaching
the complete isotropic phase) and that peritectic points were not detected, although they could
appear at higher concentrations. Furthermore, no M + I phase was detected for 2 and 3. Instead,
the M phase evolved to an N phase by heating, which is not very common for conventional ionic
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chromonic mesogens, where the M = N transition only occurs in a very narrow concentration
range (1 — 2 wt%), as demonstrated by DCSG phase diagram (Figure 1.12b), and the simulated
phase diagram of Figure 4.11d 122,

Figure 4.12. M = N phase transition of a) 2 (40 wt%), and b) 3 (25 wt%). ¢) Model of the rotation of the
PDI mesogens within the columnar stacks in the P phase. Bigger PEG chains may hinder the rotation and
prevent the formation of P phases.

Further characterization of the phase behavior of 2 — 4 was performed by SAXS. SAXS allowed
the confirmation of the formation of M phases for 2 at 40 wt% and 3 and 4 at 27 wt% at 25 °C
(Figure 4.13), since patterns of three peaks at scattering vector (g) ratios of 1:V3:v4 were obtained
for the three samples. Remarkably, the first peak of 4 was apparently divided into two, which may
result from the higher polydispersity of the PEG-amine used for the synthesis.

The dy (i.e., Bragg distance between (1 0 0) planes) and a parameter of the hexagonal lattice (i.e.,
distance between the center of two adjacent columns) were determined from Eq. 3 (see Table 4.5
and the Inset of Figure 4.13). Interestingly, the distances increased as the PEG chain length
between 3 and 4 increased. At the higher temperature of 60 °C, the three samples exhibited a
single broad peak in the SAXS pattern, indicating the presence of a nematic phase. In the case of
compound 4, which does not form N phases, it can be considered that heating the hexagonal phase
of 4 results in the disruption of this phase leading to the formation of disordered non-birefringent
aggregates which maintain an almost identical column-column distance as in the hexagonal phase.

These findings illustrate how minor changes in the aggregation properties of diluted can lead to
significant differences in terms of chromonic liquid crystal behavior. If the PEG chain is too short,
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the resulting product has a too low water-solubility to form mesophases. Longer PEG chains (~16
ethoxy units) favor chromonic hexagonal phases over nematic phases, likely due to a structuring
effect induced by higher hydration of the PEG chains, whereas intermediate chains (from 7 to 10
ethoxy units) favor the formation of N phases. However, further increasing the PEG chain length
produce too soluble compounds in which the steric hindrance between the PEG substituents is too
high. This hinders the formation of ordered mesophases. Consequently, the formation of
chromonic mesophases only occurs for (PEG,),PDIs between n = 7 (for 2) and n = 16 (for 4).
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Figure 4.13. Small-angle X-ray scattering (SAXS) patterns of 2 (40 wt%, 25 °C, blue), 3 (27 wt%, 25 °C,
orange) and 4 (27 wt%, 25 °C, gray) in hexagonal phases. Note that 2 and 3 spectra have been shifted
vertically for a better visualization. Inset: Graphical representation of the hexagonal phase with the
definitions of d-spacing (du) and the distance between the centers of two adjacent columns (a), each circle
represents the cross-section of columnar molecular stacks observed from top. Note that circular cross-
sections were considered as the PDI aggregates are expected to present helical and alternating stacking
resulting in cylindrical columns.

Table 4.5. Hexagonal lattice parameters of 2, 3, and 4 at different concentrations. dy is the d-spacing
(interlayer distance) and a is the distance between the centers of aggregates.

Mesogen dg (nm)  a (nm)
2 (40 wt%, 25 °C) 3.2 3.7
3 (27 wt%, 25 °C) 4.9 5.6
4 (27 wt%, 25 °C) 5.4 6.2

In summary, (PEG,),PDIs have demonstrated to be excellent nonionic mesogens for the formation
of chromonic mesophases. Note that, to date, very few nonionic compounds have been reported
to form chromonic mesophases 2!, being TP6EO2M (formed by a triphenylene core substituted
with six —O(CH,CH,0),CHj3 chains) the most widely studied [1%6:1%82531 Interestingly, TP6EO2M
showed a very rich phase diagram similar to that observed for 2, in which the N phase appears at
concentrations around ~15 wt% and the nematic range occupies a large region of the phase
diagram (from 14 to 51 wt%), and the concentration interval in which all the M = N transitions
can be seen by heating is rather high >, which may suggest that this behavior can be common
in nonionic chromonic mesogens functionalized with relatively short PEG chains. However,
contrary to (PEGy),PDIs, TP6EO2M homologues with PEG chain lengths other than 2 did not
form any mesophase at all, showing that (PEG,),PDIs actually form chromonic phases in a
relatively wide range of n values.

92



RESULTS AND DISCUSSION. CHAPTER 1

Moreover, further comparison with TP6EO2M reveals that (PEG,).PDI mesophases are also more
stable at high temperatures, since TP6EO2M presents a LCST of ~ 50 °C 2531 which make
(PEG,).PDI more versatile mesogens with potential applications in the templating of hard silica
materials, where high temperatures are commonly used, as it will be described in the next section.

4.1.4 Preparation of nanostructured silica materials by the sol-gel method
Among the potential applications of chromonic liquid crystals, the templating of hard materials
is a topic of growing interest due to the high control over the shape and morphology of the final
product using chromonic materials as templates 16214 In this context, we proposed the
preparation of templated silica nanoporous materials using the chromonic 2 — 4 mesogens as soft
templates. Briefly, templated silica was prepared in acid media by first preparing a (PEG,),PDI
solution in HC1 5 M at a 1 wt% concentration and then adding a silica precursor (TEOS) that
polymerized forming the final silica material with the embedded chromonic phase, which was
removed by calcining the sample at 600 °C, yielding the final nanoporous silica material. This
procedure is described in detail in chapter 3 (Section 3.2.10.1).

The silica samples were named as Si-2, Si-3 and Si-4, where the number indicates the mesogen
used as template. Before the calcination step, all the obtained silica materials were completely
red, even after thoroughly washing them with ethanol, which indicated that these chromonic
materials were fully embedded in the silica framework. These non-calcined samples were further
characterized by SEM, TEM and SAXS to get new insights about the structure of the silica-
perylene composites.

SAXS patterns (Figure 4.14) showed a resolved peak for Si-2 and Si-3, indicating the formation
of ordered nanostructures with first-order d-spacings (dp) of 2.8 and 3.5 nm, respectively
(calculated with Eq. 2). However, the SAXS profile for Si-4 did not show any clear peak, which
suggested the absence of any ordered nanostructure in this material. Interestingly, the do value
increased with PEG chain length, suggesting that longer PEG chain lengths increase the lattice
distance of the nanostructured silica materials.
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Figure 4.14. SAXS patterns of different non-calcined silica samples. From top to bottom: Si-4, Si-3 and Si-
2. Peaks indicating the presence of some nanostructure are resolved for all samples except for Si-4. do was
calculated with Eq. 2, using the scattering vector value at the maximum of the peak.

Further characterization was performed with electron microscopy. Low-resolution tabletop SEM
revealed that Si-2 and Si-3, consist in polygonal rods with a width of ca. 1 um and a length
between 1 and 10 pum, respectively (see Figure 4.15a,b). In contrast, Si-4 is an agglomeration of
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spherical microparticles with a diameter between 0.5 and 2 um (Figure 4.15c), similar to what is
obtained by the sol-gel method in the absence of templates **], i.e. there is no templating effect
for 4. Moreover, the rods of Si-2 seem to present a higher aspect ratio than those of Si-3.

It is important to note that at the concentrations of (PEG,).PDI used in the synthesis of silica,
there is no liquid crystal present in the absence of TEOS. This means that the formation of
nanostructures takes place via cooperative self-assembly between the hydrolyzed silica species
and diluted aggregates, similar to what has previously been described for other chromonic
mesogens 162164 This mechanism potentially induces the formation of elongated particles
through hierarchical, large-scale assembly of molecular stacks.

Figure 4.15. Low-resolution tabletop SEM images of non-calcined a) Si-2, b) Si-3 and c) Si-4.

TEM images of Si-(2-4) confirmed the SAXS results, observing the formation of a periodic inner
nanostructure for non-calcined Si-2 and Si-3 (Figure 4.16), and the lack thereof for Si-4 (Figure
4.17). The ordered nanostructure consists in periodic stripes with a width around 1.4 nm
(measured from the TEM image). This approximately matches with the length of the perylene
diimide core (see Figure 4.11e), which indicates that the stripes are formed by (PEG,),PDI face-
to-face unimolecular stacks. This suggests that the silica precursor (TEOS) polymerizes around
the chromonic PDI stacks, making the PEG chains end up trapped inside the silica walls, as
reported for other templating agents, and attributed to the high affinity of PEG for silica [>-25%],
Accordingly, the varying PEG chain length of the chromonic (PEG;).PDI mesogen does not
change the pore diameter but instead modifies the silica wall thickness, that increases from ca.
1.4 nm for Si-2 to 2.1 nm for Si-3 (estimated from the TEM images). Interestingly, such PEG
trapping within the silica walls can lead to small micropores interconnecting the bigger pores,
which is promising for the preparation of ordered mesoporous carbons by carbonizing the silica-
PDI composite, as also occurs in other systems 2320, Fast Fourier-Transform (FFT) was applied
to the TEM images of Si-2 and Si-3 (Inset Figure 4.16) resulting in lattice d-spacings of 2.8 and
3.5 nm, respectively, thus precisely matching the values determined by SAXS.

The calcination of the silica-perylene composites yielded white materials, indicating that the
organic phase was completely removed. Calcined Si-2 and Si-3 were characterized with SAXS,
SEM and TEM to reveal the effect of the harsh calcination process on their nanoscale properties.
Nitrogen-sorption experiments, although interesting, were not performed as not enough amount
of sample was obtained.

SAXS measurements (Figure 4.18) revealed that Si-2 maintained its nanostructure after the
removal of the organic phase, since a resolved peak appeared at ¢ = 2.7 nm’', indicating a d-
spacing (dp) of 2.3 nm. As expected, calcination at 600 °C produced a shrinkage of the
nanostructure from the initial value of 2.8 nm, but it did not disrupt the nanostructure, which
remained highly ordered, as evidenced by the very similar shapes of the SAXS peak before and
after calcination. SAXS of calcined Si-3 was not performed due to lack of sample.
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Figure 4.16. TEM images of non-calcined a) Si-2 and b) Si-3. The insets of the images correspond to the
FFT of the aligned stripes.
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Figure 4.17. TEM image of non-calcined Si-4. Inset) FFT of a region of the image. The absence of
nanostructure is confirmed.
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Figure 4.18. SAXS patterns of the non-calcined Si-2 (blue) and the calcined Si-2 (black). Peaks indicating
the presence of some nanostructure are resolved for all samples. do was calculated with Eq. 2, using the
scattering vector value at the maximum of the peak.

SEM images of calcined Si-2 and Si-3 (Figure 4.19a,b) confirmed that, after calcination, the
morphology of the particles was mostly preserved and Si-2 rods presented a higher aspect ratio
than those of Si-3. Moreover, TEM observations (Figure 4.19c,d) revealed that aligned
micropores of ca. 1.4 nm in diameter are formed in the place where the perylene stripes were
located, confirming the templating effect of the chromonic PEGylated PDIs. Interestingly, the d-
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spacing of calcined Si-2 measured from the FFT of the TEM images (Inset Figure 4.19¢) is similar
to that obtained by SAXS. Also, the d-spacing determined for calcined Si-3 from the FFT of the
TEM images (Inset Figure 4.19d) was ca. 2.8 nm, confirming that the silica materials shrink upon
calcination.

Figure 4.19. Low-resolution tabletop SEM images of a) calcined Si-2 and b) calcined Si-3. TEM images
of ¢) calcined Si-2 and d) Si-3. The insets of the TEM images correspond to the FFT of the aligned
micropores.

In summary, chromonic (PEG,),PDI with n =7 and n = 10 worked as templates for the preparation
of nanostructured porous silica rods. The templating effect seemed to improve as PEG chains
become shorter, as Si-2 rods showed a higher aspect ratio than those of Si-3; and Si-4, with longer
PEG chains, did not form rods at all. This may result either from the richer chromonic behavior
of 2 (forms mesophases at lower concentrations) and its higher capacity to form nematic phases
or from the higher steric hindrance of the longer PEG chains of 4. Interestingly, Dai et al. 26!
reported the preparation of hexagonal mesoporous silica SBA-3 using different surfactant
mixtures as templates. They observed that SBA-3 d-spacing increased from 3.5 nm with the
cationic surfactant CTAB template, to 4.5 — 5.5 nm with nonionic PEGylated surfactants with
short ethylene oxide chains such as CisEO1o or C1sEOo. Furthermore, no templating was observed
for nonionic surfactants with longer ethylene oxide chains such as CigEO». Similarly, nonionic
chromonics 2 and 3 template silica materials with longer d-spacing than their ionic homologues
reported by Rodriguez-Abreu et al. 14, who prepared nanostructured silica templated with a
chromonic cationic PDI, and reported d-spacings of 2.2 and 2.1 nm before and after calcination,
respectively. Additionally, the nonionic chromonic 4 with longer ethylene oxide chains did not
produce ordered silica nanostructures.

It has been found that the higher dy of Si-3 over Si-2 does not result from a higher pore size, but
from a thicker pore wall, which means that the pore wall thickness can be finely tuned by the PEG
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chain length. A similar control over the pore wall thickness has been described for nonionic
surfactant-templated silica materials 1?21 which exhibited thicker silica walls than the materials
templated with ionic surfactants. This is interesting as it can potentially prevent the collapse of
the silica nanostructure under extreme conditions such as very high temperatures, making these
materials promising for the preparation of ordered mesoporous carbons through pyrolysis of the
silica materials impregnated with a carbon source. Additionally, the pore size of the resulting
carbon materials can be ultimately controlled by the silica pore wall thickness, since these ordered
carbons are the negative image of the silica parent structure. For example, Lee et al. 63! prepared
nanostructured hexagonal silica of different pore wall thickness by using mixtures of cationic
HTAB and nonionic CisEOs surfactants at different proportions which yield porous carbon
materials upon pyrolysis and silica etching, with different pore sizes depending on the pore wall
thickness of the parent silica. This fine control over the silica wall thickness is also interesting for
the preparation of ordered hybrid materials, in which the distance between the perylene stripes
can be subnanometrically controlled by varying the PEG chain length.

4.1.5 Conclusions

The effect of the PEG chain length on the solution properties, chromonic phase behavior and
silica templating capabilities of compounds 1 — 5 have been determined. In all cases,
solvatochromism was observed along with a loss of the vibronic fine structure and a fluorescence
quenching using water as the solvent, due to the formation of H-aggregates. The presence of salts,
such as ammonium sulphate, resulted in a lower critical solution temperature below 90 °C, for
compounds 2 — 4. The spectrophotometric experiments also indicated a high degree of
aggregation of that synthesized PEGylated PDIs in water, primarily driven by the hydrophobic
effect and = — m interactions. Moreover, (PEG,),PDIs showed surface activity and formed
dynamic aggregates in organic solvents at high concentrations, as revealed by fluorescence
spectra of 4 in chloroform. Compound 5 showed concentration-dependent absorption spectra with
a slightly reduced degree of aggregation, but H-aggregate formation was still evident even at very
low concentrations. These findings contribute to a better understanding of molecular assembly
induced by multiple coexisting interactions, including n—stacking, hydration, and the hydrophobic

effect 2641,

Additionally, the (PEG,),PDIs exhibited chromonic phase behavior and demonstrated silica
templating properties. Mesomorphism was observed for PEG chain lengths ranging from n =7 to
n = 16, with the nematic phase favored for smaller n values and the hexagonal phase favored for
larger n values. However, it was found that only PEG chains with lengths between 7 and 10 ethoxy
units were suitable for the preparation of nanostructured silica. The resulting silica materials
exhibited ordered columns of perylene separated by a silica wall, with a thickness of the wall
dependent on the PEG chain length. This finding holds promise for the development of ordered
mesoporous carbons. Additionally, upon calcination, nanoporous silica materials, with a pore
diameter around 1.5 nm, were generated.
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4.2 Formulation of complex all-aqueous emulsions and gels from
ionic chromonic perylene diimides

This chapter explores the chromonic behavior of an anionic perylene diimide, (Ala),PDI, which
is synthesized by adding two L-alanine terminal groups to a perylene core (Figure 4.20). At low
concentrations in water, (Ala),PDI forms face-to-face columnar aggregates that evolve into
nematic and hexagonal mesophases at higher concentrations (above 12.5 wt% and 30 wt%,
respectively). Interestingly, the mesogen displays cholesteric fingerprints within the nematic
phase, suggesting that it forms chiral nematic self-assemblies due to the presence of chiral groups
in the aminoacid functionalization. In addition, this chapter describes the preparation of
birefringent water-in-water (W/W) emulsions by combining (Ala),PDI with high molecular
weight nonionic polymers, such as polyethylene glycol (PEG) MW 10,000 g/mol and dextran
(Dex) MW 86,000 g/mol, at high concentrations. An achiral cationic PDI (MeCatPDI, Figure
4.20) is also used to prepare W/W emulsions with both PEG and Dex. These emulsions exhibit
nematic-in-isotropic (N/I) and isotropic-in-nematic (I/N) phases depending on the mesogen and
polymer concentrations. The nematic droplets exhibit bipolar, radial, or twisted radial
configurations, depending on the isotropic phase polymer and droplet size. Furthermore, triphasic
W/W/O and W/W/W emulsions are prepared by dispersing the W/W emulsions in oil or a third
aqueous phase. These triphasic systems consist of biphasic droplets dispersed in an isotropic
continuous phase, with droplets adopting various morphologies such as core-shell, snowman, and
Janus. Finally, the chapter discusses the gelation experiments performed on (Ala),PDI and
MeCatPDI to prepare anisotropic gelled particles. GdL is added to (Ala),PDI to form nematic low
molecular weight gels that are responsive to temperature and light, while MeCatPDI is intended
to gel by adding acrylate to the system. These results are promising for obtaining complex
anisotropic gelled particles.
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Figure 4.20. Chemical structure of (Ala):PDI and MeCatPDI.

4.2.1 Solution properties of (Ala),PDI

The self-assembly behavior of (Ala),PDI in water was evaluated by absorbance
spectrophotometry. A total of eight solutions of increasing concentration from 0.27 to 11 uM in
water were prepared and observed in the visible range (400 — 700 nm). Notably, in the low-
concentration range (0.27 — 1.1 uM, Figure 4.21a), (Ala),PDI solutions exhibited three absorption
bands of decreasing intensity at 535, 500 and 470 nm, corresponding to the 0 = v (v=0, 1 and
2) electronic transitions from the ground to the excited states, where v indicates the vibronic level.
Differently, at higher (Ala),PDI concentrations (2.7 — 11 uM, Figure 4.21b) the 0 = O transition
band (535 nm) decreased with respect to the 0 = 1 transition band (500 nm), which resulted in a
decrease of the molar extiction coefficient (g) of the 0 = 0 band by increasing concentration
(Figure 4.21c,d) with no significant changes in the € of the 0 = 1 band (Figure 4.21e). Such a
behavior indicates that (Ala),PDI exists mostly in a monomeric state at low concentrations (< 1
uM) in water but forms face-to-face H-aggregates with increasing concentration 112263,
Interestingly, a careful comparison of (Ala),PDI with the (PEG,).PDIs presented in the Chapter
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4.1 reveals that the latter have a higher degree of aggregation as the (PEG.,),PDIs showed a lower
0 = 0 transition band & (~ 10000 — 18000 M~'-cm™!, depending on n) than (Ala),PDI (~ 24000
Mt.cm™)at 11 uM, and the 0 = 0/0 - 1 band ratios of the (Ala),PDI at all concentration tested
(Figure 4.21f) were even higher than that of the most polar (PEG,),PDI at 1.8 pM. In fact, the
band ratio of (Ala),PDI at 0.27 uM (~ 1.35) was higher than that of (PEG0),PDI in a DMSO/H,0
70:30 mixture (Figure 4.4), confirming that (Ala),PDI has a lower degree of aggregation than the
(PEGn).PDIs in water.
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Figure 4.21. Visible absorbance spectra of (Ala);PDI at a) lower concentrations (0.27 — 1.1 uM) and b)
higher concentrations (2.7 — 11 uM) in water at ca. 20 °C. c) Molar extinction coefficient (¢) of (Ala):PDI
at all concentrations tested. A decrease on the € of the 0 =2 0 band can be observed. d) e of the 0 2 0 band
and e) of the 0 2 I band as a function of the (Ala)PDI concentration and f) band ratio of the absorbance
spectra as a function of the (Ala),PDI concentration.

The decreased aggregation for (Ala),PDI is most likely due to the presence of charged terminal
groups that repel each other hindering the formation of face-to-face dimers. Further comparison
between the aggregation behavior of (Ala),PDI and a selected (PEG,).PDI (n = 16, compound 4
of Chapter 4.1) in water was performed by temperature-dependent absorbance and fluorescence
spectrophotometry (Figure 4.22). The absorbance of both (Ala),PDI and a selected (PEG,),PDI
(n=16) at 11 uM in water solution increased with temperature (Figure 4.22a,b). However, for
(Ala),PDI the 0 = 0 band increased greatly as compared to the 0 = 1 band, which resulted in a
significant increase of the 0 = 0/ 0 = 1 band ratio (Figure 4.22c¢). Differently, the absorbance
rise of the 0 = 0 band was more subtle for the (PEG,),PDI, and the variation in the band ratio
was less pronounced. This confirms the reduced aggregation of (Ala)PDI with respect to
(PEGy).PDIs in water.

Temperature-dependent fluorescence spectra of both (Ala),PDI (Figure 4.22d) and the selected
(PEG,).PDI (Figure 4.22¢) in water at 11 uM displayed two bands of decreasing intensity at
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higher wavelengths at all the temperatures tested, resulting from the 0 = 0 and 0 = 1 fluorescent
relaxations from the excited to the ground state, respectively. Interestingly, the band ratio between
the two bands was around 1.8 — 2 independently of the compound and temperature used (Figure
4.22f). Such a similarity between the fluorescence spectra shape and band ratio at all temperatures
for both compunds despite existing significant differences in aggregation, as shown by
absorbance spectrophotometry, matches with the conclusion of the previous chapter regarding to
the fluorescence emission coming only from the non-aggregated fraction of the PDIs. Moreover,
the fluorescence intensity of aqueous (Ala),PDI solutions were ca. 5 times that of the selected
(PEGy).PDI at the same temperature, as (Ala),PDI has a higher fraction of monomeric PDI.
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Figure 4.22. Temperature-dependent absorbance spectra of a) (Ala):PDI and b) a selected (PEG,):PDI
(n = 16, compound 4 of Chapter 4.1) and c) 0 2 0/ 0 2 1 band ratios at all temperatures tested.
Temperature-dependent fluorescence spectra of d) (Ala):PDI and e) the selected (PEG,):PDI and f) 0
> 0/0 2 1 band ratios at all temperatures tested.

4.2.2 Chromonic phase behavior at high concentrations

The chromonic phase behavior of (Ala),PDI solutions in water was firstly assessed by POM.
Contact tests showed that (Ala),PDI forms chromonic mesophases in water (Figure 4.23).
Nematic Schlieren textures can be observed in Figure 4.23a, along with a grainy texture at higher
concentrations probably corresponding to an hexagonal mesophase. Moreover, a cholesteric
fingerprint texture also appeared in some regions within the nematic phase (Figure 4.23b-d). Such
texture is typical of chiral nematic liquid crystals, and results from an helicoidal twisting in the
direction of the columnar stacks along an axis (Figure 1.13d), caused by the presence of chiral
center in the mesogen structure or by adding chiral dopants to a non-chiral mesogen 124266.267],
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Figure 4.23. a) Contact test of (Ala):PDI. Both N and M phases appear. c) Contact test of (Ala)PDI in a
selected region where the chrolesteric nematic phase appeared. c) and d) selected regions with the
cholesteric nematic phase at higher magnification.

Further POM characterization of the chromonic liquid crystal behavior of (Ala),PDI in water was
assessed by preparing samples aqueous (Ala),PDI solutions at selected concentrations (from 10
to 35 wt%) and studying their phase behavior as a function of the temperature (up to 70 °C) (Table
4.6). It was observed that (Ala),PDI started forming nematic + isotropic (N + I) chromonic phases
at 11 wt% in water (Figure 4.24a) at ca. 20 °C, and was completely nematic at 12.5 wt% (Figure
4.24b). Interestingly, (Ala),PDI forms chromonic N phases in water at lower concenrations that
all (PEG,)2PDIs the tested in Chapter 4.1 (15 — 20 wt%), despite presenting a significantly lower
degree of aggregation at diluted concentrations. This suggests that the aggregation of chromonic
mesogens at diluted concentrations is not extrapolable to the chromonic behavior at high
concentrations. Hexagonal (M) phases appeared above 30 wt% (Figure 4.24c). Such M phases
presented a grainy texture, suggesting a high number of defects within the hexagonal structure.
Differently, when obtained by concentrating a N phase upon water evaporation, a herringbone
texture appeared (Figure 4.24d).

Temperature-dependent POM observations revealed that both N and M phases exist in a wide
range of temperatures. For example, samples with concentrations between 20 and 27.5 wt% were
completely nematic at the whole temperature range studied, showing a high stability of such phase
at high temperatures (70 °C). Samples at lower concentrations (12.5 — 18.75 wt%) confirmed such
observations as isotropic regions only appeared at relatively high temperatures (40, 54 and 66 °C
at 12.5, 15 and 18.75 wt%, respectively). For the 12.5 wt% sample, the N + I phases obtained by
heating appeared as isotropic droplets within a nematic framework (Figure 4.24¢), and evolved to
nematic droplets in a isotropic background (Figure 4.24f) before becoming completely isotropic.
This indicates a low interfacial tension between the N and I phases. A similar behavior was
observed by lateral evaporation of an isotropic sample, where nematic droplets appeared at lower
concentrations, and evolved to a bicontinuous N + I phase at higher concentrations (Figure 4.24g).
Cholesteric fingerprints were clearly observed both in the nematic droplets and nematic
continuous phases of Figure 4.24g (see Figure 4.24h,1).
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Table 4.6. Phase transitions for (Ala),PDI at different concentrations (N: nematic, M: hexagonal, I:
Isotropic). *Mesophase at room temperature (ca. 20 °C).

M->M+N  M+N >N (°C) N->N+I N+I>T
O O O

Conc. (Wt%) Mesophase*

10
11
11.5
12
12.5
15
18.75
20
22.5
25
27.5
30
325
35

+
L]

Temperature effect not tested
Temperature effect not tested
Temperature effect not tested
- - 40 49
- - 54 65
- - 66 70

2222222222227 "~

Besides, M phases were also very stable at high temperatures. For example. samples at 32.5 and
35 wt% retained the M phase from 25 to 70 °C. Differently, (Ala),PDI in water at 30 wt% showed
an M phase at ca. 20 °C that smoothly evolved to a N phase in between 40 and 60 °C (Figure
4.25). SAXS was used to determine the structure of chromonic phases at 25 and 60 °C (Figure
4.26). At 25 °C, as a succession of peaks at 1:\3 q ratio was observed, confirming the formation
of an M phase, with a dy of 2.7 nm and a hexagonal lattice parameter (a) of 3.1 nm (see Inset of
Figure 4.13). Notably, these values are lower than those calculated from the SAXS spectra of
(PEG,),PDIs in Chapter 4.1, even for samples at 40 wt%, which suggest a closer packing between
the columnar aggregates for (Ala),PDI M phases, probably resulting from the reduced size and
steric hindrance of the alanine moieties as compared to the PEG chains. In contrast, the SAXS
spectra of (Ala),PDI 30 wt% in water solution at 60 °C showed a single broad band centered at
the same ¢ as the first peak of the hexagonal sample at 25 °C, indicating a transition to an N phase
by heating. This behavior hints that (Ala),PDI at 30 wt% forms a P phase in between 45 and 55
°C, suggesting that its columnar aggregates consist in helically stacked (Ala),PDI mesogens with
an overall circular cross-section and rotational freedom at the studied temperatures.

The reduced steric hindrance mentioned in the previous paragraph could also explain why
(Ala),PDI forms nematic phases at lower concentrations than the (PEG,),PDIs, despite the latter
having a higher tendency to aggregate at low concentrations: we hypothesize that the steric
hindrance between the PEG chains may be insignificant at low concentrations, allowing for a
higher degree of aggregation for these nonionic compounds in dilute solutions. However, it could
impede the packing of long columnar aggregates within a nematic framework at higher
concentrations, as suggested in Chapter 4.1. On the other hand, for (Ala),PDI, the anion-anion
repulsive forces that reduce its aggregation in dilute water solutions may be screened by the Na*
ions at higher concentrations, thereby facilitating self-assembly of (Ala),PDI into chromonic
mesophases.
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Figure 4.24. POM images of (Ala):PDI at different concentrations and temperatures. a) N+ I texture at
11 wt% and ca. 20 °C, b) N phase at 12.5 wt% and ca. 20. °C, c¢) M phase at 32.5 wt% and ca. 20 °C, d)
herringbone M texture formed by lateral evaporation of a 20 wt% (Ala);PDI water solution at ca. 20 °C,
e) isotropic droplets surrounded by a nematic phase formed at 12.5 wt% and 44 °C, f) nematic droplets in
an isotropic medium at 12.5 wt% and 47 °C. g) Lateral evaportion of an isotropic 10 wt% sample, h)
selected area within the nematic region and i) selected area within the N + I region of the chromonic
mesophases formed by the concentrated 10 wt% solution at ca. 20 °C.

50 pym 50 pm 50 ym

Figure 4.25. POM images of (Ala)PDI at 30 wt% and a) 40 °C. b) 45 °C. ¢) 50 °C d) 55 °C, e) 60 °C and
f) 65 °C.
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Figure 4.26. SAXS spectra of (Ala):PDI in water at a) 30 wt% and 25 °C (blue) and 60 °C (orange).

Further SAXS measurements of (Ala),PDI in water at 10, 12.5 and 15 wt% at ca. 20 °C (Figure
4.27a) showed a broad band centered at 0.98, 1.13 and 1.31 nm! scattering vectors, corresponding
to d-spacings (do) of 6.4, 5.6 and 4.8 nm, respectively. Note that for the nematic 12.5 and 15 wt%
samples dp refers to the average distance between the centers of the aligned nematic columnar
aggregates. For the isotropic 10 wt% sample, the broad SAXS band most likely results from non-
birefringent aggregates with average inter-assembly distances of 6.4 nm. Notably, the scattering
vector (g) as a function of the mesogen concentration typically follows a power law with ~0.5
exponent for semidilute nematic rods %!, which is translated in a log-log plot with a ca. ~0.5
slope. However, (Ala),PDI showed a higher slope of ~0.8 (Figure 4.27b). Such a deviation from
the model has been previously reported for a chromonic PDI and attributed to the 0.5 exponent
being derived assuming that a hexagonal packing entropy term dominates the interparticle

interactions within the nematic phase, which is not necessarily the case for chromonic PDIs
[164,269]
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Figure 4.27. a) SAXS spectra of (Ala)PDI in water at 10 wt% (blue), 12.5 wt% (orange) and 15 wt% (grey)
at 25 °C. b) Log-log plot of the d-spacing and the (Ala)PDI concentration.

With the data of Table 4.6, a chromonic partial phase diagram of (Ala),PDI was drawn (Figure
4.28). Such a phase diagram evidences the high stability of the chromonic phases at high
temperatures and that the N phase exists in a wide range of concentrations for (Ala),PDI-water
systems, as observed for the PEGylated PDI with 7 ethylene oxide units in the previous chapter.
However, contrary to (PEGy.),PDI (n =7, 10), the M phase did not typically evolved to an N phase
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by heating for (Ala);PDI, since such transition was only observed at 30 wt% within the
temperature range studied. The reduced M = N transitions by heating is also frequent for other
ionic chromonic mesogens like DSCG (Figure 1.12b) 381151 and supports the hypothesis
proposed in the previous chapter that the prevalence of temperature-induced M - N transitions
is typical of nonionic chromonic mesogens such as (PEG,),PDI and TP6EO2M 233!, Furthermore,
(Ala),PDI phase diagram could potentially show peritectic points at temperatures above the
boiling point of water.
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Figure 4.28. Partial chromonic phase diagram of (Ala)>PDI in water. ' 2 N + I phase, > M + N phase.
Filled circles refer to experimentally measured temperature-induced phase transitions, whereas empty
circles are approximated as the average concentration between two measured samples with a different
chromonic phase at a given temperature.

It may be interesting to compare the chromonic behavior of (Ala),PDI with that of other
chromonic PDIs besides the (PEG,),PDIs described before. As discussed in the previous chapter,
Tam-Chang et al. 4%l prepared several achiral water-soluble cationic PDIs that formed
chromonic mesophases in a wide range of concentrations. Furthermore, the chromonic behavior
of these molecules was almost non-affected by the size of the quaternary amine used, but resulted
highly dependent on the counteranion %), Remarkably, diluted solutions of these cationic PDIs
showed similar absorbance spectra than that of (Ala),PDI but with lower 0 = 0/ 0 - 1 band
ratios at similar concentrations, suggesting that the degree of aggregation of the cationic PDIs is
higher than that of (Ala),PDI at diluted concentrations. This could explain why the cationic PDIs
formed chromonic mesophases at lower concentrations than (Ala),PDI (about 6 wt% in water)
when small counterions (CI7) were used, although the aggregating behavior at low concentrations
is not necessarily extrapolable to the formation of chromonic mesophases, as stated above.

Additionally, other chromonic PDIs have been reported in the literature. For instance, Naidu et
al. 1% prepared a cationic chiral PDI with CI- counteranions and observed the formation of
cholesteric nematic phases at concentrations between 9 and 15 wt%. Similar to the cationic PDIs
prepared by Tam-Chang et al., this compound revealed absorbance spectra with lower 0 = 0/0
—> 1 band ratios as compared to (Ala),PDI at similar concentrations and temperature (~0.6 band
ratio at 1.7 uM and 25 °C). In fact, the band ratio was as low as for the (PEG,).PDIs, suggesting
a high degree of aggregation at diluted concentrations.

Later on, Naidu et al. prepared bromo- and pyrrolidine-bay-substituted chromonic achiral 14" and
chiral "> mesogens. The obtention of bay-substituted chromonic mesogens is interesting as the
electronic properties of the perylene core can be easily tuned depending on the substituent. Adding
electron-donating such as pyrrolidine groups highly modifies the electronic properties of the PDIs
red-shifting the maxima of absorption ['*!, In contrast, the incorporation of electron-withdrawing
groups such as halogens, can enhance the air-stability and n-type semiconductor properties of the
PDIs, which is very interesting for applications in organic electronics %2721, However, obtaining
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chromonic bay-substituted PDIs is not a straightforward task due to the synthetic difficulties 3!
and there are deformations of the perylene core resulting from the steric hindrance between the
bay-substituents, which prevents the formation of 7 — & columnar aggregates 1?’>27>1, Despite this,
the PDIs prepared by Naidu et al. ['**!%"! formed both N and M chromonic mesophases in water
at very low concentrations (I wt%) and room temperature, as revealed by POM images.
Unfortunately, the X-ray results and the phase diagrams were never published. The formation of
M phases at such low concentrations is rather surprising and has not been reported for core-
unsubstituted PDIs, suggesting that the bay-substitution plays an important role in the
stabilization of the M phase at low concentrations. Indeed, a similar behavior has been observed
for thermotropic PDIs, which tend to display columnar discotic mesophases in a wider
temperature range if functionalized in the bay position 1276,

In two recent reports 1481491 a gellable cationic PDI functionalized with two terminal methacrylate
groups and with bromide as counteranion was described to form chromonic nematic mesophases
in water at concentrations about 7 — 10 wt%. Furthermore, chromonic mesophases have also been
observed for PDIs functionalized with methylated pyridine groups "1, and for other rylene dyes
such as cationic quaterrylene diimides 53], These results indicate that the formation of chromonic
mesophases is rather common for cationic rylene dyes.

In contrast, anionic PDIs forming lyotropic chromonic liquid crystals have been surprisingly less
studied. To date, the formation of chromonic mesophases by anionic mesogens is limited to a PDI
functionalized an aromatic moiety with sulfonate groups '*!1, which formed nematic mesophases
above 10 wt%; and to L-valine and L-leucine functionalized PDIs with K* counterions, which
were mentioned to form chromonic mesophases at 11.8 wt% in aq. KOH 0.001 M, in an invited
paper by Tam-Chang et al. %3], However, these chromonic phases were not further characterized.

4.2.3 Formulation of chromonic liquid crystal W/W emulsions

The formation of birefringent anisotropic droplets by emulsifying liquid crystal phases has drawn
the attention of researchers from various fields, from mathematics to applied biology, and
including both theoretical and applied perspectives 277281, The emulsification of lyotropic
chromonic liquid crystals is of particular interest, as it can be achieved using either oil or polymer
aqueous solutions as the continuous phase, resulting in the formation of water-in-oil ! or water-
in-water emulsions 1202072081 regpectively, which adds more versatility to the chromonic
emulsion systems.

Herein, we investigated the phase behavior of (Ala),PDI chromonic liquid crystals in presence of
water-soluble nonionic polymers that separate out the nematic phase forming W/W emulsions
with a (Ala),PDI-rich phase and a polymer-rich phase. We also studied the preparation of three-
phase systems by dispersing the as-formed W/W emulsions either in a third water phase or in an
oil phase, forming W/W/W and W/W/O emulsions, respectively (see Section 4.2.4). Moreover,
the (Ala),PDI emulsion behavior was compared to that of an achiral cationic PDI, hereinafter
called MeCatPDI (Figure 4.20). This compound was selected due to its rich chromonic behavior
(1001 This planar mesogen is known to form chromonic nematic phases between 6 and 7 wt%.
However, we observed that concentrations up to 8 wt% were required for it to form N + I phases.
This difference may arise from adsorbed water, as inferred from the FTIR spectra of MeCatPDI,
which shows a broad band about 3000 — 3500 cm™'. Notably, this broad band was very hard to
remove, even after keeping the material in the stove at 40 °C for various days. Alternatively, the
material could have some tosylate impurities, as suggested by previous works 1%, These
impurities did not appear in the NMR spectra, but they could be hidden by the broad band at 7.79
ppm (see Annexes). In any case, such impurities are minor or inexistent.

The phase behavior of (Ala),PDI-polymer mixtures in water was first assessed by preparing
(Ala),PDI aqueous solutions with dextran (Dex, MW 86000 g/mol) and polyethylene glycol
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(PEG, MW 10000 g/mol). Multiple (Ala),PDI, Dex and PEG concentrations were tested (Table
4.7). It was observed that biphasic systems were obtained for samples with (Ala)PDI
concentrations of at least 10 wt% and Dex concentrations above 8.4 wt% for (Ala),PDI-Dex
systems. This indicates that the addition of Dex induces the formation of nematic droplets in
concentrated isotropic (Ala),PDI water solutions, similar to other chromonic-polymer W/W
emulsions such as DSCG-polyol or DSCG-polyamide systems ). However, it is worth noting
that very few nematic droplets appeared at 10 and 11.2 wt% (Ala),PDI concentrations with 8.8
wt% of Dex (Figure 4.29a), suggesting a reduced capacity of Dex to form (Ala),PDI chromonic
droplets in isotropic solutions. On the other hand, introducing Dex to a nematic 12.5 wt%
(Ala),PDI water solution also induced a phase separation into a (Ala),PDI-rich chromonic phase
and a Dex-rich isotropic phase, but generated isotropic islands in a nematic continuous phase
(isotropic-in-nematic or I/N emulsions, Figure 4.29c¢) rather than nematic droplets in an isotropic
medium (nematic-in-isotropic or N/I emulsions). Furthermore, no phase separation was observed
for Dex concentrations below 4.2 wt% (Figure 4.29b).

In contrast, (Ala),PDI-PEG systems formed biphasic systems for all PEG concentrations tested
(4.2 —17.5 wt%) and 12.5 wt% of (Ala),PDI, suggesting a reduced miscibility of (Ala),PDI with
PEG as compared to Dex. All the (Ala),PDI-PEG W/W emulsions with relatively low PEG
content (4.2 — 13.1 wt%) consisted in N/I emulsions (Figure 4.29d,e). However, grainy non-
spherical birefringent droplets appeared when PEG concentration was increased to 17.5 wt%
(Figure 4.29f). The grainy texture suggests that the birefringent phase is not nematic. A plausible
hypothesis would be that the birefringent phase becomes highly concentrated in (Ala),PDI and
forms hexagonal (M) phases or crystalline precipitates. In summary, the formation of (Ala),PDI
chromonic W/W emulsions highly depends on the concentration and the polymer used.

Table 4.7. Composition of the (Ala)PDI water-in-water emulsions with Dex and PEG at ca. 20°C. *None
means that no emulsion is formed at these concentrations, I/N means isotropic-in-nematic, N/I means
nematic-in-isotropic, and M/I means hexagonal-in-isotropic.

Sample name APy (Wi%)  [PEG] (Wi%)  [H,0] (wi%)  Cmuision
(Wt%) type*
(Ala),PDI_Em1 10 8.8 - 81.2 N/
(Ala),PDI_Em2 112 8.8 ] 80.0 N/
(Ala),PDI_Em3 12.5 42 ; 83.3 None
(Ala),PDI_Em4 12.5 8.4 ] 79.1 UN
(Ala),PDI_Em5 12.5 12,5 ] 75.0 UN
(Ala),PDI_Em6 12.5 ; 42 83.3 N/
(Ala),PDI_Em7 12.5 ] 8.4 79.1 N/
(Ala),PDI_Em$ 12.5 - 12.5 75.0 N/
(Ala),PDI_Em9 12.5 ] 13.1 74.4 N/
(Ala),PDI_Em10 12.5 ] 175 70.0 M/I?

SAXS measurements were used for further characterization of the chromonic (Ala),PDI water-
in-water emulsions, specifically of (Ala),PDI_Em4 (I/N emulsion) and (Ala),PDI_Em7 (N/I
emulsion) (Figure 4.30a). Notably, (Ala),PDI_Em4 revealed a SAXS spectra quasi-identical to
that of (Ala),PDI 12.5 wt% nematic solution in absence of polymers, with only a slight increase
in the scattering vector of maximum intensity from 1.13 to 1.16 nm™'. This suggests that the
packing between the (Ala),PDI columnar aggregates in the chromonic-rich phase is not affected
by the presence of Dex-rich isotropic droplets. In contrast, the SAXS spectra of (Ala),PDI_Em7
showed significant variations, with a widening of the band and a shift to lower scattering vectors
(0.85 — 1.1 nm™) with no clear maximum. Such a behavior indicates an increased polydispersity
of the dy value probably resulting from the higher number of defects and the director vector
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deformations caused by the spherical confinement of the chromonic phase. Furthermore, both
emulsions displayed another band in the WAXS region at 18.4 nm™" (Figure 4.30b). This signal
was also evident for (Ala),PDI 12.5 wt% without polymers and corresponds to a Bragg spacing
of 0.34 nm resulting from the stacking distance between adjacent perylene cores inside the
columnar stack. This demonstrate that the PDI-PDI stacking is not affected by the presence of
Dex and PEG. SAXS characterization of (Ala),PDI_Em10 is necessary to confirm the nature of
the dispersed phase, and it will be performed in the future.

200 pm

Figure 4.29. POM images of a) (Ala);PDI _Eml, b) (Ala);PDI _Em3, c) (Ala):PDI_Em4, d)
(Ala);PDI_Em6, e) (Ala),PDI_Em?7, f) (Ala);PDI_Em10 at ca. 20 °C.
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Figure 4.30. a) SAXS and b) WAXS spectra of (Ala)PDI 12.5 wt% (blue), (Ala);PDI_Em4 (orange) and
(Ala);PDI_Em7 (grey).

The phase behavior of MeCatPDI with Dex (Table 4.8) and PEG (Table 4.9) was also studied.
MeCatPDI-Dex systems revealed a more complex phase behavior compared to (Ala).PDI-
polymer systems, since both N/I (Figure 4.31a) and I/N emulsions (Figure 4.31b) were formed as
well as two new types of biphasic systems. These two systems are: bicontinuous emulsions
(abbreviated as Bicont.), consisting in a biphasic mixture in which there is no clear dispersed and
continuous phases, and the two phases form interconnected networks (Figure 4.31c¢), and nematic-
in-nematic emulsions (abbreviated as N/N), in which both dispersed and continuous phases are
birefringent. These two birefringent coexisting phases were observed by POM (Figure 4.31d).
These N/N emulsions are very interesting, and our knowledge, this is the first time that chromonic
nematic-in-nematic emulsions have been observed. They appear at rather high polymer and
mesogen concentrations (see Table 4.8).
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Table 4.8. Composition of the MeCatPDI water-in-water emulsions with Dex at ca. 20°C. *None means
that no emulsion is formed at these concentrations, I/N means isotropic-in-nematic, N/I means nematic-in-

isotropic, Bicont. means bicontinuous and N/N means nematic-in-nematic.

Sample name [MeCatPDI] [Dex] [PEG] [H,0] Emulsion
(Wt%) (Wt%) (Wt%) (Wt%) type*
MeCatPDI _Em1 8.7 4.4 - 86.9 None
MeCatPDI _Em2 8.8 2.8 - 89.0 None
MeCatPDI _Em3 8.9 6.6 - 84.5 None
MeCatPDI _Em4 9.0 9.0 - 82.0 None
MeCatPDI _Em5 9.1 1.0 - 89.9 None
MeCatPDI _Emé6 9.1 1.9 - 89.0 None
MeCatPDI _Em7 9.1 3.1 - 87.8 None
MeCatPDI _Em8 9.2 0.4 - 90.4 None
MeCatPDI _Em9 9.2 2.9 - 87.9 N/I
MeCatPDI _Em10 9.2 12.2 - 78.6 None
MeCatPDI _Eml1 9.3 4.7 - 86.0 N/1
MeCatPDI _Em12 9.4 6.9 - 83.7 N/1
MeCatPDI _Em13 94 10.1 - 80.5 N/1
MeCatPDI _Em14 9.5 9.5 - 81.0 N/1
MeCatPDI _Em15 9.6 3.0 - 87.4 N/1
MeCatPDI _Em16 9.7 4.9 - 85.4 Bicont.
MeCatPDI _Em17 9.8 1.1 - 89.1 N/1
MeCatPDI _Em18 9.8 2.0 - 88.2 N/1
MeCatPDI _Em19 9.8 7.2 - 83.0 N/1
MeCatPDI _Em20 10.0 0.5 - 89.5 N/1
MeCatPDI _Em21 10.0 6.0 - 84.0 N/1
MeCatPDI _Em22 10.0 8.0 - 82.0 N/I
MeCatPDI _Em23 10.0 10.0 - 80.0 N/1
MeCatPDI _Em24 10.1 34 - 86.4 N/1
MeCatPDI _Em25 10.2 2.1 - 87.7 N/1
MeCatPDI _Em26 10.2 5.1 - 84.7 Bicont.
MeCatPDI _Em27 10.4 7.6 - 82.0 Bicont.
MeCatPDI _Em28 10.8 8 - 81.2 N/N
MeCatPDI _Em29 10.9 3.7 - 85.4 Bicont.
MeCatPDI _Em30 11.0 0.5 - 88.5 I/N
MeCatPDI _Em31 11.0 5.5 - 83.5 Bicont.
MeCatPDI _Em32 11.0 11.0 - 78.0 N/N
MeCatPDI _Em33 11.1 8.2 80.7 N/N
MeCatPDI _Em34 11.5 1.3 - 87.2 I/N
MeCatPDI _Em35 11.6 3.9 - 84.5 N/N
MeCatPDI _Em36 11.6 5.8 - 82.6 N/N
MeCatPDI _Em37 12.0 8.0 - 80.0 N/N
MeCatPDI _Em38 12.0 12.0 - 76.0 N/N
MeCatPDI _Em39 12.1 1.3 - 86.6 I/N
MeCatPDI _Em40 12.1 4.1 - 83.8 N/N
MeCatPDI _Em41 12.1 6.1 - 81.8 N/N
MeCatPDI _Em42 14.0 14.0 - 72.0 N/N
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Temperature-dependent POM observations of the N/N emulsion MeCatPDI_Em42 (14 wt%
MeCatPDI, 14 wt% Dex and 72 wt% water) were performed, and it was observed that the N 2 1
phase transition occurred at lower temperatures for the dispersed phase (50 °C, Figure 4.31¢) than
for the continuous phase (65 °C), hence suggesting a higher MeCatPDI concentration in the
continuous phase. Additionally, by cooling down to room temperature, small nematic droplets
with radial configuration in a continuous nematic phase appeared (Figure 4.31f), and grew until
forming a N/N emulsion similar to that before the heating/cooling cycle (Figure 4.31g).

Notably, these N/N emulsions have been detected only by POM, and they should also be
characterized by SAXS. However, for those experiments larger amounts of products are required.

The phase behavior MeCatPDI-Dex systems significantly differs from that of (Ala),PDI-Dex
aqueous mixtures. For example, the formation of N/I emulsions is preferred over I/N emulsions
for MeCatPDI-Dex systems, as it occurred in a wide range of concentrations, and I/N emulsions
only appeared at relatively high MeCatPDI concentrations (< 11 wt%) and very low Dex
concentrations (> 2 wt%). In contrast, mostly I/N emulsions were observed for (Ala),PDI-Dex
systems. Moreover, MeCatPDI-Dex formed N/N emulsions at high polymer and mesogen
concentrations, which was a unique feature among all the W/W emulsions studied herein.

On the other hand, the phase behavior of MeCatPDI and (Ala),PDI with PEG were more similar.
MeCatPDI-PEG mixtures mostly formed N/I emulsions at the studied concentrations (Figure
4.31h), and I/N emulsions were only formed at 11 wt% of MeCatPDI and 1 wt% of PEG (Figure
4.311). Furthermore, MeCatPDI-PEG emulsions at high mesogen and polymer concentrations
formed complex multiphasic with an isotropic phase (PEG-rich) and two birefringent phases with
grainy textures (Figure 4.31j), instead of forming N/N emulsions as with Dex. Notably, these
grainy textures indicate that the birefringent phases are not nematic, but consist in either M phases
or solid crystals. This behavior suggests a higher immiscibility of MeCatPDI with PEG than with
Dex, since high PEG concentrations produce a highly concentrated MeCatPDI phase that forms
hexagonal phases or crystalline precipitates, whereas high Dex concentrations allow the formation
of nematic phases in the Dex-rich phase.

With the data of Tables 4.8 and 4.9, phase diagrams of MeCatPDI-Dex and MeCatPDI-PEG W/W
emulsions were drawn (Figure 4.32). In both cases, phase separation does not occur for MeCatPDI
concentrations below 9 wt%, which suggests that adding a polymer to isotropic MeCatPDI
solution does not induce the formation of nematic droplets as it occurred for (Ala),PDI-Dex
systems and other chromonic dyes ). Furthermore, increasing the polymer concentration by
maintaining constant the total amount of water induces a I/N = Bicont. = N/I transition for both
MeCatPDI-Dex and MeCatPDI-PEG W/W emulsions. This behavior indicates that increasing the
polymer/MeCatPDI ratio increases the volume fraction of the isotropic solution and causes the
phase inversion from I/N to N/I. It is widely known that the continuous phase of water-in-water
emulsions is usually the phase with larger volume fraction, because there is no any surfactant that
controls the interfacial curvature 1%,

It is also worth noting that N/I emulsions exist in a wider range of concentrations for MeCatPDI-
PEG emulsions than for MeCatPDI-Dex emulsions, which also happened for W/W emulsions
formulated with (Ala),PDI.

Furthermore, the binodal curve of both MeCatPDI-Dex and MeCatPDI-PEG phase diagrams is
highly asymmetric, as very small amounts of polymers are required to form biphasic mixtures
meanwhile the MeCatPDI concentration has to reach ~ 10 wt%. This means that dextran and PEG
are less soluble in the MeCatPDI phase, but MeCatPDI is more soluble in both Dex and PEG
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solutions. Probably, this lack of symmetry is caused by the unfavorable penetration of polymers
into MeCatPDI columnar stacks.

Similarly, (Ala)PDI — polymer biphasic aqueous systems require much higher concentrations of
the PDI than of the polymer. This behavior is typically observed when the molecular weights of
the two components forming the aqueous two-phase systems are very different 1282, which is
indeed the case for the PDIs (MW = 600 g/mol) and the polymers (MW > 10000 g/mol). Despite
this, it is worth noting that isotropic-in-isotropic W/W emulsions were not formed for any
mesogen — polymer system neither in this work nor in the literature 2902972081 'which indicates that
the formation of liquid crystal mesophases is required for phase separation to occur. This suggests
that phase separation is not triggered by interactions between the polymers and single PDI
molecules but rather between the polymers with anisotropic chromonic PDI self-assemblies.

Table 4.9. Composition of the (Ala),PDI water-in-water emulsions with Dex and PEG at ca. 20°C. *None
means that no emulsion is formed at these concentrations, I/N means isotropic-in-nematic, N/I means
nematic-in-isotropic, Bicont. means bicontinuous and Ms means multiphasic in the presence of solids.

Sample name [MeCatPDI] [Dex] [PEG] [H,O] Emulsion
(Wt%) (Wt%) (Wt%) (Wt%) type*
MeCatPDI _Em43 8.6 - 10.5 80.9 None
MeCatPDI _Em44 9.0 - 11.0 80.0 N/1
MeCatPDI _Em45 9.1 - 0.8 90.1 None
MeCatPDI _Em46 9.1 - 4.7 86.2 None
MeCatPDI _Em47 9.5 - 0.9 89.6 Bicont.
MeCatPDI _Em48 9.9 - 5.2 84.9 N/I
MeCatPDI _Em49 10.0 - 0.9 89.1 Bicont.
MeCatPDI _Em50 10.0 - 2.0 88.0 N/I
MeCatPDI _Em51 10.0 - 5.2 84.8 N/I
MeCatPDI _Em52 10.0 - 6.0 84.0 N/1
MeCatPDI _Em53 10.0 - 6.6 834 N/I
MeCatPDI _Em54 10.0 - 8.3 81.7 N/I
MeCatPDI _EmS55 10.0 - 10.0 80.0 N/I
MeCatPDI _EmS56 10.0 - 12.0 78.0 Ms
MeCatPDI _Em57 10.9 - 5.7 83.4 N/I
MeCatPDI _Em58 10.9 - 7.3 81.8 N/I
MeCatPDI _EmS59 11.1 - 1.0 87.9 I/N
MeCatPDI _Em60 12.0 - 6.0 82.0 Bicont.
MeCatPDI _Em61 12.0 - 8.0 80.0 Ms
MeCatPDI _Em62 12.0 - 10.0 78.0 Ms

Additionally, the phase behavior of MeCatPDI was also tested with PEG of lower molecular
weight (400 and 6000 g/mol, note that the PEG used in previous samples had a MW of 10000
g/mol). The addition of the PEG with the smallest molecular weight did not affect the N phase
formed by MeCatPDI (Figure 4.31k). However, the PEG with 6000 g/mol molecular weight
disrupted the MeCatPDI nematic phase (for a total concentration of 10 wt% MeCatPDI and 10
wt% PEG MW 6000). Furthermore, at higher concentrations, MeCatPDI-PEG MW 6000
mixtures formed fibrous birefringent precipitates (Figure 4.311). These observations suggest that
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polymers with rather high molecular weights are required for the phase separation of chromonic
phase into either N/I or I/N water-in-water emulsions to occur.

This positive effect of high-molecular weights for aqueous phase separation has been long known
for many aqueous two-phase systems such as dextran-polyethylene glycol ?**! or sodium sulfate-
polyethylene glycol 4, Tt is known that the increase in polymer chain length decreases
miscibility. This is commonly attributed to the conformational restrictions that are imposed on
long polymers at high concentrations. Often, long molecules cannot move freely and these
conformational restrictions produce an unfavorable entropy of mixing, which promotes phase
separation [282],

Figure 4.31. POM images at ca. 20 °C of a) MeCatPDI_Em23, b) MeCatPDI_Em30, c) MeCatPDI_Em27,
d) MeCatPDI_Emd42 at ca. 20 °C, e) 50 °C, f) while cooling down to room temperature and g) at ca. 20 °C
after one heating/cooling cycle, h) MeCatPDI_Em54, i) MeCatPDI_Em59, j) MeCatPDI_Em56, k) mixture
of MeCatPDI with PEG MW 400 in water, at 10 wt% each, and 1) mixture of MeCatPDI with PEG MW
6000 in water, at 10 wt% each.
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Figure 4.32. Phase diagrams of a) MeCatPDI-Dex and b) MeCatPDI-PEG water-in-water emulsions at
ca. 20 °C. White circles (0) represent monophasic samples, black circles (®) are biphasic N/I emulsions,
black triangles (A ) are biphasic I/N emulsions, black squares (m) correspond to biphasic bicontinuous
emulsions and black diamonds (¢) are N/N or multiphasic in the presence of solids (Ms) emulsions. The
black continuous line indicates the separation between monophasic and biphasic regions, meanwhile the
dotted line indicates the approximate boundaries between biphasic and multiphasic in presence of solids
regions. The boundaries between different biphasic regions (N/I, I/N, N/N and Bicont.) were not drawn
because they are prone to experimental error, as sharp transitions from discrete emulsions to bicontinuous
emulsions do not exist. These transitions are always gradual and it is difficult to stablish a criterion to
differentiate between discrete and bicontinuous emulsions.

Careful observation of the chromonic droplets formed in N/I water-in-water emulsions reveals
that the droplet morphology and texture vary depending on the PDI and polymer used, the
concentrations of each component and the application of a shearing force. Most droplets adopt
spherical shapes in order to minimize the interfacial energy between the two phases of the W/W
emulsions. However, applying a shearing force, for example by putting a cover slide for optical
microscopy observation, can deform such droplets towards elongated shapes (see Figure 4.29d).
In fact, strong shearing forces (i.e. pressing the cover slide with the finger) can disrupt the
emulsified nematic droplets making them coalesce and form elongated fibers that slowly return
to small spherical droplets after the applied force stops. This indicates a high dependency of the
emulsion morphology on the sample preparation and observation, and evidences that the
boundaries between discrete emulsions (N/I or I/N) and bicontinuous emulsions are diffuse and
hard to define, and there is a significant inherent uncertainty on these boundaries. Such a behavior
results from a low interfacial tension, which is typical for W/W emulsions, and a high viscosity
of the chromonic nematic phase [283-286],

Furthermore, the droplet birefringent textures also varied depending on the polymer and
concentrations used. As for bulk liquid crystals, the birefringence within a chromonic droplet
results from the formation of anisotropic aggregates within the droplet. However, the droplet’s
confined volume inside a curved interface causes the formation of defects within the nematic
phase, which are manifested as unique chromonic textures that do not appear for bulk liquid
crystals %721 Ag described in the Chapter 1 (Section 1.6), chromonic confined droplets
typically adopt radial or bipolar configurations, although more complex structures can be formed.
The adoption of one or another configuration depends on the interplay between the interfacial
tension, the preferred anchoring and the elastic splay, bend and twist deformations.

MeCatPDI-Dex biphasic systems revealed nematic droplets with a dark point in the middle of a
Maltese cross birefringent texture (Figure 4.33a), which corresponds to a radial configuration of
the director vector. However, as the droplet diameter increased, the topological defect moved
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towards the droplet’s surface (Figure 4.33b) and finally two topological defects at opposite poles
where formed, suggesting a bipolar configuration (Figure 4.33c). This behavior was attributed to
the increasing splay deformations that radial configurations have to adapt as the droplet grows,
which may be more energetically expensive than moving to a bipolar configuration where the
bend deformations are less radius-dependent.

MeCatPDI-PEG biphasic systems also showed small nematic droplets with radial configurations
(Figure 4.33d). However, instead of evolving to bipolar configurations as the diameter increased,
the droplets showed a birefringent texture with a single topological defect point in the middle with
a loop line defect surrounding it (Figure 4.33e) for diameters about 10 — 20 pm. This behavior
indicates the formation of twisted nematic self-assemblies retaining the radial configuration 2,
More complex structures were formed for droplets with diameters above 20 pum, in which
spiraling disclinations were observed (Figure 4.33f). This suggests that the PEG not only separates
out the nematic chromonic phases forming W/W emulsions but also favors a homeotropic
anchoring over a planar anchoring even for bigger droplets and induces the formation of chiral
nematic phases for undoped achiral mesogens. We hypothesize that the PEG adsorbs on the
nematic droplet’s interface and favors both homeotropic anchoring and twisting. The formation
of chiral twisted structures for achiral mesogens in confined spherical volumes has been
previously described Y, and is considered to result from a lower twisting elastic deformation
constant as compared to bend and splay deformation constants, which is typical of chromonic
mesophases 22724, Therefore, the twisting deformations appear to relax the energetically
expensive splay and bend deformations.

Furthermore, (Ala),PDI-PEG N/I biphasic systems revealed a very rich variety of droplet
configurations which depended on the PEG concentration used. For instance, the emulsion with
lower PEG content (4.2 wt%) mostly showed bipolar configuration even for the smaller droplets
(Figure 4.33g). In contrast, increasing the PEG content to 8.4 wt% generated droplets with a
topological single centered defect and a loop line defect, suggesting the formation of twisted
nematic self-assemblies (Figure 4.33h), and bigger droplets with spiraling disclinations (Figure
4.33i), similar to those obtained in MeCatPDI-PEG N/I emulsions. At even higher PEG
concentrations (12.5 wt%), mostly small achiral radially oriented nematic droplets were formed
(Figure 4.33j), but some chiral droplets with bigger diameters also appeared (Figure 4.33k). These
results confirm that the PEG tends to stabilize radial configurations over bipolar configurations.
In fact, PEG has already been described to favor homeotropic anchoring for discotic thermotropic
liquid crystals 1251, Additionally, PEG seems to facilitate the formation of twisted chiral structures
within droplets with medium diameters (5 — 20 um) for both chiral and achiral mesogens, but not
for smaller and bigger droplets. This was attributed to the fact that too small droplets probably
forbid the formation of helical structures as the droplet diameter is smaller than the pitch distance
(i.e. the distance required for the director vector perform a 2w rotation). In contrast, too big
diameters tend to yield droplets with random non-defined textures (Figure 4.331), as the confining
effects are less significant.

In summary, both (Ala),PDI and MeCatPDI chromonic perylene diimides phase separate in
presence of nonionic polymers such as Dex and PEG. However, the type of W/W emulsion
formed (either N/I or I/N) and the droplet director vector configuration (radial, bipolar, twisted)
highly depend both in the PDI and polymers used, and the concentration of each component. We
observed that increasing the PEG concentration favors the homeotropic anchoring of the nematic
assemblies at the droplet interface forming radially structured droplets, and it can induce the
formation of twisted chiral assemblies even for the achiral MeCatPDI-rich nematic droplets.
Besides, only I/N emulsions were obtained for (Ala),PDI with Dex, meanwhile a big variety of
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W/W emulsions (including nematic-in-nematic or N/N) were observed for MeCatPDI-Dex
biphasic systems.

50 pm 50 pm 50 pm
|

f)

20 pm 20 pm 20 pm
L

Figure 4.33. POM images of nematic droplets for a — c) MeCatPDI _Em23 (10 wt% MeCatPDI, 10 wt%
Dex and 80 wt% H>0), d — f) MeCatPDI _Em54 (10 wt% MeCatPDI, 8.3 wt% PEG and 81.7 wt% H>0),
g) (Ala):PDI_Em6 (12.5 wt% (Ala).PDI, 4.2 wt% PEG and 83.3 wt% H>0), h,i) (Ala);PDI_Em7 (12.5 wt%
(Ala):PDI, 8.4 wt% PEG and 79.1 wt% H>0), and j—1) (Ala)PDI_EmS8 (12.5 wt% (Ala):PDI, 12.5 wt%
PEG and 75.0 wt% H-O.

4.2.4 Formulation of chromonic liquid crystal triphasic emulsions
Water-in-water emulsions offer a straightforward method for creating triphasic systems by
combining these emulsions with a third phase that is immiscible with both aqueous phases. This
can be accomplished by introducing either an oil % , an aqueous polymer solution that are
mutually immiscible (at least partially) and thus two liquid phases separate and form W/W
emulsion ], or a polyelectrolyte aqueous solution that gels the W/W emulsion 7],

Triphasic systems are often formed by a continuous phase (P4) with two dispersed phases (Pg and
Pc). These triphasic systems can display a wide range of different droplet morphologies, that can
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be classified into complete engulfing, partial engulfing and non-engulfing (Figure 4.34a) 295291,
The formation of one or another morphology depends on an interplay between the volume fraction
of each phase and the interfacial tension between the three phases (yas, Yac and ysc, where yas
and yac are the interfacial tensions between the dispersed phases Pg and Pc with the continuous
phase Pa, respectively, and ygc is the interfacial tension between the two dispersed phases).
Higher interfacial tension means that the formation of an interface between the two phases is more
energetically expensive. The composite droplets will adopt the morphology with minimum
energy, which implies that the area of higher energy interfaces will decrease until the overall
interfacial energy reaches the minimum. Thus, the relation between yag, Yac and ysc can help to
predict the morphology of the composite droplets.

For example, if ysc >> yap and ysc >> yac, no engulfing will take place, as the formation of
interface between the two dispersed phase is energetically unfavorable. In contrast, if yac >> ysc
and ysc > yaB, the formation of an interface between the dispersed phase Pc and the continuous
phase Pa will be much less favored than the formation of an interface between Py and Pa, and a
complete engulfing of Pc into Pg will take place, forming a Pc-in-Pg-in-P4 emulsion and giving
rise to core-shell droplets. Partially engulfed systems will appear in particular cases where either
YaB = Yac = YBc Of YaB >> Yec and yac >> ysc. In cases where the three interfacial tensions are
similar, the formation of snowman-like morphologies will be favored, and the contact angles 0g
and Oc¢ (Figure 4.34b) will vary as a function of small changes in the interfacial tensions. In
contrast, if yag >> ysc and yac >> vac, the system will form Janus droplets, in which the two
dispersed phases ideally occupy equal volumes of a sphere, and with 0 = 0c =~ 90°. The formation
of Janus droplets is of particular interest for the formation of Janus particles, which are typically
hard to obtain %3 but result very useful in many applications such as emulsion stabilization
3021 drug-delivery %!, nanorobotics *! or SERS sensing 3%,

a) b)
Yas/ Yoc

Complete
engulfing

Snowman
1 (Partial
engulfing)
Non- Complete
engulfing engulfing

|
1 Yac! Yec

Figure 4.34. a) Diagram of the most favorable drop morphology depending on the ratios between the
interfacial tension of each dispersed phase with the continuous phase (yap and yac) with the interfacial
tension between the two dispersed phases (ypc). b) Scheme of a partial engulfing droplet with the contact
angles O and Oc. Figure adapted from Guzowski et al. 2%/

To achieve the required interfacial tensions to form Janus droplets, a practical method is to
emulsify a W/W emulsion in an oil phase, as the interfacial tensions between aqueous phases are
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much lower than in oil-water interfaces !!363%! Therefore, it is expected for yag >> ypc and yac
>> yBc, being Pa the oil phase and Pg and Pc the two aqueous phases. Accordingly, we prepared
a three-phase W/W/O emulsion dispersing a (Ala).PDI 12.5 wt% — PEG MW 10,000 8.4 wt%
W/W emulsion in hexadecane with Span 80 as the surfactant, to a total concentration of
85.5:4.5:10 for hexadecane / Span 80 / W/W emulsion, as described in Section 3.3.6. The obtained
aqueous dispersed droplets had spherical shapes and were composed by two phases with partial
engulfing (Figure 4.35a,b), resulting in Janus droplets.

However, in several droplets, the birefringent phase seemed to partially engulf the isotropic PEG-
rich phase. For example, in Figure 4.35c, two droplets in which the birefringent phase partially
engulfs the isotropic phase, showing a moon-like shape with high curvature, are shown. It is
important to note that the droplets observed by optical microscopy and 2D projections of spherical
tridimensional structures, and hence the interfacial curvature of the two phases forming the
droplet can vary depending on the orientation of the droplet (see Figure 4.35d,e). Despite this, the
high curvature exhibited by multiple droplets of the W/W/O emulsion can only be explained by
a partial engulfing of the isotropic phase by the birefringent phase (see Figure 4.35¢).

500 pm
T

d) ‘. "‘

e)

Figure 4.35. Janus droplets formed in aq. (Ala),PDI — aq. PEG MW 10,000 — hexadecane W/W/O
emulsions at ca. 20 °C a) with crossed polarizers and b) without crossed polarizers. c¢) Two selected Janus
droplets. d) Different views of a model 3D perfect Janus droplet depending on the orientation. e) Different
views of a model 3D Janus droplet with a phase (blue) partially engulfing the other (red), depending on the
orientation. These models were designed with polymer clay.

This behavior is surprising considering that the birefringent (Ala),PDI-rich phase is the dispersed
phase in W/W emulsions formed at the (Ala),PDI and PEG concentrations used herein, and hence
has a lower volume fraction than the PEG-rich phase. This suggests a lower interfacial tension
between the (Ala).PDI-rich aqueous phase with the oil phase than for the PEG-rich phase with
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the oil phase. Despite the success in obtaining Janus droplets, these W/W/O emulsions were
highly unstable, and phase separated within few minutes.

Interestingly, applying a shearing force to the W/W/O emulsion showed in Figure 4.35 induced
the formation of smaller aqueous droplets with an increased engulfing of the PEG-rich phase into
the (Ala),PDI-rich phase, forming droplets that appear in POM as isotropic cores with birefringent
shells (Figure 4.36). Such droplets could either be Janus (with partial engulfing, see Figure 4.35¢)
or core-shell, in which there is a complete engulfing of the isotropic phase into the birefringent
one. This confirms that the interfacial tension between the (Ala),PDI-rich aqueous phase and the
oil phase is lower than between the PEG-rich aqueous phase and the oil. Furthermore, the
formation of core-shell droplets is valuable for applications such as drug delivery %7,

Figure 4.36. a) POM image of the core-shell (or Janus) droplets formed in aq. (Ala).PDI — aq. PEG MW
10000 — hexadecane W/W/O emulsions after applying a shearing force to the microscope slide. b) Zoom-
in of two selected core-shell (or Janus) droplets.

The formation of three-phase emulsions was further assessed by preparing W/W/W emulsions
composed by a PDI-rich nematic, a Dex-rich and a PEG-rich phase. For this, first a biphasic W/W
emulsion with the selected PDI (either (Ala),PDI or MeCatPDI) and Dex was prepared.
Afterwards, PEG was added to the system and homogenized as described in Section 3.3.6.
W/W/W emulsions were kept at 25 °C and studied by optical microscopy.

Aqueous-three phase systems composed by (Ala),PDI, Dex and PEG were studied at different
concentrations of each component. All the mixtures prepared with (Ala),PDI at 12.5 wt% did not
show triphasic systems; rather, two immiscible phases (one birefringent and one isotropic)
forming a biphasic system were observed. Furthermore, these two-phase systems were highly
unstable, as the birefringent phase did not appear as small droplets but as liquid-crystalline big
droplets resulting from an increased coalescence (Figure 4.37a). In contrast, W/W/W could be
obtained using (Ala),PDI at 10 wt%. Note that (Ala),PDI forms isotropic solutions at this
concentration. For example, three-phase systems were obtained by mixing (Ala),PDI 10 wt%,
Dex 4 wt% and PEG 6 wt% in water (Figure 4.37b,c). This W/W/W triphasic emulsion consisted
in spherical Janus biphasic droplets dispersed in an isotropic continuous medium, suggesting that
the interfacial tensions between the isotropic continuous and the two phases of the droplets are
rather high. By careful observation of the Janus droplets of Figures 4.37b,c, it can be seen how
the birefringent phase occupies most of the volume, but the isotropic phase is partially engulfing
it (Figure 4.37d). This behavior is opposed to that of the W/W/O emulsions, where the (Ala),PDI
partially engulfed the polymer-rich phase. Additionally, the stability of this W/W/W emulsion
was studied. We observed phase separation after 1 day at 25 °C, since the droplet structure was
lost and a bicontinuous isotropic emulsion with chromonic droplets dispersed in one of the
isotropic phases was formed (Figure 4.37e,f).

These results indicate that the formation of W/W/W multiple emulsions is possible for (Ala),PDI-
Dex-PEG systems but limited to only few compositions, as increasing the (Ala),PDI
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concentration disrupts the formation of three-phase composite droplets, forming unstable biphasic
W/W emulsions instead. We hypothesize that the continuous phase for the W/W/W emulsion is
PEG-rich and the small dispersed isotropic phase is Dex-rich, and that the dextran distributes in
both the PEG-rich and the (Ala),PDI-rich phases, as it is partially miscible with both (Ala),PDI
(Table 4.7) and PEG 33! at concentrations about 5 wt%.

a) b)

20 pm 20 pm

Figure 4.37. a) POM image of a (Ala);PDI 12.5 wt%, Dex 4 wt% and PEG 6 wt% mixture in water. b)
Image without and c) with crossed polarizers of a (Ala),PDI 10 wt%, Dex 4 wt% and PEG 6 wt% W/W/W
emulsion, d) Zoom-in of a selected droplet of the emulsion. e) Image without and f) with crossed polarizers
of a (Ala)PDI 10 wt%, Dex 4 wt% and PEG 6 wt% W/W/W emulsion after 24 h. All images were taken at
ca. 20 °C.

Determining which is the Dex-rich and the PEG-rich isotropic phase in W/W/W would be highly
desirable to get a clearer picture of the prepared W/W/W emulsions. For this, we tried to
functionalize the dextran with fluorescein isothiocyanate (FITC), and detect its location with
fluorescence optical microscopy. However, despite such functionalization being useful to discern
between Dex and PEG in the case of biphasic Dex/PEG W/W emulsions, it failed in our triphasic
systems, as no fluorescence could be observed. Probably, the high absorbance of the (Ala).PDI
within the visible range causes an almost complete reabsorption of FITC fluorescence (green
emission at 519 nm of wavelength) making the functionalized polymer invisible in fluorescence
microscopy. Rhodamine (red emission at approximately 595 nm) was also used, but no
fluorescence could be detected.

Alternatively, we used Raman microscopy to try to discern between Dex-rich and PEG-rich
phases. Raman microscopy is a technique in which a laser beam is focused on a sample, and the
scattered light is collected and analyzed to produce a Raman spectrum. This spectrum provides
information on the chemical composition of the analyzed area, allowing to characterize the
chemical composition in micrometric regions of a sample.

Raman microscopy experiments started with the analysis of (Ala),PDI, Dex and PEG in the solid
state (Figure 4.38a-c), the laser with 532 nm wavelength was chosen, and the power was set at 2
mW. (Ala),PDI showed three intense peaks at 1294, 1377 and 1577 cm™" (Figure 4.38a). On the
other hand, Dex and PEG only showed small peaks at low Raman shifts and a broad band at~2900
cm™! (Figure 4.38b,c). Note that the graphs are normalized so the maximum stays at “1” of

119



MOLECULAR SEGREGATION AT MULTIPLES SCALES IN PERYLENE-BASED SYSTEMS FOR
THE PREPARATION OF ADVANCED MATERIALS

intensity, in the raw data, the most intense peaks of Dex and PEG are ca. 1/3 of the most intense
peak of (Ala),PDL

The differences between PEG and Dex in Raman microscopy were small due to their similar C—
C, C-H and C-O bonds. Despite this, they could be distinguished in the range between 850 and
900 cm™' and between 1300 and 1500 cm™', where Dex showed a doublet of peaks meanwhile
PEG presented a single peak instead. Also, there were some differences in the Raman shift for the
band around 2900 cm™!, where PEG showed a band that could be identified as three overlapped
peaks meanwhile Dex presented a single broad band.

The Raman microscopy spectra of each compound dissolved in water at concentrations around
10 wt% were also obtained. As expected, the spectra were significantly different to those observed
in the solid state (Figure 4.38d-f). First, the background signal (coming mostly from the cover
glass slide) was much more intense in relation to the material peaks, probably due to the lower
concentration of the samples when dissolved in water (~10 wt% vs the 100 wt% in the solid state).
Because of this background, both PEG and Dex were invisible using the laser at 532 nm at 2 mW,
meanwhile for (Ala);PDI only the three major peaks appear (Figure 4.38d). Besides, (Ala),PDI
presented a broad intense band between 2500 and 3500 cm™', attributed to the perylene
photoluminescence.

For the Dex and PEG signals to be detectable in 10 wt% water solutions by Raman microscopy,
the laser power had to be increased to 20 mW (Figure 4.38e,f). Even at such high power, the
polymer Raman peaks were very small and hard to detect. Dex and PEG 10 wt% also showed a
broad band at > 3000 cm™!, which was attributed to glass photoluminescence 3%,

After obtaining the Raman spectra of (Ala)PDI, PEG and Dex in water, Raman microscopy was
tested as a technique to identify each phase in W/W emulsions formed by the three mentioned
compounds. In this context, the Raman microscopy of (Ala),PDI_Em4 (12.5 wt% (Ala),PDI and
8.4 wt% Dex) and (Ala),PDI_Em7 (12.5 wt% (Ala),PDI and 8.4 wt% PEG) of Table 4.7 and an
emulsion formed PEG and Dex 10 wt% each, were determined (Figure 4.38g-i). Remarkably, the
phases in the Dex/PEG emulsion could be easily identified with the laser at 10 mW or more,
observing that the continuous phase is PEG-rich and the dispersed one is Dex-rich (Figure 4.38i),
which was confirmed by optical microscopy using fluorescently-labelled Dex. This is interesting
since it allows the identification of phases in all-aqueous emulsions without labelling one of the
phases with fluorescent compounds, which could be useful in systems where labelling is not
possible. Similarly, gelatin-maltodextrin aqueous two-phase system phases have already been
identified by Raman spectroscopy %%,

In contrast, W/W emulsions formed with the (Ala),PDI could not be analyzed by Raman
microscopy since the photoluminescence and high intensity of the perylene Raman peaks eclipsed
the Dex and/or PEG signals; and hence only (Ala),PDI was observed in both the birefringent and
the isotropic phases (Figure 4.38g,h). Note that the phases are identified as dispersed/continuous
for the Dex-PEG system and as birefringent/isotropic for the emulsions with (Ala).PDI, because
the (Ala),PDI-rich birefringent phase can be either the dispersed or the continuous phase
depending on the polymer used (see Table 4.7). Moreover, the laser power used in the (Ala),PDI-
containing emulsions was much lower than that used for Dex-in-PEG emulsions, since laser
power higher than 2 mW for (Ala),PDI surpassed the limits of the detection system, because of
the photoluminescence. Note that at 2 mW the Dex and PEG in water signals are not visible
(Figure 4.38e,f). In conclusion, neither fluorescence labelling nor Raman microscopy are good
approaches to identify each phase in PDI-based chromonic W/W and W/W/W emulsions.
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Figure 4.38. Raman microscopy of a) solid (Ala),PDI, b) solid Dex, c) solid PEG, d) (Ala).PDI 12.5 wt%
water solution, e) Dex 10 wt% water solution, f) PEG 10 wt% water solution, g) (Ala):PDI 12.5 wt% and
Dex 8.4 wt% W/W emulsion. The orange curve corresponds to the isotropic Dex-rich phase and the blue
to the nematic (Ala)PDI-rich phase. h) (Ala),PDI 12.5 wt% and PEG 8.4 wt% W/W emulsion. The grey
curve corresponds to the isotropic PEG-rich phase and the blue to the nematic (Ala);PDI-rich phase. i)
Dex 10 wt% and PEG 10 wt% W/W emulsion. The orange curve corresponds to the dispersed Dex-rich
phase and the blue to the continuous PEG-rich phase.

In contrast to (Ala).PDI, MeCatPDI showed a much better capacity to form W/W/W emulsions
with Dex and PEG, as several triphasic systems were obtained by fixing the MeCatPDI
concentration at ~10 wt% and varying the polymer concentrations (Table 4.10). This may result
from the reduced hydrophilicity of the cationic MeCatPDI compared to the anionic (Ala),PDI,
which makes the former less soluble in the polymer-rich phases and favors phase separation. It
was observed that aqueous three-phase systems were obtained for Dex and PEG concentrations
above 3 wt% each, and up to 8 wt% each (higher polymer concentrations were not tested as the
solution became too viscous). Furthermore, several droplet morphologies were formed, including
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snowman, Janus and core-shell (Figure 4.39), depending on polymers’ concentration. The
emulsion with the lowest polymer concentrations (3.8 wt% of both Dex and PEG) was composed
by almost spherical nematic droplets with various isotropic droplets adsorbed at their surface
(Figure 4.39a). Notably, by increasing the PEG concentration to 5.7 wt% (Figure 4.39b), the
isotropic dispersed phase swelled and partially engulfed the nematic droplets, forming a snowman
drop disposition in which 8¢ > 0g, considering the PDI-rich phase as Pc and the isotropic phase
as Ps. In contrast, adding Dex up to 5.8 wt% to the emulsion of Figure 4.39a induced the partial
engulfing of the isotropic droplets within the nematic phase, forming snowman droplets with 6g
> Oc (Figure 4.39c). This suggests that the continuous phase is Dex-rich and the isotropic
dispersed phase is PEG-rich at these compositions. However, this could not be confirmed
experimentally. Further increasing the Dex concentration up to 7.7 wt% favored the engulfing of
the isotropic droplet forming droplets appearing in POM as isotropic cores with nematic shells
(Figure 4.39d), which can either indicate the formation of core-shell or Janus with partial
engulfing droplets.

Furthermore, Janus droplets were formed by increasing simultaneously the Dex and PEG
concentrations to 4.7 wt% each (Figure 4.39¢) and 5.7 wt% each (Figure 4.39f). Notably, the
Janus droplets became more spherical at higher polymer concentrations, suggesting that the
interfacial tension between the continuous phase and the two dispersed phases increase by
increasing the amount of Dex and PEG.

Table 4.10. Composition of the water-in-water-in-water (W/W/W) emulsions formed by nematic MeCatPDI
solutions with Dex and PEG. *These emulsions consist in in systems similar to those of Figure 4.39g,h.

Sample name [MeCatPDI] [Dex] [PEG] [H20] Phases Droplet
(Wt%) (Wt%) (Wt%) (Wt%) morphology

MeCatPDI _Em63 9.8 59 2.0 82.3 2 -
MeCatPDI _Em64 9.8 7.8 2.0 80.4 2 -
MeCatPDI _Em65 9.6 1.9 3.8 84.7 2 -
MeCatPDI _Emé66 9.6 3.8 3.8 82.8 3 Snowman
MeCatPDI _Emé67 9.6 4.8 3.8 81.8 3 Snowman
MeCatPDI _Emé68 9.6 5.8 3.8 80.8 3 Snowman
MeCatPDI _Emé69 9.6 6.7 3.8 79.9 3 Snowman
MeCatPDI _Em70 9.6 7.7 3.8 78.9 3 Janus
MeCatPDI _Em71 9.5 2.9 4.8 82.8 3 Snowman
MeCatPDI _Em72 9.5 3.8 4.8 81.9 3 Snowman
MeCatPDI _Em73 9.5 4.8 4.8 80.9 3 Janus
MeCatPDI _Em74 9.5 5.7 4.8 80.0 3 Janus
MeCatPDI _Em75 9.5 6.7 4.8 79.0 3 Janus
MeCatPDI _Em76 9.5 7.6 4.8 78.1 3 Janus
MeCatPDI _Em77 9.5 8.6 4.8 77.2 3 Janus
MeCatPDI _Em78 94 3.8 5.7 81.1 3 Snowman
MeCatPDI _Em79 94 5.7 5.7 79.2 3 Janus
MeCatPDI _EmS80 94 7.5 5.7 77.4 3 Other*
MeCatPDI _Em81 9.3 3.7 7.4 79.6 3 Other*
MeCatPDI _Em82 9.3 5.6 7.4 77.7 3 Other*
MeCatPDI _Em83 9.3 74 7.4 75.9 3 Other*
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Further increasing the concentration of both polymers significantly reduces the emulsion stability,
forming complex multiple W/W/W emulsions that rapidly coalesce and phase separate (Figure
4.39g,h). Notably, these multiple emulsions apparently consist in nematic-in-nematic-in-isotropic
emulsions, which could indicate that N/N dispersed phases appear at high Dex or PEG
concentrations.

a) b)
\
50 pm
©) i d)
/ -
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Figure 4.39. Bright-field (left) and POM (right) images of the droplets formed in the following W/W/W
emulsions: a) MeCatPDI_Em66, b) MeCatPDI_Em78, c) MeCatPDI _Em68, d) MeCatPDI_Em70, ¢)
MeCatPDI_Em73, f) MeCatPDI_Em79, g) MeCatPDI_Em80 and h) MeCatPDI_Em81. Different
morphologies depending on the polymer concentration can be observed, including snowman and Janus
droplets.

With the data in Table 4.10, a partial ternary phase diagram of the W/W/W emulsions was drawn
(Figure 4.40). Note that the upper vertex corresponds to the sum of the MeCatPDI and water
concentrations and that, considering that the MeCatPDI was almost constant for all emulsions
tested, changes in the two upper axis imply mean variations in the water content of the emulsion.
The phase diagram shows the typical behavior of a segregative system in which a quasi-symmetric
binodal curve separates the two- and the three-phase regions 22,

In summary, both (Ala),PDI and MeCatPDI exhibited a complex biphasic and triphasic behavior
in presence of polymers in aqueous solution and oils. Interestingly, gelling or polymerizing these
complex droplets can potentially provide an effective method to produce complex microparticles
wilt multiple compartments in all-aqueous environment. In the following section, the gelation of
(Ala),PDI chromonic mesophases will be discussed.
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MetCatPDI + Water

Figure 4.40. Triangular phase diagram of the MeCatPDI-Dex-PEG W/W/W emulsions. Note that one
vertex corresponds to the sum of the MeCatPDI and water concentrations. Considering that the MeCatPDI
concentration was maintained almost constant, different points of this axis mean different water content.
White circles (0O) represent monophasic or biphasic systems and black circles (®) are triphasic systems.
The black curve corresponds to the approximate binodal curve, indicating the separation between the
triphasic and the mono and biphasic systems.

4.2.5 Preparation of chromonic low molecular weight hydrogels

Motivated not only by the rich chromonic behavior of (Ala),PDI, but also by its excellent capacity
to form biphasic W/W and triphasic W/W/W and W/W/O emulsions, gelation experiments were
carried out aiming to form anisotropic PDI-based hydrogels. In the literature, the formation of
chromonic PDI-based hydrogels has already been described using a methacrylate functionalized
PDI 1481991 However, (Ala),PDI has no polymerizable groups, hence alternative gelation
pathways should be explored.

Despite not being polymerizable, (Ala),PDI has already been reported to gel at 1 wt% in water
by adding glucono-6-lactone (GdL), which slowly hydrolyzes to gluconic acid reducing the pH
of the solution and gelling the (Ala),PDI solution 38!, hence forming fibrous agglomerates that
retain the solvent (water) within their structure, forming the gel ®. These kind of gels are denoted
as low molecular weight gels (LMWG). LMWG are materials composed of small molecules that
can self-assemble into a gel-like network. Unlike traditional gels, which are often composed of
large crosslinked polymers or proteins, LMWGs are made up of relatively small molecules with
molecular weights below 10000 g/mol B, Moreover, LMWGs are typically stimuli-responsive,
as the self-assembled molecules are not covalently bound and hence are more sensitive to external
stimuli such as changes in temperature, pH, ionic strength, the presence of specific additives or

8 It is important to note that alanine (pK, = 2.4) is more acidic than gluconic acid (pK, = 3.6). Consequently,
gelation is produced by a lowering on the solution pH and partial protonation of the carboxylic acids of
(Ala),PDI, rather than by a complete protonation of (Ala),PDI.
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light exposure B!l This makes LMWG promising materials for drug delivery or cell
encapsulation and release 1*'%,

LMWG are physical gels, formed by weak non-covalent crosslinks. These gels can be based a
wide variety of different intermolecular interactions (electrostatic, m—m , hydrogen bonds,
dispersion, etc.) % There are some general features that are often present in low molecular
weight gelators. Namely, they should feature a balance between hydrophobic and hydrophilic
groups that facilitates self-assembly, resulting from interactions with both the solvent (usually
water) and also with other molecules in the gel network. In particular, the presence of functional
groups forming hydrogen bonds or aromatic moieties participating in non-covalent m—m
interactions facilitate the gelation 3131,

Herein, we report the gelation of nematic (Ala)PDI solutions and characterize such gels by
optical microscopy and SAXS. Gelling lyotropic mesophases is interesting as it permitts the
preparation of gels that combine the anisotropic structure of the liquid crystal phase with the
mechanical properties of a gel, which is interesting for multiple applications from cell culture to
silica templating *'¥. For example, Wang et al. prepared anisotropic polyacrylamide porous
hydrogels using DSCG as template which showed an excellent behavior as substrata for cell
culture after being functionalized with unpolymerized type I collagen 'Y, Differently, Dieterich
et al. were able to obtain nematic gels from surfactant lyotropic mesophases with promising
applications as sesnsors and actuators 13151,

The gelation of (Ala),PDI chromonic mesophases was achieved by preparing a nematic 12.5 wt%
solution in water and adding different amounts of GdL (0.5, 1 and 1.5 eq.). Note that the
equivalents (eq.) are determined in terms of proton exchange. For example, the sample with 0.5
eq. of GdL has the same molarity of GdL and (Ala),PDI, as (Ala),PDI has two basic sites per
molecule meanwhile the gluconic acid resulting from the GdL hydrolysis has only one acid site.
Also note that (Ala).PDI is more acid than GdL, which indicates that putting 1 eq. GAL or more
does not mean that all the (Ala),PDI is fully protonated. The samples were left to stand overnight
for the gelation to occur. The samples were named as (Ala);PDI_nGdL, where » indicates the
equivalents of GdL.

The three (Ala),PDI_nGdL samples gelled (Figure 4.41). Interestingly, we compared the gelling
properties of the (Ala),PDI solutions at 12.5 wt% with those at 1 wt% by preparing (Ala),PDI
water solutions at 1 wt% and adding 0.5, 1 and 1.5 eq. of GdL. After standing for 24 h, only the
sample with 1.5 eq. of GdL gelled, suggesting that the gelation of (Ala),PDI water solutions does
not only depend on the pH but also on the (Ala).PDI concentration.

Falov

ey
A~

GdL g

24h

(Ala),PDI 12.5 wt%

(Ala),PDI_0.5GdL 12.5 wt%

Figure 4.41. Scheme of the preparation of (Ala)PDI LMWGs. The right picture is from the gel
(Ala);PDI_0.5GdL, which does not flow when it is turned upside down.
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The (Ala),PDI_nGdL gels were further characterized by optical microscopy (Figure 4.42). Bright-
field microscopy revealed that (Ala),PDI_0.5GdL was composed of microsized fibrous
aggregates (Figure 4.42a), meanwhile (Ala),PDI_1.0GdL (Figure 4.42b) and (Ala),PDI_1.5GdL
(Figure 4.42c) formed amorphous aggregates. Furthermore, POM analysis revealed that the
fibrous aggregates of (Ala),PDI_0.5GdL exhibited birefringence (Figure 4.42d), while the empty
spaces between them did not. However, both (Ala),PDI_1.0GdL and (Ala),PDI_1.5GdL were
practically non-birefringent (Figure 4.42¢,f), as the big amorphous aggregates were completely
black between crossed polarizers. Therefore, the formation of anisotropic birefringent gels
requires concentrations of GdL lower that the stoichiometric ratio.

To further characterize the (Ala),PDI_0.5GdL sample optically, a gel was directly prepared on a
microscope slide. A droplet of the (Ala),PDI 12.5 wt% solution in water with 0.5 eq. of GdL was
placed onto a microscope slide, sealed with glue, and left to stand for 24 hours to allow the sample
to gel within the slide. Afterwards, the sample was observed under the microscope. Bright-field
(BF) images showed similar fibrous aggregates as in Figure 4.42a, but with a higher alignment in
one direction (Figure 4.43a,b). Additionally, the gel displayed improved birefringence (Figure
4.43c), with uniform birefringence throughout the sample, and small non-birefringent solid
regions that likely resulted from the formation of amorphous aggregates during gelation. In fact,
POM images of the sample before gelation revealed the formation of non-birefringent precipitates
immediately after the addition of GdL (Figure 4.43d), likely in regions with remaining
undissolved GdL crystals that generated high gluconic acid concentrations and thus formed non-
birefringent precipitates. Also, high-magnification POM images of the (Ala),PDI_0.5GdL gel
prepared within the microscope slide showed the presence of single birefringent fibers (Figure
4.43e). This suggests that the improved birefringence of this sample results from the alignment
of the fibrous aggregates. Furthermore, the (Ala),PDI_0.5GdL gel retained the high birefringence
after 72 h (Figure 4.43f), indicating a high stability of the as-formed hydrogel.

100 ym

i , 20
d) e)
100 pm \__100pm .

Figure 4.42. Bright field images of a) (Ala):PDI_0.5GdL, b) (Ala);PDI_1.0GdL and c) (Ala);PDI_1.5GdL.
Polarized optical microscopy images of d) (Ala);PDI_0.5GdL, e) (Ala)PDI_1.0GdL and f)
(Ala);PDI_1.5GdL. All pictures were taken at ca. 20 °C.
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Figure 4.43. Optical microscopy images of (Ala);PDI_0.5GdL prepared in the microscope slide (in-situ).
a) Bright-field (BF) image after 24 h gelation, b) Zoom-in of a selected region of the BF image after 24 h
gelation, c) POM image after 24 h gelation, d) POM image after 0 h gelation, e) POM image after 24 h
gelation at higher magnification and f) POM image after 72 h gelation. Pictures were taken at ca. 20 °C.

To better understand the structure of (Ala);PDI_nGdL hydrogels, we performed SAXS
measurements on (Ala),PDI_0.5GdL and (Ala),PDI_1.0GdL samples (Figure 4.44a).
Interestingly, the (Ala)PDI_0.5GdL gel exhibited a broad band in the SAXS spectra, similar to
that of the non-gelled (Ala),PDI 12.5 wt% nematic sample at 25 °C, but centered at a lower
scattering vector (~0.85 nm™ compared to 1.13 nm™! for the non-gelled nematic mesophase). This
indicates an increase in the inter-assembly distance from 5.6 to 7.4 nm, probably due to the
presence of gluconic acid and gluconate ions. Additionally, a second broad peak not present in
the non-gelled sample appeared at q = 4.0 nm!, which was attributed to the formation of
crystalline precipitates within the gel. In contrast, the (Ala),PDI_1.0GdL gel did not show any
broad band at low g values, suggesting a loss of nematic structure during gelation. This is
consistent with the formation of amorphous non-birefringent aggregates observed by microscopy.
In addition, we tested the (Ala),PDI_0.5GdL responsivity to changes in temperature and light
exposure. SAXS measurements showed that the broad band at ~0.85 nm™ disappeared upon
heating to 60 °C (Figure 4.44b), indicating a loss of the nematic structure due to heating.
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Figure 4.44. a) SAXS spectra of (Ala):PDI 12.5 wt% (blue), (Ala);PDI_0.5GdL (orange) and
(Ala);PDI_1.0GdL (grey) at 25 °C. b) SAXS spectra of (Ala);PDI_0.5GdL at 25 °C (orange) and 60 °C
(black).
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We also conducted light exposure tests using a SOLA lamp with an output power of 3.5 W and a
wavelength range of 380 — 660 nm as the light source. It is known that perylene diimides undergo
visible light-induced reduction in the presence of electron donors, which leads to the formation
of a radical anion within the aromatic core of the PDI (Figure 4.45) 131, The resulting negative
charge could prevent the face-to-face aggregation of and disrupt its assembly into chromonic
mesophases. Furthermore, the irradiation of perylene diimides with visible light also induce the
formation of electronically excited species, which can reduce the hydrophobic interactions
between stacked PDIs and thus break the aggregates 1*!7!,

We observed this effect by exposing a (Ala),PDI 12.5 wt% in water solution (i.e. a (Ala),PDI
non-gelled chromonic nematic phase) to the radiation of the SOLA lamp and observing the sample
by POM during the light exposure (Figure 4.46a). The (Ala),PDI nematic phase started fading
after 30 s of light exposure and was almost completely disrupted after 60 s. Additionally, the
nematic phase did not recover even 15 min after turning off the light source (Figure 4.46b), which
contrasts with the temperature-induced N = I transition, which is rapidly reversed by cooling.
Notably, Nastishin et al. *'” reported a similar behavior for disodium cromoglycate (DSCG)
chromonic mesophases. They observed that DSCG nematic phases faded upon exposure to UV-
light and that the regeneration of the nematic phase after the light exposure was a very slow
process compared with the temperature-induced transition. Furthermore, they demonstrated that
light absorption was essential for the disruption of the nematic phase, as it occurred faster when
the sample was illuminated perpendicularly to the director vector (where the absorbance is
higher). (Ala),PDI exhibited a similar behavior to DSCG, but with visible light instead than UV-
light. The mechanism behind this is unknown, but most likely results from a several processes
occurring at the same time, such as formation of excited species, formation of perylene anions or
dianions by reduction, and temperature-changes caused by light absorption.

O, 0] O, (6]
O O Light O O
R—N ' ' N—R R—N ' ' N—R
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Figure 4.45. General scheme of the formation of a PDI radical anion.

The effect of light exposure on the (Ala),PDI_0.5GdL gel was subtler than for the nematic
solution (Figure 4.46¢), as only a slight reduction in the birefringence was observed after 5 min
of light exposure. This behavior may result from the strongest binding between PDI units within
the gel due to the partial protonation of the carboxylate terminal groups and the higher viscosity
of the gelled sample.
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100 pm ' 100 pm 100 ym ,

Figure 4.46. a) Change in the nematic texture of (Ala),PDI a 12.5 wt% as it is exposed to light (SOLA
lamp, 100 %). From left to right: after 0 s, 30 s and 60 s. b) Sample after the light exposure. From left to
right: after 0 s, 5 min and 15 min. c¢) (Ala);PDI_0.5GdL gel exposed to light (SOLA lamp, 100 %). From
left to right: after 0 s, 1 min and 5 min.

Furthermore, we intended to gel a (Ala),PDI-PEG water-in-water emulsion by incorporating 0.5
eq. of GdL to a (Ala),PDI 12.5 wt% with PEG 8.4 wt% N/I emulsion. After 24 h at room
temperature, the sample gelled. However, optical microscope observations revealed that as-
formed gel was quite similar to that formed by (Ala)PDI 12.5 wt% with no polymer (Figure
4.47), as it was composed of small micrometric birefringent fibers. This suggests that the spherical
droplets of the (Ala),PDI-PEG emulsions were disrupted upon the addition of the GdL.

Figure 4.47. a) Bright-field and b) POM optical microscopy images of a gelled (Ala),PDI 12.5 wt% - PEG
8.4 wt% W/W emulsion.
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4.2.6 Conclusions

The chromonic and emulsion phase behavior of a chiral alanine-functionalized PDI ((Ala),PDI)
and an achiral cationic PDI (MeCatPDI) have been investigated. (Ala),PDI revealed a rich
chromonic phase behavior forming both cholesteric nematic and hexagonal mesophases at ca. 20
°C at 12.5 and 30 wt%, respectively. Furthermore, both (Ala),PDI and MeCatPDI formed water-
in-water emulsions in presence of the nonionic polymers Dex and PEG, either composed by
nematic droplets dispersed in an isotropic continuous phase or vice versa. Notably, the W/W
emulsions formed by the PDI — PEG mixtures were composed by nematic droplets with twist
deformations and homeotropic anchoring, aligned perpendicularly to the interfaces, for both
(Ala),PDI and MeCatPDI, suggesting that PEG favors the formation of chiral droplets using either
chiral or achiral PDIs. Additionally, triphasic W/W/W and W/W/O emulsions were successfully
formulated, and several drop morphologies were observed, including snowman, Janus and core-
shell. It was observed that increasing the Dex and PEG concentrations in MeCatPDI-Dex-PEG
triphasic W/W/W emulsions transforms the geometry of the droplets from snowman at low
concentrations (~ 4 wt%) to core-shell at higher concentrations (~ 8 wt%). Furthermore,
temperature- and light-responsive low molecular weight gels were prepared by incorporating GdL
to a nematic (Ala),PDI solution in water. It was observed that nematic birefringent hydrogels
were obtained using low amounts of GdL (< 0.5 eq.), which holds promise for the preparation of
anisotropic hydrogels from chromonics mesophases. In contrast, using higher amounts of GdL
yielded hydrogels that did not retain the nematic structure. In the future, the rheological properties
of these gels will be studied to further understand their behavior.
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4.3 Preparation of silica monoliths for the encapsulation and
release of ibuprofen

This chapter describes the preparation of micro- and mesoporous silica nanostructured materials
in both powder and monolith forms. We used a cationic chromonic perylene diimide (MeCatPDI)
as a template for silica preparation, and utilized tetraethyl orthosilicate (TEOS) and
hexadecyltrimethoxysilane (HDTMS) as silica precursor and porogen, respectively. We evaluated
how varying the proportion of TEOS and HDTMS influenced the physicochemical properties of
the final silica materials. Additionally, we investigated the ability of the nanostructured silica
materials to deliver ibuprofen, using different drug loading techniques such as soaking + drying
or incorporating melted ibuprofen into the silica. Encapsulation efficiency was determined using
a combination of techniques that include Fourier-transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), and nitrogen physisorption. We also conducted in vitro tests
on drug-loaded silica powder and monoliths to evaluate ibuprofen drug release, using a simulated
body fluid (SBF, pH 7.4) as the receptor medium and fitting the results to several mathematical
drug release models. Finally, we explored the preparation of silica-hydroxyapatite composite
materials, which show potential as scaffolds for bone tissue repair and replacement.

4.3.1 Preparation and characterization of the silica materials
Chromonic liquid crystals are soft materials with promising applications in several fields
For example, they have demonstrated to be unique materials to prepare oriented films 142153
polarizing micropatterns 5156 or biosensors "), Furthermore, there is a growing interest in
using chromonic self-assemblies as templates to produce nanostructured silica [19*-1%* and carbon
materials 1651801811

[96,150,152]

For instance, Rodriguez-Abreu et al. described the preparation of chromonic-templated
nanostructured silica from cyanine !6%1%! and perylene diimide !'%¥ cationic dyes through a sol-
gel reaction of a silica precursor at high pH. This process allows the anionic species formed from
the hydrolysis of the chosen silica precursor (typically TEOS) to interact with the positively
charged dye chromonic aggregates, guiding the formation of nanostructured silica-dye
composites. Removal of the templating dyes by calcination produces micro- and mesoporous
nanostructured silica.

Herein, we prepare nanostructured silica materials using a cationic PDI (MeCatPDI) as the
chromonic template (Figure 4.48). As discussed in the previous chapter, MeCatPDI has a very
rich chromonic behavior ', and can also be easily emulsified in W/W and multiple W/W/W
emulsions with a wide variety of different drop morphologies. Noteworthy, the preparation of
nanostructured silica from chromonic MeCatPDI assemblies has already been discussed in the
literature %4, Tt was reported that high aspect ratio (from ~ 3 to 20) silica fibers with aligned
micropores (~ 1.5 nm diameter) were formed. In this work, we continue this research line by
studying the effect of adding a second silica precursor with porogen properties (HDTMS), that
contains hexadecyl chains which are removed during the calcination step generating mesopores,
and obtaining the silica materials not only as a powder but also as monoliths. Furthermore, we
evaluate the capacity of these silica materials to encapsulate and release ibuprofen and prepare
silica — hydroxyapatite composites with potential applications for bone tissue repair and
replacement.

The silica templated materials were prepared as described in Section 3.3.10.2. Noteworthy, the
synthetic conditions were slightly different to those reported in the literature ['**!, Instead of aging
the sample at 70 °C for 90 minutes, it was aged at 50 °C for 150 minutes, since the former
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conditions yielded too fragile monoliths (see discussion below). We used mixtures at different
ratios of TEOS and HDTMS as the silica precursor material, (i.e. 0, 10 and 20 wt% of HDTMS).
The obtained silica materials were named as StHDTMS_n, where n indicates the weight
percentage of HDTMS, for powder samples, and SiMonHDTMS_n, for monoliths.
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Figure 4.48. Scheme of the preparation of ibuprofen-loaded microporous silica.

The templated powder silica materials before the calcination step were completely red for
SiHDTMS_0 and SiHDTMS_10, but white spheres appeared for SIHDTMS_20, suggesting that
part of the HDTMS does not adsorb on the MeCatPDI assemblies and hence polymerizes without
chromonic templating. This inhomogeneity is not desirable as it can make the SIHDTMS_20
synthesis not reproducible. For this reason, the SIHDTMS_20 sample was not further studied.
Moreover, during the washing step prior to calcination no perylene diimide was released from the
solid product, indicating that the PDI was completely embedded in the silica framework.

After calcination, a fine white powder was obtained for both SIHDTMS_0 and SiHDTMS_10
samples. The morphology of these materials was studied by field-emission scanning electron
microscopy (FESEM). FESEM images revealed that both SIHDTMS_0 (Figure 4.49a,b) and
SiHDTMS_10 (Figure 4.49¢,d) are composed of fibers with lengths up to 15 pm and widths about
300 nm, which supposes an increased aspect ratio (up to 50) as compared to that of the fibers
obtained by curing at 70 °C [1*¥, Considering that the fibers reported in the literature also have a
width about 300 nm, such an increase in the aspect ratio by reducing the curing temperature
indicate that lower temperatures produce longer fibers.

Figure 4.49. FESEM images of a,b) Si(HDTMS_0, and c,d) StHDTMS_10.
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SAXS was used to further characterize SIHDTMS_0 (Figure 4.50a) and SiHDTMS_10 (Figure
4.50b) before and after calcination. SIHDTMS_0 before calcination revealed two peaks at 1:\3
ratio, centered at scattering vectors (g) of ~ 2.9 and ~ 5.1 nm™". This suggests that SI(HDTMS_0
PDI stripes are hexagonally arranged within the silica framework. The dy spacing (see Figure
1.15b and Eq. 3) for non-calcined SiHDTMS_0 is 2.1 nm, and the hexagonal lattice parameter a
is 2.4 nm. In contrast, upon calcination, the high order reflection at 5.1 nm™' disappears and the
first SAXS peak is shifted to a higher ¢ value of ~ 3.1 nm™, which corresponds to a dy (calculated
with Eq. 2) of 2.0 nm. This suggests that the silica material shrinks upon calcination, as it occurred
for the (PEG,),PDI templated silica. Note that dy and a cannot be calculated for the calcined
sample as the hexagonal lattice is lost during calcination, and dy has to be calculated instead.
Despite this, dn and dp are comparable as both of them cause the first-order reflection.

In contrast to SIHDTMS_0, the SAXS spectra of SIHDTMS_10 showed broader and less-intense
peaks both before and after calcination, which suggests a more polydisperse structure. Before
calcination, a SAXS peak at ¢ = 3.1 nm™' appeared, alongside with a very broad and diffuse high
order reflection at a 1:V3 ratio (¢ = 5.4 nm™). This indicates that the hexagonal structure present
in SIHDTMS_0 before calcination is partially retained after adding HDTMS in the synthesis. The
dy and a hexagonal lattice parameter for non-calcined SIHDTMS_10 are 2.0 and 2.3 nm,
respectively. After calcination, a single broad diffuse band centered at ¢ = 3.5 nm™' could be
hinted, which corresponds to a dy of 1.8 nm. Noteworthy, the Bragg spacing of SIHDTMS_10 is
shorter than for SIHDTMS_0 both before and after calcination. This is counterintuitive as
HDTMS is expected to form bigger pores and increase the distance between the centers of such
pores, hence increasing the Bragg spacing. We hypothesize that during the formation of
cooperative self-assemblies between the PDI aggregates and the silica species, the hydrolyzed
HDTMS molecules self-assemble forming micelles that push the PDI-TEOS aggregates together
reducing the Bragg spacing.
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Figure 4.50. SAXS spectra of a) StHDTMS_0 before (blue) and after (orange) calcination, and b)
SiHDTMS 10 before (blue) and after (orange) calcination. The high noise-to-signal ratio of the non-
calcined SiHDTMS_0 results from a shorter acquisition time caused by sample loss during the SAXS
measurement.

The pore properties of the calcined SIHDTMS_0 and SiHDTMS_10 samples were evaluated
using nitrogen physisorption. Prior to measurement, both materials were degassed at 120°C for
12 hours. The nitrogen adsorption-desorption isotherms of both samples indicated a significant
uptake of nitrogen at low pressures (Figure 4.51a), suggesting a high degree of microporosity
within the samples, followed by a gradual uptake at higher pressures, which was clearly increased
for StHDTMS_10, indicating a higher meso- and macroporosity for this sample and higher
mesopore size. Both SIHDTMS_0 and StHDTMS_10 exhibited Type-IV adsorption isotherms
with a distinct hysteresis loop at higher relative pressures, which is associated with interconnected
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micro- and mesopores. Notably, S(HDTMS_0 showed a type H4 hysteresis loop, as the two curves
(adsorption and desorption) stay nearly horizontal and parallel within the hysteresis loop. On the
other hand, SI(HDTMS_10 exhibited a hysteresis loop with the two branches tilted more than 30°
with respect to the horizontal axis, indicating an H3-like hysteresis loop (Figure 4.51b). Both H4
and H3 hysteresis loops are associated with plate-like particles that create slit-like pores B3],
However, the H4-type hysteresis loop indicates narrower slit pores P11, suggesting that the
presence of the porogen favors the formation of bigger pores. This was confirmed by analyzing
the pore diameter distribution of each material using the Barrett-Joyner-Halenda (BJH) method
(Figure 4.51c¢), which suggested bigger mesopores for SIHDTMS_10.

The specific surface area (SSA), micropore area (Swmicro), total pore volume (Vp) and micropore
volume (Vwmicro) were determined for both samples (Table 4.11). The SSA were calculated with
the BET model from the adsorption isotherm at low pressures. All BET linear fits had coefficients
of determination (R?) above 0.9999, confirming the reliability of the results. The BET specific
surface area increased from 343.1 to 385.2 m*g™' by using the HDTMS in the synthesis.
Similarly, the total pore volumes, calculated from the last point of the adsorption isotherm (P/Py
= 0.995), were 0.301 and 0.585 cm?® ¢! for SIHDTMS_0 and SiHDTMS_10, respectively. In
contrast, the micropore area and micropore volume calculated by the t-plot method (R? = 0.99)
were significantly higher for SIHDTMS_0 as compared to SIHDTMS_10. These results indicate
that the incorporation HDTMS favors the formation of meso- and macropores, and slightly
reduces the total amount of micropores within the silica material.

Furthermore, the median pore width was calculated by the NLDFT model (Figure 4.51d), being
about 1.3 — 1.4 nm for both SIHDTMS_0 and SiHDTMS_10, thus matching with the length of
the perylene diimide core (~ 1.1 — 1.4 nm, see Figure 4.11¢). Note that these values are the median
pore width and not the average pore width. Additionally, it should be noted that the equipment
used for these measurements does not collect many points at low relative pressures, which makes
the NLDFT calculations uncapable of determining pores with diameters below 1.3 nm.
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Figure 4.51. a) Nitrogen physisorption isotherms of the powder silica materials, b) detail of the hysteresis
loops of the nitrogen physisorption isotherms at low adsorbed volumes, c) pore size distribution calculated
from the BJH method, d) micropore width distribution calculated by NLDFT model.
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Table 4.11. Porosity properties of powder SIHDTMS_n samples. SSA = specific surface area, V, = total
pore volume, Swmicro = micropore surface area, Vuicro = micropore volume, Wp = median pore width
calculated by the NLDFT model.

Sample SSA v, SMicro Vticro W
(m*g") (cm’ g) (m*g") (cm’ g) (nm)

SiHDTMS_0 343 0.30 249 0.10 1.4

SiHDTMS_10 385 0.59 206 0.09 1.3

Fourier-transform infrared spectroscopy was used to characterize the surface functional groups of
the silica nanostructured fibers. Both SIHDTMS_0 and SiHDTMS_10 exhibited similar spectra
(Figure 4.52a), with a small band at 806 cm™ and an intense band at 1059 cm™, attributed to Si—
0O-Si bonds P2%3211 However, SIHDTMS_10 also showed a broad band at ~ 3400 cm™!, which
corresponds to hydroxyl groups, and small band at 964 cm™ (Figure 4.52b), attributed to Si~-OH
(silanol) bonds *??!. Furthermore, the absence of bands at ~ 2900 cm™" indicates the absence of
C-H groups in the silica materials, suggesting that calcination completely removed the hexadecyl
chains. The formation of silanol moieties for SIHDTMS_10 was attributed to a steric effect of the
hexadecyl chain, which prevented the polymerization of the three Si—O~ groups of the hydrolyzed
HDTMS leaving more unpolymerized free silanol groups in the final material.

The complete removal of the hexadecyl chains was further confirmed by studying the water-
absorption properties of both SIHDTMS_0 and SIHDTMS_10, with the Washburn method. This
was achieved by employing a tensiometer equipped with a glass cylinder with a porous
membrane. The samples were loaded into the glass cylinder, placed in contact with Mili-Q water,
and the adsorbed water mass as a function of time was measured. It was observed that both silica
materials became water-saturated in about 5 s (Figure 4.52c), suggesting a high hydrophilicity
and a complete removal of the hydrophobic hexadecyl chain for SIHDTMS_10. Apparently,
SiHDTMS_0 saturated slightly before SIHDTMS_10, which could suggest higher hydrophilicity
for the sample without the porogen. However, it is important to note that differences in porosity
and the degree of compaction of the samples inside the cylinder may significantly impact the
permeability profiles. As a result, we concluded that the differences between the two materials in
terms of hydrophilicity were not significant.
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Figure 4.52. a) FTIR spectra of the silica materials. b) FTIR of a selected region between 600 and 1200
cm™!. ¢) Water-permeability profiles of the silica materials. Note that the adsorbed water is the mass of
water adsorbed per gram of the silica material.

Summarizing, the incorporation of HDTMS in the synthesis of MeCatPDI-templated silica
generates meso- and macropores and reduces the pore ordering within the silica framework
(Figure 4.53), without significantly affecting the morphology, chemical composition and
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hydrophilicity of the material. Therefore, these results confirm that HDTMS is indeed playing the
role of porogen.

L

Figure 4.53. Model of the pore size and morphology of the SiHDTMS_n samples. Note that the
longitudinal cross-section of the fibers is represented.

The silica materials were also prepared as disk and conic monoliths, as described in Section
3.3.10.3. Silica monoliths with controlled shape and continuous porous structures have received
much attention in several fields. For instance, they have been used as bioactive regenerative grafts
for bone tissue repairment 2321, drug delivery systems 2!, random lasers 27!, microreactors
for selective catalysis %%, or monolithic columns for chromatography 32!,

Herein, we formulate the MeCatPDI-templated porous silica monoliths in different shapes
(discotic and conic monoliths). Briefly, the MeCatPDI, ammonia 25 % and the silica precursors
were mixed at the desired proportions in a plastic mold (a 20 mL cylindric vial or a 1.5 mL
Eppendorf vial) and left standing at 25 °C for 90 min and aged at various temperatures (25 — 70
°C). Afterwards, several water aliquots were carefully added to the as-formed red monoliths to
remove remnant ammonia and then the samples were lyophilized and calcined at 600 °C.

Disk-like monoliths were prepared in a plastic cylindric vial at different curing conditions (25
°C/3 days, 50 °C/150 min and 70 °C/90 min) using 100 % TEQOS as silica precursor. We observed
that white light silica disks were obtained at 25 and 50 °C (Figure 4.54a,b), but it was impossible
to obtain monoliths at 70 °C, as the sample became too fragile, most likely due to the bubbles
formed during the curing process. Noteworthy, the sample at 25 °C presented a smoother surface
than at 50 °C, confirming that lower aging temperatures yield more resistant and uniform
materials. Despite this, 50 °C curation was selected for further experiments over 25 °C to maintain
similar conditions to those previously reported %4,

In contrast, conic monoliths were prepared in an Eppendorf vial rather than in a cylindric vial
(Figure 4.54c,d), with curation at 50 °C for 150 min. Conic monoliths were significantly more
robust than the discotic ones, due to their increased thickness, and hence could be more easily
handled for ibuprofen drug encapsulation and release. For this reason, conic monoliths cured at
50 °C were chosen over disk-like monoliths for further characterization and experiments.

The porosities of the conic monoliths prepared with 100 wt% TEOS (SiMonHDTMS_0) and 90
wt% TEOS + 10 wt% HDTMS (SiMonHDTMS_10) as silica precursors were evaluated by
nitrogen physisorption (Figure 4.55). As for the powder samples, the isotherms of both monolithic
silicas exhibited a nitrogen high uptake at low pressures, and the one with HDTMS revealed a
significant uptake at higher pressures (Figure 4.55a), suggesting that both monoliths are
microporous and SiMonHDTMS_10 has increased meso- and macroporosity.
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Figure 4.54. a,b) Disk-like monoliths obtained at different curing conditions. c,d) Conic monoliths obtained
curing at 50 °C for 150 min. For all the monoliths shown herein 100 % TEOS was used as silica precursor.
The conic monoliths prepared with 90 % TEOS + 10 % HDTMS were visually identical to those prepared
with 100 % TEOS.

Pore size distributions determined by the BJH method (Figure 4.55b) and the NLDFT model
(Figure 4.55¢) revealed that SiMonHDTMS_ 10 has bigger pores than SiMonHDTMS_0, as it was
observed for powder samples, indicating that the presence of the porogen favors the formation of
bigger pores also in monolithic silica materials.

The SSA of the monoliths were calculated with the BET model from the adsorption isotherms at
low pressures (Table 4.12). All BET linear fits had coefficients of determination (R?) above
0.9997, confirming the reliability of the results. The calculated SSA were 335.6 and 383.4 m* g'!
for the samples without and with HDTMS, respectively. These values are very similar to those
obtained for the powder samples, suggesting that the monoliths are similar to their powder
analogues. The total pore volume, micropore surface area, micropore volume and median
micropore width were also determined (Table 4.12). As for the powder samples, incorporating
HDTMS reduces the micropore surface area and volume, hence increasing the meso- and
macroporosity within the silica. Noteworthy, the total pore volume decreased for the monoliths
as compared to the powder samples. This is rather surprising considering that the monoliths
clearly have a lower density, since the same mass forming a monolith reduced to powder would
barely occupy 1/3—1/4 of the total volume of the monolith. Such an inconsistency probably arises
from very big macropores within the monoliths not detected by nitrogen physisorption. The
median micropore width was 1.3 nm for both samples.

SiMonHDTMS_n materials are, to our knowledge, the first chromonic-templated silica monoliths
described in the literature. Similarly, Chu et al. **! prepared monolithic silica aerogels with fire-
resistant properties using liquid-crystalline cellulose nanocrystals as templates and tetramethyl
orthosilicate (TMOS) as silica precursor. The resulting materials showed aligned micropores and
a high BET specific surface area of ~ 300 m* g!. Furthermore, other templates such as lyotropic
surfactant liquid crystals 1331, emulsions 1**?, ionic liquids ***' or polymer monoliths 13335 have
been used to produce porous silica monoliths through the nanocasting approach.

137



MOLECULAR SEGREGATION AT MULTIPLES SCALES IN PERYLENE-BASED SYSTEMS FOR
THE PREPARATION OF ADVANCED MATERIALS

a) b) 9)
400 0.10 [ 03
350 —e— SiMonHDTMS_0 r —— SiMonHDTMS_0 I —e—SiMonHDTMS_0
300 —e— SiMonHDTMS_10 0.08 - ——SiMonHDTMS_10  —e—SiMonHDTMS_10
5 ' 02 |
g 20 g
2 200 8
® s
150 g
£ 201
s 100
>
50
0 00
00 02 04 06 08 10 2 4 6 8 10121416 18 20 05 15 25 35 45 55
PIP, Pore diameter (nm) Half pore width (nm)

Figure 4.55. a) Nitrogen physisorption isotherms of the silica monoliths, b) pore size distribution
calculated from the BJH method, c) micropore width distribution calculated by NLDFT model.

Table 4.12. Porosity properties of SIHDTMS_n monolithic samples. SSA = specific surface area, V, = total
pore volume, Suicro = micropore surface area, Vyicro = micropore volume, Wp = Pore width (from NLDFT).

Sample SSA Vo SMicro WMicro We
(m*g") (cm’ g) (m*g") (cm’ g) (nm)

SiMonHDTMS_0 336 0.21 316 0.13 1.3
SiMonHDTMS_10 383 0.36 231 0.10 1.3

4.3.2 Ibuprofen encapsulation and release

Micro- and mesoporous silica materials have shown great potential as drug delivery systems due
to their unique physicochemical properties >33 such as high surface area, large pore volume,
tunable pore size, and excellent biocompatibility. Moreover, they are resistant to heat **!, pH
3491 "and can be easily functionalized with targeting moieties, such as antibodies, peptides, or

aptamers, which can selectively bind to specific cells or tissues, enabling targeted drug delivery
[341-343]

In general, mesoporous silica materials are preferred over their microporous analogues as the
larger mesopore size (2 — 50 nm) enables the encapsulation of bigger molecules that do not fit
within the small micropores (< 2 nm) 34, However, the smaller pore sizes of microporous silica
materials can also provide some advantages for certain drug delivery applications. For example,
they can be used to encapsulate small molecules. Additionally, their smaller pore sizes can result
in slower drug release rates %1, Interestingly, the combination of micro- and mesoporosity of
SiHDTMS_n materials could favor the encapsulation of small drugs within the micropores and
facilitate the drug encapsulation and release due to the interconnections between the micro- and
mesopores.

Herein, we evaluated the drug encapsulation and release properties of SIHDTMS_0 and
SiHDTMS_10 using ibuprofen as model drug (Figure 4.56a). Ibuprofen is a non-steroidal anti-
inflammatory drug very commonly used to relieve pain, fever and inflammation. In terms of
chemical structure, ibuprofen is a 2-aryl propionate with an isobutyl moiety attached to the carbon
number 5 of the aryl group. The dimensions of the ibuprofen were estimated with Chem3D
software running a molecular mechanical MM2 energy minimization. The obtained values are:
ca. 1.20 nm length, 0.72 nm height and 0.65 nm width (Figure 4.56b,c).
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Figure 4.56. a) Chemical structure of ibuprofen. b,c) Ibuprofen molecular dimensions calculated using the
Chem3D software

SiHDTMS_0 and SiHDTMS_10 materials are expected to have micropore diameters about ~ 1.5
nm, as inferred from the literature "% and the NLDFT models (Figures 4.51 and 4.53).
Accordingly, ibuprofen should fit within the silica micropores.

Two different methods were used to evaluate the encapsulation of ibuprofen in MeCatPDI-
templated silica materials. The first method, known as the soaking + drying method (SDM),
involved suspending the silica in a 33 mg/mL ibuprofen solution in hexane (66 mg of silica per
mL of hexane) and letting it equilibrate for 15 minutes, followed by evaporation of the solvent
under a nitrogen flow. The second method, the melting method (MM)), involved preparing a solid
silica-ibuprofen composite at a 2:1 mass proportion and heating it to 85°C for 10 minutes to allow
the ibuprofen to melt and penetrate within the pores. In both methods, the drug-loaded silica
materials were washed with pure hexane to remove the ibuprofen that remained adsorbed at the
external surface of the materials, and thus, did not penetrate into the pores (see Section 3.3.11).

The drug encapsulation efficiency, i.e. percentage of ibuprofen loaded into the silica material
(IbuEE, see Eq. 6 in Section 3.3.11) was determined by performing thermogravimetric analysis
(TGA) of unloaded StHDTMS_0 (Figure 4.57a) and the ibuprofen-loaded silica materials (Figure
4.57b-d). The total loaded ibuprofen was determined as the weight loss between 100 and 700 °C,
applying a correction from the weight loss of the unloaded silica materials in this temperature
range. As shown in the Table 4.13, the encapsulation efficiencies of the SDM and MM were quite
similar, without significant differences. In contrast, significant differences were observed
depending on the silica material used, as SIHDTMS_10 showed a much higher encapsulation
efficiency by the SDM as compared to SIHDTMS_0, which was attributed to the improved
specific surface area of the silica with HDTMS.
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Figure 4.57. TGA of a) unloaded SiHDTMS_0, b) SDM and c) MM ibuprofen-loaded SIHDTMS_0 and d)
SDM ibuprofen-loaded SiHDTMS_10.

Table 4.13. Ibuprofen encapsulation efficiency (IbuEE) of StHDTMS_n materials depending on the drug
loading method. my is the amount of ibuprofen used in the encapsulation process, Mioadea Tepresents the
amount of encapsulated ibuprofen, calculated from the TGA data (see Section 3.3.11 for more details).

Loading Mioaded
Sample method ny (Mg) (mg) IbuEE (%)
. SDM 33.0 4.8 14.4
SIHDTMS_0 MM 33.0 4.4 13.3
SiHDTMS_10 SDM 33.0 9.2 27.8

The location of the ibuprofen in the loaded silica materials was characterized by FTIR and
nitrogen physisorption. FTIR measurements were taken of the SIHDTMS_0 and SiHDTMS_10
samples loaded with ibuprofen using both the SDM and MM before and after washing with
hexane (Figure 4.58). Before loading with ibuprofen, a single small band appeared at 1600 cm™!
for both SIHDTMS_0 and SiHDTMS_10 silica samples, corresponding to surface adsorbed water
(3461 - After loading with both methods, a succession of bands in the range between 1300 — 1600
cm' and a large band at ~1715 cm™ were observed, corresponding to ibuprofen (pure ibuprofen
was measured to confirm this, see Annexes). Notably, the intensity of the ibuprofen signals
decreased significantly after washing with hexane, indicating that most of the surface-adsorbed
ibuprofen was effectively removed. Furthermore, the ibuprofen signals prior to washing were
much more intense for the MM loaded samples (Figure 4.58b,d) than for the SDM (Figure
4.58a,c), suggesting that the latter method is more effective in facilitating drug penetration within
the micropores.
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Figure 4.58. FTIR spectra of a) Si(HDTMS_O loaded by the SDM, b) SiHDTMS_0 loaded by the MM, c)
SiHDTMS 10 loaded by the SDM and d) SiHDTMS _10 loaded by the MM.

Ibuprofen-loaded materials were characterized by nitrogen physisorption to investigate how the
introduced drug altered the porosity. In contrast to the unloaded materials, isotherms of the
ibuprofen-loaded samples showed almost zero nitrogen uptake at low pressures (Figure 4.59a,c),
suggesting an absence of open microporosity available to nitrogen, confirming that these
micropores were filled with ibuprofen. At higher pressures, a small increase in the adsorbed
volume could be observed for all the loaded samples alongside with a big nitrogen uptake when
P/Pyp = 1, indicating that the macropores remained mostly empty. Careful observation of the
adsorption-desorption isotherms at low pressures (Figure 4.59b,d) revealed hysteresis loops
similar to those observed for unloaded SiHDTMS 0 and SiHDTMS_10. However, these
hysteresis loops did not close until P/Py = 0. The presence of hysteresis at low relative pressures
indicates that adsorbed species (ibuprofen) have blocked the micropores, thus impeding the
desorption of nitrogen from the mesopores as it would require crossing the blocked micropore
channels to reach the exterior B3, Notably, the hysteresis loops were minor for samples loaded
by the MM, suggesting that ibuprofen has a poorer micropore penetration by this method, as
inferred from the FTIR measurements.

The SSA of the ibuprofen-loaded samples were about 20 — 30 m?- g™!, independently of the silica
material and loading method used, and the detected micropore surface area and volume were
virtually zero (Table 4.14), confirming that the micropore volume was completely filled with the
loaded drug. These results are rather surprising as it was expected for the MM to show higher
microporosity, as both the TGA and FTIR analysis suggested a lower encapsulation efficiency
for this method. We hypothesize that the ibuprofen fills evenly the micropores upon encapsulation
by the SDM, meanwhile it accumulates in the entrance of the micropores for the MM (Figure
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4.60), as it has been proposed for SBA-15 silica materials loaded with itraconazole 34!, The
absence of microporosity observed by nitrogen physisorption for the melting method loaded
silicas could be explained considering that the air imprisoned within the micropores is not
removed during the outgassing. Note that the outgassing temperature used for ibuprofen-loaded
silica materials was much lower (~ 40 °C) than for the unloaded materials (~ 120 °C), to avoid
ibuprofen melting. This can lead to incomplete degassing, potentially leaving water or hexane
trapped within the pores. This presence of residual substances could affect the accuracy of
nitrogen sorption measurements, leading to underestimated surface areas and pore volumes.
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Figure 4.59. Nitrogen physisorption isotherms of a,b) ibuprofen-loaded SIHDTMS_0, and c,d) ibuprofen-

loaded SIHDTMS_10.

Table 4.14. Porosity properties of ibuprofen-loaded powder SIHDTMS_n samples. SSA = specific surface
area, V, = total pore volume, Syicro = micropore surface area, Vyicro = micropore volume. Note that these
values are much lower compared to those prior to ibuprofen loading (Table 4.11).

Sample Loading SSA Vp SMicro WMicro

p method (m%-g?) (cm* gt (m*g™") (cm’g™)
. SDM 21 0.29 0 0.00
SIHDTMS_0 MM 28 0.18 0 0.00
. SDM 33 0.29 0 0.00
SiHDTMS_10 MM 28 0.46 0 0.00
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Figure 4.60. Model of the ibuprofen location within the silica micropores in a) solvent + drying method
loaded and b) melting method loaded silica materials.

Ibuprofen was also encapsulated in the monolithic samples with conic shapes SiMonHDTMS_0
and SiMonHDTMS_10 by the SDM (see Section 3.3.13). For that, 1 mL of ibuprofen dissolved
in hexane (16.5 mg/mL) was added to a monolith inside an Eppendorf vial and allowed to
equilibrate for 15 min before drying in a stove at 30 °C until complete evaporation of the solvent.
Since monoliths weigh an average of 25 — 30 mg each, the total silica-ibuprofen mass ratio was
maintained close to 2:1. As for powder samples, the monoliths were washed with pure hexane to
remove surface-adsorbed ibuprofen. The melting method was not tested for monolithic samples
as it yielded poorer encapsulation efficiencies for powder samples and is not easily adapted to
monolithic materials since they cannot be milled to prepare solid homogeneous mixtures.

The encapsulation efficiency of ibuprofen in the silica monoliths was determined by weighting
the monoliths before and after drug loading, and considering the difference as the total amount of
ibuprofen incorporated into the monoliths. The encapsulation efficiencies were 74 + 11 % and 77
+ 6 % for SiMonHDTMS_0 and SiMonHDTMS_10, respectively. In contrast to powder samples,
the encapsulation efficiencies of the silica monoliths were about 3 to 4 times higher and showed
no significant differences between the monolith with and without porogen. This was attributed to
the monolithic shape, which reduced the external surface area in contact with the hexane bulk
solution as compared to the powder samples, hence reducing the washing efficiency.

The release profiles of ibuprofen from the loaded silica monoliths in simulated body fluid (SBF,
pH =7.4, see Section 3.1.4) at 37 °C were measured (Figure 4.61). For this, the ibuprofen-loaded
monoliths were placed in a dialysis membrane and 1 mL of SBF was added. Immediately, it was
incorporated to a flask with 20 mL of SBF, and 1 mL aliquots were taken as a function of time,
adding 1 mL of SBF after each aliquot to maintain constant the total SBF volume. To ensure sink
conditions, which require the dissolution media to dissolve more than 3 times the total amount of
drug present in the dosage form, the ibuprofen solubility in SBF was determined preparing a
saturated ibuprofen-in-SBF solution at 37 °C and measuring its concentration using UV-Vis
spectrophotometry. It was determined that ibuprofen had a solubility of 2.02 mg/mL in SBF at
pH = 7.4, which is superior to the solubility of ibuprofen in pure water (0.021 mg/mL) 54! and in
PBS pH = 7.2 (~ 1 mg/mL) ¥*1 at ca. 20 °C. Therefore, the release experiments were performed
with sufficient SBF to dissolve between 3 and 3.5 times the ibuprofen encapsulated into the
monoliths (see Sections 3.3.14 and 3.3.15).

The ibuprofen-loaded monoliths exhibited an initial burst release followed by a prolonged release
up to ~ 24 h. Both samples reached a 100 % release after approximately 24 h, indicating that no
drug was retained within the micropores, and no significant differences were observed between
the two release profiles, as the experimental error (calculated as the standard deviation)
overlapped at all measured times. This is noteworthy as the higher microporosity and lower
average pore size of SiIMonHDTMS_0 should yield slower release profiles #3%. However, as most
of ibuprofen is expected to be in the macropores, the effect of the different microporosities may
be not significant.

143



MOLECULAR SEGREGATION AT MULTIPLES SCALES IN PERYLENE-BASED SYSTEMS FOR
THE PREPARATION OF ADVANCED MATERIALS

Furthermore, it is worth noting that the error bars are rather high, especially for SiMonHDTMS_0.
This high variability may arise from factors not related to the sample itself, but to sample
processing and handling. For instance, some monoliths broke during the release and others not,
and the contact between the dissolution media and the monoliths inside the dialysis membrane
where the release was performed was not very reproducible between samples.
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Figure 4.61. Drug release profiles of SiMonHDTMS n samples. The error bars indicate the standard
deviation, calculated using 3 replicas (see Section 3.3.15).

The ibuprofen release profiles of SiMonHDTMS_n dosage forms were fitted to different kinetic
models including zero-order, first-order, Higuchi "1, and Korsmeyer-Peppas ?'¥! models using
the DDSolver software ! (see Section 3.3.15). Notably, for the Korsmeyer-Peppas model, data
was fitted only up to 60 % release, as the model is not valid for later-stage release conditions 2!,
The equations, parameters and R? coefficients of determination for each model are summarized
in Table 4.15. It was observed that both SiMonHDTMS_n samples follow first-order kinetics (R?
> 0.999), which produced the best coefficient of determination. This is typical of porous non-
swelling solids loaded with water-soluble drugs 3!3521 The fitting to the Korsmeyer-Peppas
model was also good (R? > 0.99), although this model was only applied to the initial steps of
release.

Notably, such good fitting to the first-order model suggests a Fickian diffusion-based drug
transport mechanism 33354, However, Korsmeyer-Peppas release exponents above 0.5, which is
the case for ibuprofen-loaded SiMonHDTMS_n dosage forms (see Table 4.15), are associated to
anomalous non-Fickian diffusion mechanism, whereas exponents of 0.5 indicate a purely Fickian
drug diffusion. Note that the Higuchi model is equivalent to the Korsmeyer-Peppas with a release
exponent n of 0.5. This suggests a complex drug transport behavior for SiMonHDTMS_n
materials.

It is interesting to compare the SiMonHDTMS_nr Korsmeyer-Peppas n release exponents with
those of other drug-loaded mesoporous silica materials. For example, MCM-48 (cubic), LP-la3d
(cubic, big mesopores) 3 and SBA-15 (hexagonal, big mesopores) 33, fitted to the Higuchi
model, indicating a purely Fickian drug transport. However, release exponents above 0.5
suggesting a non-Fickian diffusion have been observed for ibuprofen-loaded MCM-41 357 which
corresponds to a hexagonal silica material with narrower mesopores. This anomalous behavior
for MCM-41 was attributed to the sterically hindered free diffusion of the ibuprofen from the
narrow mesopores. Similarly, the thin aligned micro- and mesopores of SiMonHDTMS_n
materials could cause the higher Korsmeyer-Peppas release exponents. In fact, SiMonHDTMS_0,
that has narrower pores, having a higher release exponent (0.848) than SiMonHDTMS_10
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(0.793). Moreover, SIHDTMS_n materials most likely have lower pore interconnections than
MCM-41, which would favor the anomalous diffusion as well.

Table 4.15. Drug release parameters for ibuprofen-loaded silica monoliths according to zero-order, first-
order, Higuchi and Korsmeyer-Peppas kinetic models.

Parameters R? coefficient
Model Equation SiMon- SiMon- SiMon- SiMon-
HDTMS_0 HDTMS_10 HDTMS_0 HDTMS_10
Zero-order %Rel =ky -t ko=0.051 ko=0.047 R?=0.5327 R?=0.7672
First-order %Rel = 100 - (1 —e¥1't) k; =0.002 k;=0.001 R?=0.9994 R?=0.9997
Higuchi %Rel = ky - t%5 kn =2.309 kn=12.034 R?=0.9312 R?=0.9664
Korsmeyer- kkp = 0.404 kkp =0.370

%Rel = kyp - t" R?=0.9977 R*=0.9975

Peppas n=0.848 n=0.793

4.3.3 Preparation of silica-hydroxyapatite composites

One drawback of the silica monoliths described above is their poor mechanical properties. The
unloaded monoliths had to be handled carefully as they broke rather easily. This can hinder the
application of the as-prepared silica scaffolds in applications such as bone tissue engineering. One
way to improve the mechanical properties of the silica materials is to prepare composites with
other ceramic materials, as ceramics composite materials are known to improve the mechanical
properties of their individual components 3583601,

In particular, silica-hydroxyapatite composites are promising materials for several biomedical
applications. Hydroxyapatite is a naturally occurring biomineral consisting in calcium
hydroxyphosphate (Caio(PO4)s(OH)2), and is well known for being the main inorganic component
of the bone, Therefore, it is fully biocompatible and has the ability to support bone growth 611,
However, pure hydroxyapatite also presents some drawbacks that limit its application for bone
tissue engineering, such as poor mechanical properties, reduced osteogenesis and low solubility
that slows down its bone bonding rate after implantation 12,

The incorporation of silicon atoms within the hydroxyapatite matrix is known to increase its
solubility, osteogenic ability and angiogenesis 1?31, Furthermore, the Si—~OH groups present in
the silica surface promote the nucleation of hydroxyapatite [*®!, converting porous silica materials
in valuable molds for the preparation of drug-loaded composite scaffolds 267331, In this context,
we evaluated the possibility of growing hydroxyapatite in SIHDTMS_0 powder materials.

Hydroxyapatite was grown in SIHDTMS_0 by first activating the silica material with HCl/MeOH
to increase the amount of silanol surface groups and then incorporating it to a calcium solution,
favoring the adsorption of Ca’* ions in the silica surface. Finally, hydroxyapatite was formed by
adding phosphates in the Ca?*-silica aqueous suspension. In particular, calcium nitrate
tetrahydrate and disodium hydrogenphosphate were used as calcium and phosphate sources,
respectively (see Section 3.3.10.4).

The formation of silanol surface groups upon activation was evaluated by FTIR (Figure 4.62).
The FTIR spectra of SIHDTMS_0 before and after activation exhibited similar bands at 806 and
1059 cm™, corresponding to Si—O-Si groups, and the activated sample also revealed a small band
at 964 cm™, which is related to the stretching vibration of the Si—O bond in silanol groups. This
confirms that the activation process produced Si—OH groups in the silica surface.

The silica-hydroxyapatite composite was characterized by field-emission scanning electron
microscopy equipped with energy-dispersive X-ray analysis (FESEM-EDX). SEM images
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revealed a composite of entangled silica fibers in an amorphous matrix (Figure 4.63), and almost
no single fibers or single amorphous matrix agglomerates were found. Moreover, EDX
measurements confirmed the presence of Si, P and Ca in the composite structure (Table 4.16).
EDX was measured in three regions with different morphology within the sample (see Figure
4.63b): one concentrated in fibers (1), one concentrated in the amorphous matrix (2) and one with
both fibers and amorphous matrix (3), observing Si, O and Ca in all regions and P in regions 2
and 3. This indicates that the composite consists in silica fibers entangled in a hydroxyapatite
matrix, which is promising for bone tissue implants, since ceramic matrices doped with fibers are

known to exhibit excellent mechanical properties ¢!,
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Figure 4.62. a) FTIR of SIHDTMS_0 before (blue) and after (orange) activation with HCl/MeOH. b)
Selected region of the FTIR of StHDTMS_0 before (blue) and after (orange) activation.

Figure 4.63. FESEM images of different regions of the S(HDTMS_0-Hydroxyapatite composite. (1) (2) and

(3) indicated the three regions where EDX analysis were performed, selected because its different
morphology.

Table 4.16. Atomic composition of each region of the S(HDTMS_0-Hydroxyapatite composite analyzed by
EDX.

Sample region Si (atomic %) O (atomic %) Ca (atomic %) P (atomic %)
1 15.8 82.5 1.7 -
2 7.9 77.6 9.0 5.5
3 11.8 73.5 9.2 5.5

Further characterization of the porosity, mechanical properties, drug loading and release behavior,
and the osteogenic properties of this composite material will be performed in the future to evaluate
its applications for bone tissue engineering.
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4.3.4 Conclusions

Chromonic-derived hierarchical micro- and mesoporous silica fibers were prepared using a
cationic perylene diimide as template and TEOS and HDTMS as silica precursors. It was observed
that the HDTMS plays the role of porogen and favors the formation of bigger pores, reducing the
microporosity and pore ordering of the silica materials without affecting their morphology and
chemical composition. Furthermore, the porous silica materials were prepared as monolithic
structures, that take the shape of the mold where they are prepared. Both powder and monolithic
silica materials were evaluated as drug delivery systems, using ibuprofen as a model drug. It was
observed the encapsulation method and the material used affected the encapsulation efficiency of
the system, determining higher encapsulation capacity for monoliths and powder samples loaded
incorporating the ibuprofen dissolved in hexane and evaporating the solvent (soaking + drying
method). The ibuprofen release profiles of the monolithic samples in simulated body fluid (SBF,
pH = 7.4) were studied. It was determined that the ibuprofen release followed first-order kinetics
with non-Fickian diffusion, and that it was independent of the type of monolith used. Finally, the
SiHDTMS_0 powder silica fibers demonstrated to favor the growth of hydroxyapatite in presence
of Ca®* ions and phosphates, forming composite materials consisting in silica fibers embedded in
a hydroxyapatite matrix, which are promising for bone tissue repair and replacement.
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4.4 Perylene-templated N-doped hierarchically porous carbon
nanofibers as efficient supercapacitor electrode materials’

This chapter describes the synthesis of nitrogen-doped hierarchical micro/mesoporous carbon
nanofibers (CNFs) using chromonic perylene diimide (PDI) self-assemblies as templates. The
method involves the formation of a PDI-templated silica similar to the one described in the
Chapter 4.3 followed by carbonization and etching (Figure 4.64). This strategy does not require
any additional carbon or nitrogen precursor and therefore omits the associated silica-impregnation
step, since the precursor is the PDI itself. The obtained carbon nanofibers showed a high surface
area (695.2 m%*g) and a well-developed porosity with a hierarchical micro- and mesopore
structure, resulting from the high pore size and structure control of the templating method, along
with a high sp? carbon content and heteroatom (N and O) doping, coming from the PDI precursor.
This improves the CNFs’ electrical conductivity and wettability, and creates redox active sites in
the CNF surface which can promote fast reversible redox reactions and improve the
electrochemical properties of the material. Owing to these unique properties, the carbon
nanofibers were evaluated as electrode materials for supercapacitor applications, and exhibited
an excellent performance as electrical double-layer capacitors with faradaic pseudocapacitance,
in a three-electrode cell system with 1 M H,SOs as aqueous electrolyte solution. The
electrochemical system prepared with the optimal sample achieved a high specific capacitance of
251 F-g'at a current density of 1 A-g™!, with excellent capacitance retention of ~90% at a high
current density of 50 A-g~'. This indicates an efficient and fast electrolyte ion diffusion at the
electrode surface. Additionally, the system showed an outstanding cycle stability of 99% after
10000 successive charge-discharge cycles at a current density of 50 A-g~'. These results surpass
those of many commercial activated carbons such as Maxsorb. highlighting the high potential of
chromonic-derived hierarchically porous carbon fibers as electrode materials for high-
performance supercapacitors. Furthermore, the CNFs' high microporosity and heteroatom doping
prompted their evaluation as CO, adsorbents, revealing a CO» uptake of 2.02 mmol-g™" at 0 °C.
The unique properties and performance of these CNFs make them promising candidates for
various applications, while their preparation method offers advantages over electrospinning and
catalytic fabrication techniques by avoiding the use of heavy metals and organic solvents.
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Figure 4.64. Scheme of the preparation of carbon nanofibers (CNFs) using PDI-silica composite as both
carbon precursor and template.

4.4.1 Synthesis and characterization of the carbon nanofibers (CNFs)
As in Chapter 4.3, MeCatPDI (see Figure 4.64) was chosen as the chromonic template for the
preparation of templated silica fibers embedded with PDI aligned nanostripes. The silica-PDI

9 Part of the work described in this chapter was done in collaboration with the Supermolecules group,
directed by K. Ariga and L.K. Shrestha, in the National Institute for Materials Science (NIMS), in Japan.
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composite, hereinafter called SiO.PDI, was prepared following a procedure already described in
the literature ¥, Briefly, this method consisted in dissolving MeCatPDI in aqueous ammonia 25
%, adding TEOS for a final PDI/ammonia/TEOS concentration ratio of 1:50:10, and stirring this
mixture for 90 min at 25 °C and another 90 min at 70 °C, to finally recover the as-formed
precipitate with vacuum filtration and washing it with a large amount of water. Similar to the PDI-
silica composites obtained in Chapters 4.1 and 4.3, the precipitate was completely red and the
washing water was transparent, suggesting that the amount of lost MeCatPDI is negligible, and
thus, approximately all MeCatPDI was captured inside the silica framework.

In contrast to the previous chapters, where the silica-PDI composites were calcined to remove the
organic phase and obtain microporous silica, here the composite was carbonized in an inert
nitrogen atmosphere to convert the organic PDI in carbon nanofibers, which were recovered by
removing the silica template with a basic etching solution that dissolved SiO». A total of four CNF
samples were prepared varying the carbonization temperature (900 — 1100 °C) and the etching
agent (NaOH 1 M or KOH 1 M). These samples are named as CNF-PDI_N900, CNF-PDI_N1000,
CNF-PDI_N1100 and CNF-PDI_K900, where the letter and the number indicate the etching agent
(N for NaOH and K for KOH) and the carbonization temperature, respectively.

Besides the already discussed properties of MeCatPDI associated to its rich chromonic behavior
(1003701 "re]atively low-cost and superior templating capacity to form silica fibers with high aspect-
ratio "% this PDI also has a high amount of sp? carbon atoms within its structure (63 % of the
total carbon) and presents a significant number of heteroatoms (8 wt% nitrogen and 9 wt%
oxygen), that can increase the conductivity, the wettability and the heteroatom doping of the final
CNFs, which is beneficial for electrochemical energy storage applications 72371374 Moreover,
a thermogravimetric analysis (TGA) of MeCatPDI in a nitrogen atmosphere demonstrated that
the selected PDI is a good carbon precursor that provides a 33 % carbon yield (Figure 4.65) after
carbonization. Additionally, it simultaneously serves as a structure-directing agent and a carbon
source, thus avoiding an extra impregnation step of the silica with a carbon source, such as
furfuryl alcohol or sucrose, in the synthesis. Furthermore, there is no need to consume a sacrificial
surfactant, which is calcined to form pores, to be subsequently filled with a carbon precursor #73,
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Figure 4.65. TGA of MeCatPDI in a nitrogen inert atmosphere. Protocol: heating from 20 to 1000 °C at 5
°C/min and leaving the sample 30 min at the maximum temperature.

Both SiO,PDI (the material before carbonization) and the CNF-PDIs were characterized by SAXS
(Figure 4.66). SiO,PDI showed two broad peaks at ~2.8 and ~4.8 nm™!, which are at a 1:3 ratio,
suggesting a hexagonal structure, as evidenced by previous TEM observations [, Interestingly,
the repetition distance of the SiO,PDI material calculated with Eq. 2 is around 2.2 nm, equivalent
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to a pore wall thickness of 0.8 nm, significantly thinner than those of the (PEG,).PDI templated
silica described in the Chapter 4.1. This was attributed to the effect of the PEG chains in widening
the silica pore walls. Differently, none of the prepared CNF-PDIs (materials after carbonization
and etching) showed any resolved peak in the SAXS spectra, which suggests the loss of the
hexagonal structure. This may result from a lack of interconnections between the perylene aligned
nanostripes in the silica-perylene composite material that prevented the formation of carbon
bridges between the fibers, thus making the hexagonal structure collapse during the etching step.
In fact, the importance of the pore interconnections in the silica host material for the preservation
of the template structure has been widely assessed in the literature 5*37°!, For example, Ryoo et
al. B771 described the formation of a cubically ordered mesoporous carbon material (CMK-1)
obtained using the /a3d cubic aluminosilicate MCM-48 as the template and sucrose as the carbon
source. Interestingly, CMK-1 cubic structure was not exactly the same as that of MCM-48, as it
consisted in a [4;/a structure rather than a la3d. Instead, when using the MCM-48 as template but
impregnating with the carbon source by chemical vapor deposition, the la3d structure was
retained 78, Another revealing example is the synthesis of carbon materials from MCM-41 37
and SBA-15 Y silica templates. Both silica materials are formed by hexagonally arranged, one-
dimensional cylindrical pores. However, meanwhile there is no pore interconnections for MCM-
41, small micropores connect the aligned pores in SBA-15 *8%, Consequently, only the carbon
replica materials obtained from SBA-15 (known as CMK-3) retained the hexagonal parent
structure. The reason why SBA-15 presented more pore interconnections than MCM-41 results
from SBA-15 being prepared using a PEO-PPO-PEOQ triblock copolymer (Pluronic P123), whose
polyethylene oxide (PEO) chains penetrate within the silica walls during the synthesis, forming
bridging micropores upon calcination 25321,

Interestingly, despite the CNF-PDIs described herein do not maintain the parent silica structure,
the (PEG.):PDI templated silica described in Chapter 4.1 could allow the preparation of ordered
carbon materials that preserve the initial structure. Note that MCM-41 and SBA-15 structures are
hexagonal, i.e. similar to that of the chromonic PDI templated silica. Still, the absence of a
hexagonal structure in CNF-PDIs does not necessarily mean that these materials are not porous,
hence further characterization with electron microscopy and nitrogen-sorption is required to
determine if CNF-PDIs are promising for electrochemical applications. Actually, Magana et al.
recently reported silica-templated carbon materials, using furfuryl alcohol as carbon source which
showed high surface area and superior electrochemical energy storage behavior despite not
preserving the parent silica structure !,
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Figure 4.66. SAXS patterns of the silica and CNF-PDI materials. Two broad peaks with relative positions
13 appear for SiO>PDI, indicating a hexagonally ordered structure in the non-carbonized sample.
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The four prepared CNF-PDIs and SiO,PDI samples were further characterized by electron
microscopy. Low-resolution SEM images showed that SiO,PDI samples are constituted by long
silica fibers (Figure 4.67a), as it has been described in the literature %4, Also, low-resolution
SEM demonstrated the absence of fibers for CNF-PDI_N1100 (Figure 4.67b,c). Instead, an
amorphous material (Figure 4.67c) was obtained. This can be attributed to a collapse of the fibrous
structure at the very high temperature used (1100 °C) during the carbonization. Note that the low-
resolution SEM image of the carbonized silica-carbon composite material before etching only
showed few fibers, being most of them broken into small pieces (Figure 4.67b). Consequently, it
was concluded that 1100 °C is a too high temperature. Thus, CNF-PDI_N1100 was not further
studied, since the main objective of the experiments was to produce carbon nanofibers.

Field-emission SEM observations with higher resolution confirmed the fibrillar structure of CNF-
PDI_N900, CNF-PDI_N1000 and CNF-PDI_K900 (Figure 4.67d-f). The three samples consisted
in long entangled carbon nanofibers with high aspect ratio and diameters between 100 and 500
nm. Besides, HR-TEM images showed the presence of disordered pores in the CNF-PDI fibers
(Figure 4.67g-1), with an absence of stacked graphene layers, pointing to a lack of crystalline
graphite in the structure of CNF-PDIs.

Figure 4.67. Low-resolution tabletop SEM images of a) SiO2PDI, b) Silica—-CNF-PDI_N1100 composite
before etching, and c¢) CNF-PDI_NI1100 after etching. A loss of the fibrillar structure can be clearly
observed. High-resolution FESEM images of d) CNF-PDI_N900, ¢) CNF-PDI_N1000 and f) CNF-
PDI_K900. HR-TEM images of g) CNF-PDI_N900, h) CNF-PDI_N1000 and i) CNF-PDI_K900. Inset g —
i) Zoom-in of selected regions, showing small disordered pores.
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X-ray diffraction (XRD) and Raman scattering were used to confirm the absence of crystalline
graphite in the prepared CNFs. XRD (Figure 4.68a) showed two broad bands at ~26 ° and ~44 °,
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corresponding to the (002) and the (100) graphite planes, respectively. However, no sharp peaks
expected from graphite with high crystallinity were observed, which suggests that the CNF-PDI
materials are composed of amorphous disordered graphene layers 811, Notably, the XRD (002)
band, which corresponds to stacked graphite layers, gets sharper at lower carbonization
temperatures, which suggests a reduced number of defects at lower carbonization temperatures.
The (002) XRD signal seems to contrast with the absence of stacked graphite layers inferred by
HR-TEM. A possible explanation for this is that the CNF-PDI samples are disordered
conglomerates of small nanocrystallites. This structure, denoted as turbostratic %%, is an
intermediate structure between crystalline graphite and amorphous carbon. It is caused by a high
number of defects within the graphitic carbon structure, which produces misalignment between
the stacked graphene nanosheets, resulting in a broadening of the XRD graphite peaks 821,

The Raman scattering spectra (Figure 4.68b) exhibited the usual graphite band at 1582 cm™, also
known as G-band, and another prominent band at around 1350 cm™!, also called D-band, which
is assigned to a disordered graphite structure with a high number of defects. The presence of both
G and D bands along with the absence of a third band at ~2700 cm’', corresponding to the so-
called 2D or G’ band, which commonly appear for highly crystalline materials, confirm the
graphitic nature of the synthesized CNFs with a disordered structure and a high defect
concentration (turbostratic). Moreover, analyzing the ratio between the G and D bands (Ic/Ip),
values above 1 are determined for the three CNF-PDIs (1.10 for CNF-PDI_K900, 1.07 for CNF-
PDI_N900 and 1.04 for CNF-PDI_N1000). Such a ratio is typically used to quantify the defect
concentration present in carbon materials such as carbon nanofibers or carbon nanotubes 33,
Interestingly, ratios above 1 indicate a graphitic nature of the materials, meanwhile below 1
suggest a very high number of defects 33435, Herein, the I/Ip values are close to this critical
value and decrease as carbonization temperature increases, hence confirming the results inferred
from HR-TEM and XRD. A similar behavior has been reported for biomass derived carbon
materials, whose ratio decreased, and hence the defect concentration rose, as carbonization
temperature was increased from 600 °C to 1000 °C 3861,
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Figure 4.68. a) XRD patterns, and b) Raman scattering spectra of CNF-PDI_K900, CNF-PDI_N900, and
CNF-PDI_N1000 samples. I¢/Ip represents the ratio between the Raman G and D bands.
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Notably, the porous amorphous carbon nanofibers described herein are obtained by an organic
solvent-free method and in the absence of heavy metals, contrary to other typical methods for the
fabrication of CNFs such as electrospinning 387-%1 and chemical vapor deposition (CVD) %,
Consequently, the templating method appears as a greener alternative to those conventional

techniques.

Besides the aqueous synthesis and the absence of toxic heavy metals, one of the main advantages
of the templating method is the high control over the CNF pore size and structure 31321,
Physisorption measurements were performed (Figure 4.69) to obtain new insights of the surface
area, pore dimensions and pore volumes of the CNF-PDI materials. The nitrogen adsorption-
desorption isotherms of all the samples displayed a significant nitrogen uptake at low relative
pressures and gradual increase in nitrogen uptake at higher relative pressures. Particularly, CNF-
PDI_N900 sample exhibited a characteristic Type-IV adsorption isotherm (Figure 4.69a), with a
distinct hysteresis loop at relatively high pressures, indicating the presence of hierarchically
micro- and mesopore structures within the sample. This observation is further supported by the
pore size distribution profiles through the density functional theory, or DFT (Figure 4.69b), and
BJH methods (Figure 4.69c). The three CNF-PDI materials showed similar micropore widths
between 0.55 and 0.6 nm, and mesopore diameters between 3.1 and 3.7 nm (Table 4.17). The
micropore diameter (~0.6 nm) is slightly thinner than the parent silica pore wall thickness (~ 0.8
nm, as revealed by SAXS, Figure 4.66), suggesting a shrinking of the SiO,PDI structure during
the heat treatment. Note that CNF-PDI micropores result from the silica etching and hence should
present similar dimensions to the parent silica pore wall thickness. Moreover, the total pore
volumes, calculated from the last point of the isotherms (P/Po = 0.99) were of 0.455 (CNF-
PDI_K900), 0.671 (CNF-PDI_N900) and 0.453 cm* g~! (CNF-PDI_N1000).
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Figure 4.69. a) Nitrogen sorption isotherms of CNF-PDI_K900, CNF-PDI_N900, and CNF-PDI_N1000,
and b) the corresponding pore size distribution profiles obtained from the DFT method and c) pore size
distribution from the BJH method.

The specific surface areas (SSA) of the different CNF-PDIs (as shown in Table 4.17) were
calculated with the BET model, from the adsorption isotherm at low pressures. All BET linear
fits had coefficients of determination (R?) above 0.9999, confirming the reliability of the results.
The BET surface areas of CNF-PDIs demonstrated a considerable increase depending on the
etching agent, from 392 m? g™! for CNF-PDI_K900 to 695 m* g™ for CNF-PDI_N900, and a
slight decrease to 602 m* g™ for CNF-PDI_N1000, when the temperature was increased. This
slight reduction in the surface area at higher temperatures is generally attributed to a pore
disruption. The unexpectedly low surface area of CNF-PDI_K900 was attributed to sintering and
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blocking of the micropores by remaining non-etched silica or salt. Note that CNF-PDI_K900 has
a similar total pore volume to CNF-PDI_N1000 but a much lower surface area, indicating a
reduced microporosity for this sample. Additionally, it is worth noting that KOH and NaOH, used
as silica etching agents in the CNF synthesis, are commonly employed for the chemical activation
of carbon, which not only generates additional microporosity but also introduces various chemical
species on the carbon surface 3%,

Table 4.17. Porosity properties of PDI-CNFs samples. SSA = specific surface area, V, = total pore volume,
W, = pore width obtained from the DFT method, D, = average mesopore diameter obtained from the BJH
method.

Sample SSA v, W, D,

(m> g™ (cm’ g) (nm) (nm)
CNF-PDI_K900 392 0.46 0.60 3.1
CNF-PDI_N900 695 0.67 0.55 3.7
CNE-PDI_N1000 602 0.45 0.57 33

TGA in oxygen atmosphere (Figure 4.70) showed the formation residue corresponding to the 7
wt% that persisted even at 600 °C. This finding suggests that the silica is not completely etched
and/or there are some remanent inorganic species adsorbed on the carbon material, which may
cause micropore blocking and a decrease in the accessible surface area. The presence of residual
silica after the etching has been also reported in previous works 163392341 Additionally, TGAs
showed a slight weight loss at ~80 °C, which could result from adsorbed water. Notably, the pH
of resuspended CNF-PDIs in water was almost neutral (approximately 7.5), which indicates that
any remanent of the etching agents (NaOH and KOH) should be in form of COONa or COOK on
the carbon surface, but not as free basic hydroxide remaining in the sample, which would cause a
much more basic pH. All these results confirmed that the highest porosity is achieved by
carbonizing at 900 °C and etching with NaOH.
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Figure 4.70. TGA of a) CNF-PDI_K900, b) CNF-PDI_N900 and c) CNF-PDI_N1000 in oxygen
atmosphere.
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It can be expected that the CNF-PDI materials have a relatively high heteroatom, namely nitrogen
(N) and oxygen (O) doping, because of the high heteroatom (N and O) content of the PDI and the
etching with NaOH/KOH. XPS and FTIR analysis were used to reveal the heteroatom
concentration and composition of the synthesized carbon nanofibers.

XPS analysis revealed the presence of nitrogen and oxygen on the surface of the CNF-PDIs, with
concentrations of approximately 2.5 % and 16 %, respectively (Figure 4.71). Upon careful
examination, it was observed that the sample carbonized at higher temperature (CNF-
PDI_N1000) exhibited a lower N-doping (Figure 4.71a). These relatively high concentrations of
heteroatoms are expected to enhance the wettability and dispersibility of CNF-PDIs in water 1¥°5
37 "and contribute to an increased the electrochemical energy storage capacity of the materials in

supercapacitor devices 3784001,

The high-resolution XPS C 1s spectra of the CNF-PDIs were deconvoluted into four different
peaks centered at approximately 284.1, 284.5, 285.7, and 289.1 eV that correspond to C=C (sp?),
C-C (sp*), C-N (sp’) and C=0 bonds, respectively (Figure 4.71b). The XPS N 1s spectra were
deconvoluted into three peaks at 398.1, 400.2, and 401.8 eV, representing pyridinic, pyrrolic and
graphitic nitrogen, respectively (Figure 4.71c). Interestingly, while the intensity of the pyridinic-
N peak is similar for all CNF-PDIs, the ratio between pyrrolic-N and pyridinic-N peaks was the
highest for CNF-PDI_N900 (~1.35) compared to CNF-PDI_N1000 and CNF-PDI_K900 (~1.20),
suggesting a higher formation of pyrrolic moieties for this sample. The graphitic-N peak intensity
was the lowest for all samples. It is important to note that N-doping of carbon fibers in this case
1s endogenous and occurs in-situ during the carbonization of MeCatPDI. Similarly, the XPS O 1s
spectra of the carbon fibers were deconvoluted into three peaks centered at 530.3, 531.9, and
533.2 eV corresponding to the C=0, O—(C=0)-C and O-C-O bonding states of oxygen,
respectively (Figure 4.71d). Briefly, the three CNF-PDI materials showed a rich heteroatom
content, coming from the nitrogen and oxygen moieties of MeCatPDI, and from the basic etching
agents.
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Figure 4.71. a) XPS survey spectra of CNF-PDI nanofibers, b) corresponding XPS C 1s spectra with the
deconvoluted peaks, c) XPS N Is spectra with the deconvoluted peaks and d) XPS O 1s spectra with the
deconvoluted peaks.

Baseline-corrected FTIR spectra (Figure 4.72) provided further confirmation of the presence of
C—X (X = C, N, O) bonds !, Several characteristic bands were observed in the spectra. The
wide band around 3300 cm™' was attributed to the stretching modes of O—H, which is typical of
water, and N-H bonds. Two small sharp bands at 2915 and 2870 cm™" were assigned to C-H
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stretching modes. Additionally, a small and broad band appeared at 1800 cm™, suggesting the
presence of C=0 stretching modes of carboxylic groups. Two overlapped strong bands appeared
at approximately 1550 and 1450 cm™, suggesting the presence of C=X (X = C, pyridinic-N) and
C-C stretching modes, respectively. Another group of overlapped prominent bands in the range
from 1100 to 1250 cm™ indicated the existence of C—X (X = N, O) groups. Two weak bands at
950 and 850 cm™ were attributed to O-H and N-H out-of-plane deformation vibrations,

respectively 402,

Notably, for CNF-PDI_N900, the overlapped bands between 1050 and 1250 cm™ were stronger
compared to the other carbons, particularly at 1100 cm™. This was attributed to C-O—C groups
and, especially, pyrrolic-N moieties on the carbon surface %%, It is worth noting that pyridinic-N
produces a FTIR signal at 1550 cm™, and its intensity is very similar for all CNF-PDIs, and the
graphitic-N FTIR fingerprint (1330 cm™) is absent in the three studied materials. This supports
the conclusions drawn from XPS regarding N-doping, and confirms the higher amount of
pyrrolic-N for CNF-PDI_N900. Interestingly, some reports have suggested that pyrrolic-N may
have more beneficial effect than pyridinic-N for high-performance supercapacitors %4,
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Figure 4.72. FTIR of CNF-PDI_K900, CNF-PDI_N1000 and CNF-PDI_N900. The main bands are
labelled. Note that the spectra of CNF-PDI_K900 and CNF-PDI_N1000 have been vertically shifted to
facilitate visualization.

The high concentration of heteroatoms (N and O) and polar functional groups such as C=0, O-
(C=0)—C or pyrrolic- and pyridinic-N facilitated the dispersion of CNF-PDIs in water. In fact,
this high water-dispersibility permitted the straightforward fabrication of carbon films by drop-
casting a dispersion of these materials in water onto a glass substrate, and flattening it with a
roller. The resulting films were prepared with the CNF-PDIs before the lyophilization step (after
the washing, see a more detailed synthetic method in Section 3.3.18), where a viscous black ink-
like dispersion of the CNFs was obtained. The resistivity of the films was measured with a digital
multimeter. It was found that the samples carbonized at higher temperatures (1000 and 1100 °C)
were significantly more electrically conductive than those prepared at 900 °C, which displayed a
quite poor electrical conductivity (Table 4.18). In order to ensure that the prepared CNFs are
electrically conductive materials, which is required for supercapacitor applications,
carbonizations temperatures below 900 °C were not used. The results obtained by carbonizing at
900 and 1000 °C are promising for the formulation of colloidal CNF aqueous dispersions, such
as conductive inks for printed electrodes %! or CNF-polymer composites for solar cells 1401,
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Table 4.18. Resistivity of the CNF-PDI films. The measurements were performed with the multimeter set at
the 200 M resistivity mode. The distance between the two electrodes was approximately 1 cm.

Sample Resistivity (M)
CNF-PDI_K900 16.1
CNF-PDI_N900 324

CNF-PDI_N1000 4.5
CNF-PDI_N1100 14

To further evaluate the CNF-PDIs dispersibility, diluted dispersions of CNF-PDI_N900 were
prepared in several solvents, including water, aqueous 100 mM NaCl solution, dimethyl
formamide (DMF), chloroform and toluene. The dispersion process involved stirring the samples
overnight followed by ultrasonication using an ultrasound bath for 15 min and with an ultrasonic
tip (with 5-second pulses) for 1 min. The ability of carbon-based materials to disperse well,
particularly in water, is crucial for their bio-applications, as it allows the preparation of films and
coatings under mild conditions and using non-toxic solvents 3934071,

Visual observation of the dispersions (Figure 4.73), indicated that DMF exhibited the best
dispersibility for CNF-PDIs, which is consistent with previous findings about carbon nanotubes
14981 'Chloroform also showed relatively good capacity to disperse CNF-PDI_N900. Interestingly,
the sample displayed good dispersibility in water, as confirmed by Turbiscan analysis (Figure
4.74). The Turbiscan Stability Index (TSI), which enables the comparison of the stability of
different samples, was rather low during the first hours. Additionally, the increase on the
transmittance was moderate. This suggests a slow and progressive sedimentation of the carbon
sample, indicating that CNF-PDI_N900 can remain dispersed in water for at least few hours. In
contrast, the 100 mM NaCl solution and toluene could not disperse CNF-PDI_N900, which was
attributed to the presence of polar groups on the carbon surface.
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Figure 4.73. Colloidal stability of CNF-PDI_N900 dispersed in different solvents.
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Figure 4.74. Variation of a) transmittance and b) TSI values with time for CNF-PDI_N900 suspended in
water. The sample was measured every hour during the first 24 hours and every 12 hours for the following
three days.

In summary, CNF-PDI materials consist in disordered graphitic high aspect-ratio porous carbon
nanofibers with high surface area and hierarchical micro- and mesopores. Furthermore, the CNFs
show a high amount of sp* carbon and are doped with nitrogen (~2.5 %) and oxygen (~16 %),
which gives them a high wettability and dispersibility in water and other solvents such as DMF
and chloroform.

This combination of properties makes CNF-PDIs promising candidates as electrode materials for
supercapacitors 1664094101 “Aq described in Section 1.3.4, supercapacitors are high-capacity
devices with low internal resistance capable of storing energy by forming an electric double layer
on the electrode-electrolyte interface upon the application of a voltage. Since the energy storage
occurs at the electrode-electrolyte interface, high surface area materials are required to improve
the total specific capacitance of the device. Also, supercapacitors are intended to work as ultrafast
charging/discharging devices, hence having hierarchical micro- and mesopores and a high
wettability is vital for the electrolyte to penetrate to the electrode surface rapidly and facilitate

rapid charge/discharge of the device in a short time 1],

Moreover, the presence of N-doping within the carbon framework induces the formation of
electrochemically active sites that promote fast and reversible redox reactions, thus increasing the
total specific capacitance of the material without affecting other unique properties of
supercapacitors such as the long-life cycle or the fastness on charging/discharging #12413],
Additionally, nitrogen functionalities have a free electron-pair that can work as a Lewis base,
which along with the large surface area and microporosity, convert CNF-PDIs in promising
materials for the capture of Lewis acids such as carbon dioxide ¥, Both the electrochemical
properties and CO, capture capacity of CNF-PDIs are addressed in the following sections.

4.4.2 Electrochemical energy storage evaluation

The electrochemical energy storage (EES) properties of the prepared CNF-PDIs were evaluated
in a three-electrode system with aqueous 1 M H»SOs as electrolyte solution. CNF-PDIs were
deposited onto a clean glassy carbon electrode, which was used as the working electrode.
Ag/AgCl and a Pt wire were used as reference and counter electrode, respectively. Cyclic
voltammetry (CV), chronopotentiometry (galvanostatic charge discharge or GCD) and
electrochemical impedance spectroscopy (EIS) were measured (see Section 3.3.17).

CV curves of CNF-PDI_K900, CNF-PDI_N900, and CNF-PDI_N1000 samples were obtained at
a constant scan rate of 5 mV-s™! (Figure 4.75a). These curves exhibited quasi-rectangular shapes,
which are indicative of an electrical double-layer charge storage mechanism. However, there was
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a deviation from the ideal rectangular shape due to the presence of broad symmetric peaks in the
range of 0.3 to 0.45 V. These peaks were attributed to surface redox reactions caused by the
presence of heteroatoms (N and O) in the carbon fibers ['"!!, Significantly, these electrochemical
processes occurring in the surface of the carbon electrode may be either of capacitive or battery-
like nature depending on the kinetics of the process, which is diffusion-limited for battery-like
materials but it is not for capacitive materials. Making a proper differentiation between faradaic
capacitive materials (pseudocapacitors) and battery-like materials is vital as the calculation of
electrochemical parameters such as capacitance or capacity highly depend on a proper
classification of the materials, i.e., determining the capacitance is only correct for capacitive (and

pseudocapacitive) devices, meanwhile capacity should be calculated for batteries [7817],

The CV curves of CNF-PDIs at higher scan rates (Figures 4.75b-d) can help to properly
discriminate between batteries and pseudocapacitors. Such curves revealed that the quasi-
rectangular shape was maintained even at high scan rates (500 mV-s™) for the three materials,
which should occur for capacitive-like materials. Nevertheless, there are some significant
differences in the CV curves depending on the CNF-PDI used. For CNF-PDI_N900, the CV curve
shape was retained with almost no alterations from 5 to 500 mV-s~!, which is ideal for capacitive
materials (Figure 4.75c). However, both CNF-PDI_K900 and CNF-PDI_N1000 (Figure 4.75b
and d, respectively) showed rounding of the CV curves at the beginning of the charging and
discharging, which is non-ideal and results from an increase on the internal resistance of the
system and suggests a low capacitance retention at high scan rates 4134161,
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Figure 4.75. a) Comparison of the CV profiles of CNF-PDIs carbon materials at fixed scan rate of 5 mV
s, and the corresponding CV profiles of (b) CNF-PDI_K900, (¢) CNF-PDI_N900, and (d) CNF-
PDI_N1000, at different scan rates from 5 — 500 mV s at25°C.

Furthermore, broad symmetric faradaic peaks in the CV curves suggest a pseudocapacitive
behavior, meanwhile for batteries the peaks should be sharper and asymmetric. Notably, the three
materials tested herein manifested broad symmetric peaks at low and high scan rates, hence
suggesting a capacitive behavior. In fact, in Table 4.19, the values of the voltage at the center of
the faradaic peaks for the three samples at all the scan rates tested are shown, observing that there
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is almost no displacement in such voltage (AV) for CNF-PDI_N900 between its charging and
discharging curves, confirming its highest capacitive behavior among the prepared CNFs.

Studying the kinetics of the charge storage mechanism is the key for the differentiation between
pseudocapacitive and battery materials. This is accomplished by studying the relation between
the current density and the scan rate, that is generally expressed as !'79417:4181;

i=a-vP (Eq 21)

Where i is the current density (A-g™), v is the scan rate (mV-s™') and a and b are parameters that
define the kinetics of the systems. Particularly, the kinetics are generally described by b. For
pseudocapacitor materials, b should be close to 1, hence showing a linear relationship between
the current density and the scan rate; meanwhile batteries show b values of 0.5, making the current
density proportional to the square root of the scan rate.

In Table 4.19 the values of current density at the maximum (and minimum) of the discharging
(and charging) CV curves at all scan rates tested are shown. Note that this maximum corresponds
to the center of the broad peak caused by the redox reactions. By plotting such current density
values as a function of the scan rate (Figure 4.76), b values very close to 1 are obtained for CNF-
PDI_N900 (0.98 charging, 0.98 discharging) and CNF-PDI_N1000 (0.94 charging, 0.95
discharging) in both the charging and discharging processes, meanwhile CNF-PDI_K900
exhibited a lower b value of 0.86 and 0.81 from the charging and discharging curves, respectively.

Summarizing, the CV curves shape, symmetry and the determined kinetics demonstrate the
pseudocapacitor behavior of CNF-PDIs, specially for CNF-PDI_N900 (b = 0.98). On the other
hand, CNF-PDI_K900 show the highest deviations from an ideal pseudocapacitor material and
its b values suggest partially diffusion-limited processes, which may result from its decreased
surface area, reduced microporosity and partial pore blocking. Still, the prepared CNF-PDIs-
based three-electrode systems behave as pseudocapacitors rather than batteries, and will be treated
from now on as capacitive devices.

Specific capacitances (Cy) of the CNF-PDI materials were calculated from the CV curves with
Eq. 17, as explained in Section 3.3.17. Accordingly, samples with a higher total integral current
(ljaradaic, from Table 4.19) should show higher specific capacitances. Consequently, CNF-
PDI_N900 is expected to give the highest specific capacitance among the samples studied,
meanwhile CNF-PDI_K900 should provide the lowest specific capacitance.

Using Eq. 17 with the CV curves at 5 mV-s™! (Figure 4.75a), the calculated C; are ca. 280 F-g!
for CNF-PDI_N900, 206 F-g~! for CNF-PDI_N1000 and 167 F-g~! for CNF-PDI_K900. Notably,
the specific capacitance of the optimal sample (CNF-PDI_N900) is better than many commercial
activated carbons #134194201 (gee Table 4.22, at the end of the chapter) and is close to that of
commercial Maxsorb (334 F-g™) %! which is commonly used as reference.

Specific capacitances (Cy) at higher scan rates were also calculated with Eq. 17 (Table 4.20). As
expected, Cs decreased with an increase in the scan rate (Figure 4.77a). This behavior can be
attributed to the influence of micropores on energy storage. Typically, lower scan rates allow
sufficient time for mass transfer and ion penetration into the micropores, resulting in higher
specific capacitances. However, with an increase in the scan rate, the time for electrolyte ion
transfer to the micropores decreases due to a rapid change in the potential, and hence the ion
penetration decreases as well. Consequently, C; is reduced. Despite this, CNF-PDI_N900 shows
an excellent rate capability, retaining about 90 % of capacitance (252 F-g™') at the high scan rate
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of 500 mV-s~!, considering that the maximum capacitance is that obtained at the slowest scan rate
(5 mV-s71). In contrast, the rate capabilities of CNF-PDI_K900 and CNF-PDI_N1000 are 47 %
(78 F g and 77 % (159 F-g™") at 500 mV s, respectively (Figure 4.77b). Noteworthy,
commercial Maxsorb presents a much lower rate capability of 22 % (73 F-g™) at 50 mV-s™' 419
which demonstrates the high potential of CNF-PDIs for supercapacitor devices.

Table 4.19. Data extracted from the CV curves of the CNF-PDI based electrode systems. Viyeqox represents
the voltage of the charging and discharging curves at which the redox reaction takes place. AV is the
increment between the charging and discharging redox potentials. Values close to 0 indicate highly
symmetric CV curves. i is the maximum (or minimum) current density of the charging (or discharging) CV
curves, i.e. the current density at the center of the broad band caused by the redox reactions.

Vivedox Vivedox i [
Material f;a\rllrﬁs (charging) (discharging) AV (V) (charging) (discharging)
V) (V) (Ag)) (A g
5 0.41 0.31 -0.10 1.1 -1.5
10 0.41 0.30 -0.11 2.2 -2.6
20 0.41 0.29 -0.12 4.1 -4.7
50 0.41 0.26 -0.15 9.0 -10.9
CNF- 80 0.41 0.25 -0.16 13.3 -14.6
PDI_K900 100 0.41 0.25 -0.16 16.0 -17.5
200 0.41 0.25 -0.16 27.7 -30.0
300 0.42 0.25 -0.17 38.2 -41.3
400 0.43 0.25 -0.18 48.0 -51.8
500 0.44 0.25 -0.19 57.4 -61.8
5 0.38 0.38 0.00 2.1 2.2
10 0.38 0.37 -0.01 4.2 -4.4
20 0.38 0.36 -0.02 8.3 -8.7
50 0.38 0.36 -0.02 20.5 -21.5
CNF- 80 0.39 0.35 -0.04 32.5 -34.3
PDI_N900 100 0.39 0.35 -0.04 40.5 -42.3
200 0.39 0.34 -0.05 79.7 -83.9
300 0.40 0.33 -0.07 117.9 -124.3
400 0.41 0.32 -0.09 155.5 -163.9
500 0.41 0.31 -0.10 192.3 -202.8
5 0.38 0.34 -0.04 1.5 -1.6
10 0.38 0.34 -0.04 2.9 -3.1
20 0.38 0.33 -0.05 5.7 -6.1
50 0.38 0.32 -0.06 13.7 -14.6
CNF- 80 0.38 0.30 -0.08 21.3 -22.9
PDI_N1000 100 0.39 0.30 -0.09 26.2 -28.4
200 0.40 0.28 -0.12 49.2 -54.1
300 0.40 0.26 -0.14 70.7 -78.3
400 0.42 0.25 -0.17 90.5 -101.6
500 0.42 0.24 -0.18 109.6 -123.9
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Figure 4.76. Plot of the current density (i) as a function of the scan rate at the maximum intensity of the
redox peak of the a) charging and b) discharging CV curve. The data were fitted to power laws. The
exponents (marked in bold) represent the b value, which are 0.98 (charging) and 0.98 (discharging) for
CNF-PDI_N900 (red), 0.94 (charging) and 0.95 (discharging) for CNF-PDI_1000 (blue) and 0.86
(charging) and 0.81 (discharging) for CNF-PDI_K900 (black).

The exceptional rate capability of CNF-PDI_N900 can be attributed to two key factors. Firstly,
the hierarchical structure of micro- and mesopores that facilitates electrolyte diffusion, and
secondly, the presence of heteroatoms, which give a high wettability to the carbon material and
promote the formation of fast and reversible pseudocapacitive redox reactions.

CNF-PDI_N1000 also exhibits a good rate capability, although slightly lower compared to CNF-
PDI_N900. This was attributed to the decreased surface area and lower heteroatom doping caused
by the higher carbonization temperature, which suggests that these two parameters are relatively
more important than electrical conductivity for a high supercapacitor performance, as proposed
previously 163,

In contrast, the low rate capability of CNF-PDI_K900 is attributed to the absence of hierarchical
a micro- and mesopores structure and to the reduced microporosity. Furthermore, the electrolyte
mass transport to the electrode surface may be slower due to the presence of K*ions on the carbon
surface in the form of COOK and residual silica, which may block some pores and cause an
sluggish mass transport and hinder charge storage performance. Overall, there is a strong
correlation between the charge storage performance of the carbon fibers and their surface textural
properties, including surface area, heteroatom doping, and pore structure.

Additionally, it is important to note that C; were calculated from the total area of the CV curves,
which include both charging and discharging processes. In the non-ideal situation in which the
discharging capacitance is lower than the charging capacitance (energy efficiency < 100 %), the

values shown in Table 4.20 could be overestimating the real specific capacitance of the system
[179,421]
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Table 4.20. Specific capacitances (Cs) of the CNF-PDIs calculated from the CV curves (charging and
discharging) at different scan rates (5 to 500 mV-s™). The values between parenthesis correspond to the
rate capability.

Specific capacitance (F-g)

Scan rate (mV-s) CNF-PDI_K900 CNF-PDI_N900 CNF-PDI_N1000
5 167 (100 %) 280 (100 %) 206 (100 %)
10 155 (93 %) 275 (98 %) 199 (97 %)
20 143 (86 %) 270 (97 %) 194 (94 %)
50 126 (75 %) 265 (95 %) 187 91 %)
80 116 (69 %) 263 (94 %) 183 (89 %)

100 111 (67 %) 262 (94 %) 181 (88 %)
200 96 (58 %) 258 (92 %) 173 (84 %)
300 88 (53 %) 255 (91 %) 168 (82 %)
400 82 (49 %) 253 (91 %) 163 (79 %)
500 78 (47 %) 252 (90 %) 159 (77 %)
a) 300 ———— b) .
CNF-PDI_N300 100

%o
%} O —0—0—0—¢ |
"o 2001 CNF-PDILN1000 80}
[T
T
(&)

150 - 1 40F
—O— CNF-PDI_N900
100 - CNF-PDI_K900 | oof  —4— CNF-PDI_N1000
—i— CNF-PDI_K900

L L 1 1 1 1 0 1 1 1 L 1 1
0 100 200 300 400 500 0 100 200 300 400 500
Scan rate (mVs™) Scan rate (mV s™)

80

C, retention (%)

Figure 4.77. a) The calculated C; from the CV curves at different scan rates, and b) the corresponding Cs
retentions.

Galvanostatic charge-discharge (GCD) curves of the CNF-PDIs were also recorded at current
densities between 1 and 50 A-g™' (Figure 4.78). The GCD curves at 1 A-g™! exhibited a quasi-
triangular shape (Figure 4.78a), which is characteristic of an electrical double-layer energy
storage mechanism. Slight deviations from the ideal triangular shape appear as both the charge
and discharge curves show a sinusoidal-like rather than an ideal supercapacitor linear shape,
which is common for N-doped carbon materials with a pseudocapacitor behavior 7!,
Noteworthy, the discharge time for CNF-PDI_NO90O is significantly larger than for CNF-
PDI_N1000 and CNF-PDI_K900, indicating improved charge storage properties for this sample.

GCD curves at higher current densities (Figure 4.78b-g) revealed that the quasi-triangular shape
is maintained even at high current densities (50 A-g™"), hence suggesting a good rate capability
and the absence of diffusion-limited processes. However, CNF-PDI_K900 GCD curves showed
a slight asymmetry between the charge and discharge curves, which is clearly manifested at higher
current densities (Figure 4.78e), where the charge curve showed a concave shape meanwhile the
discharge curve was deviated towards a convex shape. This behavior is indicative of lower energy
efficiency and higher internal resistance 4224231,
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Figure 4.78. Galvanostatic charge-discharge (GCD) curves of a) CNF-PDIs at 1 A-g™', b) CNF-PDI_K900,
¢) CNF-PDI_N900 and d) CNF-PDI_N1000 from 1 to 50 A-g~!, and a zoom of the 10 — 50 A-g™" region for
e) CNF-PDI K900, f) CNF-PDI_N900 and g) CNF-PDI_N1000.

Specific capacitances (Cs) were calculated from the discharge curve of the GCD plots, with Eq.
18, as described in Section 3.3.17. Accordingly, the calculated specific capacitances for the three
carbon samples at 1 A-g! are ca. 251 F-g~! for CNF-PDI_N900, 174 F-g~! for CNF-PDI_N1000
and 136 F-g! for CNF-PDI_K900, which confirmed conclusions from the CV data, i.e. CNF-
PDI_N900 is the optimal sample in terms of energy storage behavior.

Specific capacitances at higher current densities were also determined (Table 4.21), along with
other parameters such as the rate capability, the coulombic efficiency (CE) and the energy
efficiency (EE) (Eq. 19 and Eq. 20, in Section 3.3.17). Furthermore, the average scan rate was
determined by dividing the potential window (0.8 V) by the discharge time.

The GCD calculated specific capacitances depicted in Table 4.21 are lower than those calculated
from CV curves at comparable scan rates. This may result from i) the scan rates of the CV curves
and those calculated from the GCD curves are not completely comparable as the former is fixed
during the experiment and the latter varies during the discharge process, because the discharge
curves are not linear, but have a sinusoidal-like shape, ii) the capacitance values determined from
the CV curves result from the average of both charging and discharging processes, while those
from the GCD curves only consider the discharge curve and iii) CV curves may overestimate
specific capacitance for carbon pseudocapacitor materials #4231 as the current density is highly
increased during the faradaic reaction. Moreover, real supercapacitor applications are more likely
to demand constant currents rather than constant scan rates, making GCD-based capacitance a
more reliable and realistic value. Consequently, the C; values shown in Table 4.21 will be
considered as the real capacitances and rate capabilities for the CNF-PDIs. Nonetheless, knowing
the values of C; calculated from the CV curves (Table 4.20) is interesting to compare our materials
with others from the literature that only reported C; calculated from the CV curves.

Rate capabilities calculated from the GCD curves are similar to those determined from the CV
curves (Figure 4.79), being 89 % for CNF-PDI_N900, 76 % for CNF-PDI_N1000 and 38 % for
CNF-PDI_K900 at 50 A-g™!, which confirms the conclusions extracted from the CV curves. More
interestingly, GCD curves also permit the calculation of the coulombic and energy efficiencies.
Coulombic efficiency (CE) and energy efficiency (EE) are two parameters introduced for the
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evaluation of the capacity of an energy storage system to release all the loaded charge without
losses %1, In other words, they evaluate the efficiency of an energy storage system to convert
stored to released energy without losing it. CE results from the ratio between the discharge time
and charge time (Eq. 19), meanwhile EE is calculated as the ratio between the integrated area of
the charge and discharge GCD curves (Eq. 20). CE and EE are equivalent if the charge and
discharge curves are linear and symmetric, however, only EE considers different charging and
discharging profiles. Consequently, and considering that CNF-PDIs are pseudocapacitor
materials and their curves are not completely symmetric, EE should be considered more precise
and reliable, whereas CE values are highly inaccurate.

Table 4.21. Different electrochemical energy storage (EES) parameters calculated from the GCD curves,
including the specific capacitance (Cy), the rate capability, and the coulombic (CE) and energy efficiencies
(EE). Note that the coulombic efficiency shows values above 100 %, which has no physical sense. These
high values are due to the non-symmetric charge and discharge curves.

Current Specific Rate Average  Coulombic Energy

density  capacitance capability = Scan Rate efficiency efficiency
(Ag!)  (Fg)) (%) (mV-s) (%) (%)
1 136 100 5 118.6 78.7
2 122 90 12 105.4 75.1
3 113 83 19 104.6 72.4
4 107 79 27 101.0 70.5
CNF- 5 101 74 36 101.1 68.3
PDI_K900 10 84 62 83 100.2 64.1
20 68 50 201 99.0 61.1
30 60 44 342 97.9 60.0
40 55 41 500 98.2 60.2
50 51 38 672 97.5 60.2
1 251 100 3 116.8 90.8
2 244 97 7 108.5 923
3 240 95 11 104.9 91.9
4 238 95 14 103.6 92.1
CNF- 5 236 94 18 102.8 91.7
PDI_N900 10 232 92 37 101.3 91.4
20 229 91 76 100.8 91.6
30 227 90 116 100.7 91.3
40 225 89 155 101.0 91.1
50 224 &9 195 100.2 90.9
1 174 100 4 120.6 85.9
2 168 96 10 108.8 87.3
3 164 95 15 106.5 88.0
4 162 93 20 104.2 87.5
CNF- 5 160 92 26 101.0 87.3
PDI_N1000 10 154 88 53 101.4 85.6
20 146 84 111 100.4 82.9
30 140 80 165 103.6 80.6
40 135 78 234 994 78.9
50 132 76 299 100.0 77.6
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Figure 4.79. a) The calculated Cs from the GCD curves at different current densities, and b) the
corresponding C; retentions (rate capability).

As shown in Table 4.21, the EE of the optimal CNF-PDI_N900 sample is above 90 % for all the
current densities tested, which indicates that this sample has a low internal resistance and almost
does not lose energy in the charge/discharge process. Otherwise, the lower EE of CNF-
PDI_N1000 and, especially, CNF-PDI_K900 suggest a higher internal resistance and charge loss,
resulting in less ideal pseudocapacitor devices.

Besides this, the cyclic stability after 10000 charge/discharge cycles of the CNF-PDIs was tested
at 50 A-g™!, observing that the three prepared electrodes retained almost all the capacitance after
those 10000 cycles (Figure 4.80a). Particularly, the C, retentions were ca. 99.8 % (CNF-
PDI_N900), 99.2 % (CNF-PDI_N1000) and 97.4 % (CNF-PDI_K900), confirming the potential
of the CNF-PDIs samples for high-performance supercapacitor electrodes. Moreover, these
values are similar to those reported in the literature for similar materials (~ 95 %, as shown in
Table 4.22), which benefits the long-term performance of CNF-PDIs in supercapacitor devices.
Notably, the cyclic stability was measured at a very high current density (50 A-g™'"), which
demonstrates the utility of CNF-PDI in applications where high power is required. Furthermore,
this high cycle life also confirms the reversibility of the surface redox reactions for all CNF-PDIs,
and the pseudocapacitive nature of the redox processes. It is important to note that in batteries the
cycle stability is typically low, due to the phase changes of the solid electrode material during the
redox processes (resulting from the diffusion-limited penetration of electrolyte ions into the solid
electrode material).

The charge storage mechanism based on diffusion kinetics of the electrolyte ions at the electrode-
electrolyte interface was further investigated using electrochemical impedance spectroscopy
(EIS). The Nyquist plots of the CNF-PDIs samples (Figure 4.80b) exhibited the typical
characteristics of supercapacitor carbon materials. Specifically, the CNF-PDI_N900 sample,
which displayed the highest specific capacitance and rate capability among the studied materials,
showed a nearly vertical line at low frequency, indicating lower ion diffusion resistance. The
presence of heteroatoms (N and O) in the carbon fibers contributes to the weak semicircular
behavior at higher frequency (Inset of Figure 4.80b). The equivalent series resistance (ESR)
values, estimated from the intersection point on the real axis, are approximately 4.28 Q (CNF-
PDI_K900), 6.48 Q (CNF-PDI_N900), and 3.97 Q (CNF-PDI_N1000). The slightly higher ESR
value of the best performing sample suggests that differences in the energy storage
supercapacitance performances of the carbon fibers can be attributed to variations in their porosity
and surface chemistry resulting from the heat treatment and etching processes.
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Figure 4.80. a) Cycling stability of CNF-PDIs electrodes and b) The Nyquist plots obtained from the EIS
measurements for all the samples. Z’' and Z’’ represent the real and imaginary impedance, respectively.

Summarizing, CNF-PDIs demonstrated to be suitable carbon materials for the preparation of
electrodes for pseudocapacitor energy storage devices. The best sample (CNF-PDI_N900)
showed a high specific capacitance (251 F-g™') at a current density of 1 A-g™!, an outstanding rate
capability of 89 % at 50 A-g~!, high energy efficiencies at all the current densities tested and an
excellent cyclic stability of almost 100 % after 10000 cycles at 50 A-g~'. CNF-PDI_N1000
electrochemical energy storage behavior was fairly similar to that of CNF-PDI_N900 but with
decreased capacitance and rate capability values, which result from its lower surface area and
heteroatom doping caused by the higher carbonization temperature. Differently, CNF-PDI_K900
deviated significantly from an ideal capacitive behavior showing diffusion-limited kinetics,
asymmetric GCD curves at high current densities and significantly lower specific capacitances
and rate capabilities. This behavior was attributed to its decreased microporosity.

The high potential of CNF-PDIs as carbon electrode active materials for high-performance
supercapacitor devices is further demonstrated by comparing their EES behavior with other super-
and pseudocapacitive carbon-based materials, already reported in the literature (see Table 4.22).
With the objective of making a fair comparative study, only porous carbon materials without
doping with metallic elements, studied in three-electrode systems with aqueous electrolytes will
be considered, as changing these parameters may cause significant variations not only in the
specific capacitance and rate capability but also in the intrinsic EES behavior of the system.

As previously discussed, commercial activated carbons such as Calgon Carbon #2% or YP-50 413
typically show specific capacitances lower than CNF-PDI_N900, with the exception of Maxsorb,
which shows a C; up to 334 F-g™! (5 mV-s™") but with a much lower rate capability !, Similarly,
biomass-derived activated carbons, produced by carbonizing biomass from wood, coconut,
bamboo, prawn shells, etc. and further activating the as-obtained char with chemical agents such
acids, bases or gases, yield porous carbon materials with C;in the order of 150 — 300 F-g!
(4244264271 (despite some of them showing specific capacitances above 300 F-g™!' at low current
densities [#254284291) byt with lower rate capabilities than CNF-PDIs (typically between 50 and 70
% at current densities between 10 and 50 A-g™') that prevent using both commercial and activated
carbons in applications that demand working at high powers (i.e. working at high current
densities), such as regenerative braking for electric vehicles, where the supercapacitor should be
able to rapidly transform and store the kinetic energy of moving vehicles to electrical energy and
then promptly release these energy to restart and accelerate the vehicle [176:4304311,

Noteworthy, activated carbons typically show ultrahigh specific surface areas (SSA), ca. 24
times those of CNF-PDIs, but surprisingly manifest similar C; and lower rate capabilities. Such a
behavior occurs because activated carbons have very small micropores that cannot be accessed
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by electrolyte ions. Also, the absence of a hierarchical interconnected micro- and mesopore
structure prevents the proper function of these materials at high current densities as there is no
sufficient time for the electrolyte ions to penetrate into the narrow carbon micropores. This reveals
that not only a high SSA is required for high-performance supercapacitor carbon materials, but
pore size and morphology are also important, to favor the accessibility to the pores by the
electrolyte ions, as illustrated by Figure 4.81.

a) b)

Figure 4.81. Comparison between a) highly microporous activated carbons with high surface area and
small micropores with low pore connectivity, which is typical of activated carbons and b)
micro/mesoporous carbon materials with a hierarchical structure with polydisperse and interconnected
pores, like CNF-PDIs and other templated carbons. The orange circles represent the electrolyte ions.

The importance of a hierarchical micro- and mesopore structure is clearly observed in a study by
Lee et al. in which they prepared polyacrylonitrile (PAN)-derived carbon nanofibers by
electrospinning the polymer dissolved in DMF and further carbonizing and activating with KOH
the electrospun fiber to obtain CNFs 32, The prepared carbon nanofibers revealed a C of 181
F-g' at 5 mV-s! and an average rate capability of 61 % at 50 mV-s~!, values similar to those
obtained for activated carbons. However, by incorporating silica nanoparticles into the polymer
solution before electrospinning and etching the silica after preparing the carbon nanofibers, they
obtained CNFs with a much higher mesopore volume that showed slightly higher specific
capacitances (up to 197 F-g™!) but dramatically improved rate capabilities (up to 87 % at 50 mV-s~

1).

Interestingly, electrospinning has demonstrated to be a cost-effective and scalable technique to
prepare porous CNFs from either synthetic polymers such as PAN 33 or from biomass, being
cellulose and lignin the most common sources #3431 Particularly interesting is the work carried
on by Zhu et al. about lignin-based CNFs 33! in which they prepared PAN-lignin composite
electrospun carbon nanofibers by first chemically treating the lignin with isophorone diisocyanate
to bind different lignin units and form a high-molecular weight polymer. Notably, the final CNFs
revealed an outstanding C; of 429 F-g'at 1 A-g™".

However, electrospinning still has a low control over the pore size and structure and presents the
drawback of requiring specific equipments and typically organic solvents, which is not
environmentally-friendly and can be toxic. Alternatively, templated carbon nanofibers such as the
CNF-PDIs prepared herein emerge as a method to prepare porous carbon nanofibers with tailored
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pore size and structure, which allow the preparation of promising customized materials with
hierarchical micro- and mesopore structure for supercapacitor applications 7. Additionally,
multiple studies have revealed that carbon materials displaying a pore diameter similar to the size
of the non-solvated electrolyte ions can dramatically increase the specific capacitance of the
supercapacitor devices, as it forces the desolvation of the electrolyte and reduces the distance
between the charged ion and the carbon surface, which significantly enhances the specific
capacitance, thus demonstrating the importance of having a subtle control over the pore size and
morphology 4361,

Despite this, the number of reports about templated porous CNFs is surprisingly low. One of the
most studied templated CNFs for supercapacitor applications is the CMK-3 family. CMK-3 is a
type of ordered mesoporous carbons formed by hexagonally aligned carbon nanofibers using
SBA-15 silica as template, which is impregnated with a carbon precursor, carbonized and etched
with NaOH or HF to remove the SBA-15 template 122, Xia et al. 7! evaluated the EES
behavior of a series of CO»-activated sucrose-based CMK-3 materials. The materials revealed
high specific surface areas of ~1000 m? g™ for non-activated CMK-3 and up to 2749 m* ¢! for
CMK-3 activated with CO,, and C, of 115 and 223 F-g™' at 2 mV-s™! for the non-activated and
the CO»-activated CMK-3, respectively. In another example, He et al. *¥! prepared HNO;-treated
CMK-3 using again sucrose as carbon source, observing a decrease in the surface area upon the
acid treatment but an improvement of the C, from 150 F-g' up to 203 F-g™!, at 1 A-g~'. In a more
recent paper, Yan et al. % analyzed the EES behavior of a CMK-3/CNT composite and observed
that the presence of the carbon nanotubes increased the C; from 172 A-g! for pure CMK-3 to 316
A-g7! for the CMK-3/CNT composite, which was attributed to an increase on the electrical
conductivity and pore connectivity resulting from the CNT-doping.

Besides CMK-3 family, other templated CNFs with good EES properties have been described. In
particular, Magana et al. !9 reported the formation of hollow carbon nanofibers using a silica
template prepared from a chromonic pinacyanol acetate. Interestingly, they also used a chromonic
material for the preparation of the silica template, but in contrast to CNF-PDIs the chromonic
material was removed to obtain a micro/mesoporous silica that was subsequently impregnated
with a carbon precursor (furfuryl alcohol), carbonized and etched. They determined an
outstanding C;of 327 F-g'at 5mV-s~!, and a 79 % capacitance retention at 500 mV-s~'. However,
the specific capacitance calculated from the GCD curves revealed a significantly lower value of
~195 F-g'at 1 A-g”!, which may suggest a low energy efficiency. Moreover, they also treated
the CNFs at a very high temperature (2000 °C) to graphitize the material, by sacrificing specific
surface area, and observed a huge decrease of the C to ~100 F-g™' at 5 mV-s~!, which indicates
that a high electrochemically-available specific surface area is more important than a high
electrical conductivity for a good supercapacitor behavior.

CNFs can also be produced by carbonizing self-assembled fibrous aggregates 1. For example,
Liu et al. ™! prepared perylene diimide hydrogels using a PDI functionalized with 5-
aminoisophthalic acid with melamine and glucono-B-lactone in aqueous triethylamine solution,
and carbonized it to obtain CNFs. They determined a C, of 80 F-g™' at 1 mV-s~!, which could be
improved up to 346 F-g™' at 1 mV-s™' incorporating F-127 surfactant into the hydrogel, as it
formed mesopores during the carbonization process, hence confirming the importance of having
mesoporosity to allow the diffusion of ions. Differently, Rodriguez-Abreu et al. '8! produced
porous CNFs by carbonizing an ionic fibrous assembly formed by mixing cationic and anionic
chromonic porphyrins. The obtained CNFs showed a high C, of 205 F-g™! at 5 mV-s™ and a rate
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capability of 45 % at 300 mV-s~'. These results demonstrate that both chromonic materials and
perylene diimides are promising materials for high-performance supercapacitor electrodes.

Notably, the CNF-PDIs (namely the CNF-PDI_N900) showed C; above the average templated
carbons and higher rate capabilities at very high current densities (50 A-g™"). Such a behavior may
result from the pseudocapacitance contribution and high wettability resulting from the heteroatom
(N and O) doping. It is interesting to cite and discuss a study published by Tian et al. *** in 2020
in which they evaluate the EES behavior of single-site pyrrolic-N-doped carbons (i.e. carbon
materials only doped with pyrrolic N moieties) prepared from the co-condensation of 3-
aminophenol (N source), 3-halogenated(F,Cl,Br)-phenol and formaldehyde, its carbonization at
relatively low temperature (500 °C) and further activation with KOH also at 500 °C. The resulting
materials manifested heteroatom doping in the form of pyrrolic-N and different O species
(including carbonyl and hydroxyl groups), and the optimal sample showed an outstanding C, of
618 F-g' at 1 A-g™!, and a rate capability of 72 % at 20 A-g™'. Also, the shape of the CV and
GCD curves was very similar to that of CNF-PDI_N900 and CNF-PDI_N1000, showing
rectangular CV profiles with symmetric faradaic peaks around 0.3 — 0.4 V and symmetric
sinusoidal-like charge-discharge GCD curves. Tian et al. attributed this behavior to faradaic
pseudocapacitance resulting from the surface pyrrolic/pyrrolinic nitrogen redox pair (Figure
4.82a) and quinone/hydroquinone redox pair (Figure 4.82b). The results suggest that similar redox
reactions could be occurring for CNF-PDIs.
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Figure 4.82. Redox reactions of a) pyrrolic nitrogen and b) quinone/hydroquinone pair.

Other examples of the beneficial effect of N-doping in carbon materials for EES applications are
observed for N-doped 3D graphene materials "', For instance, an N-doped graphene oxide
evaluated by H. Zhang et al. *#}! displayed a high C; of 295 F-g™! at a current density of 5 A-g~!,
meanwhile a KOH-activated activated graphene material showed an ultrahigh C, of 383 F-g™! at
1 A-g! ¥4 Also, a N-doped graphene material synthesized by chemical vapor deposition
revealed a C; of 380 F-g! but at a lower current density of 0.6 A-g™' 431 and a rate capability of
63 % at 80 A-g~'. These values better than for non-doped reduced graphene oxides (rGO) 4464471,
This behavior is confirmed by carbon nanotubes (CNTs) coated with nitrogen-rich conductive
polymers, which revealed increased C, and rate capabilities compared to pristine CNTs [448:449]
(Table 4.22).
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Summarizing, we can extract some general conclusions about the relation between the carbon
materials and their supercapacitor performance: i) a proper balance between surface area and
electrical conductivity is needed, ii) it is important for the surface area to be accessible to ions
during the charge-discharge process, which is favored by a well interconnected micro- and
mesopores, iii) tuning the micropore size to make it similar to the electrolyte ion radius can
enhance the specific capacitance significantly and iv) the heteroatom doping (N and O) is
beneficial to increase the wettability and produce non-diffusion-limited surface faradaic reactions
(pseudocapacitance). Consequently, the high C, and outstanding rate capability of CNF-
PDI_N900 can be explained by its high surface area, hierarchical micro- and mesopore structure
and heteroatom doping that gives high wettability and pseudocapacitance properties.

Also, it is important to note that the specific capacitance and rate capability values can vary
significantly with many factors such as the electrolyte used, the preparation of the working
electrodes (the use of a binder or the amount of active material mass used), the curves used to
calculate the C, (CV or GCD) or using an linear equations to calculate C; from non-linear curves
(for example, the C; of CNF-PDI_N900 calculated from the GCD curves with the linear equation
gives a value of 317 F-g' at 1 A-g”!, which is a ~25% higher than the 251 F-g™' determined by
integration), which is not uncommon in the literature. Consequently, comparisons must be done
carefully.
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Table 4.22. Reported carbon materials for supercapacitors. Cs = Specific capacitance, PAN =
Polyacrylonitrile, c. = cycles.

Electrode Surface Rate Cyclic
material Electrolyte area C; (F-gh capability stability  Ref.
(m*g™) (%) (%)
Activated carbon (AC)
Commercial 30 wt% aq. 3300 334 22 i [419]
Maxsorb KOH (5 mV-s) (5-50 mV-s™)
Commercial
2 M aq. 78 (420]
AC, Calgon NaOH 880 (2 mA-cm ) - -
Carbon
Commercial 20 mol/kg 1724 73 ) ~61 (413]
AC, YP-50 aq. LiTFSI (02A-gh (10000 c.)
H3POgs-act. 1M aq. 1431 206 33 ~93 [424]
bamboo cane H,SO4 (1A-gh (1-10 A-g™) (1000 c.)
K>FeOgs-act. 6 M aq. 1732 171 69 ) 429]
bamboo stalk KOH (1A-gh (1-10 A-g™)
iﬁgj 6 M ag. 972 ~310 ~05 1176)
. 71 - . 71 -
<hoots AC KOH (1A-gh (1-10 A-g™h)
N-doped
1 M agq. ~380 ~65 95
hell 1 (430]
praw; é B Bso, 606 1 A-g™) 1-10 A-g) (5000 c.)
N-doped
6 M aq. ~310 ~90 95
hell 1 (430]
praw; é % KoH 606 1 A-g™) 1-10 A-g) (5000 c.)
iii?fii IMag. 379 66 9% s
- o1 _ ol
nucifera AC H>SO4 (1Agh (1-50 A-g™) (10000 c.)
I\;flﬁfr‘;d 1 M agq. i 520 70 .
H 2A-g! 1-10 A-g! ]
waste AC S0 ( &) (1-10A-g7)
Electrospun carbon nanofibers (CNF)
Electrospun 1M aq. 1697 181 61 i [432]
PAN H,SO4 (5 mV-s™) (5-50 mV-s™)
%fgf;%m Mag. 189 65 -
2 H>SO4 (5mV-sT) (5-50 mV-s™)
90:10
%fgf;%m Mag. o 195 83 -
2 Lol . Lol B
70:30 H>SO4 (5 mV-s™) (5-50 mV-s™)
%fg/ossgm IMag. o 197 87 )
2 Lol . Lol B
50:50 H>SO4 (5 mV-s™) (5-50 mV-s™)
Electrospun 3 M aq. ) 94 38 ) [433]
PAN KOH (1A-gh (1-20 A-g™)
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Table 4.22 continuation. PEI = polyethylene imine, ML = modified lignin, MS = magnetic stirring, US =
ultrasound, CNT = carbon nanotube, FA = furfuryl alcohol.

Electrode Surface Rate Cyclic
material Electrolyte area C; (F-gh capability stability  Ref.
(m*g™) (%) (%)
Electrospun carbon nanofibers (CNF)
elljc_:?r?s);in 3 Mag. 193 43 433]
- L ] - -
PAN/PEL KOH (1A-gh (1-20 A-g™h)
Electrospun 6 M aq. s 290 105 ~50 (434]
cellulose KOH (02 A-gh (1-10 A-g™)
N-doped
6 M aq. 84 98
1 282 203 (1 A-g! [434]
electrospun ¥ oH 8 B3AAL) 140ag)  (10000c)
cellulose
Electrospun
non- 6&;‘1’ 873 190 Ag) 1672 oy i f3s)
ML/PAN TUAE
Electrospun 6 M aq. O ~80 (435]
ML/PAN KOH 2043 4291 Ag) (1-10 A-g™) )
Templated carbon nanofibers (CNF)
Sucrose-
6 M aq. 115 80
MK- 4 - [437]
based 3C KOH o8 @mV-s?) (250 mV-sT)
COs-act.
sucrose- 6 M aq. 749 223 72 437)
based CMK- KOH 2mV-s™) (2-50 mV-s™)
3
SUCTOSe- 3\ ag 150 87 95
based CMK- ' 976 (4381
ase ; KOH (1 A-g™) (12A-g")  (500c.)
MS-HNO:s- 3 M aq. 773 180 92 91 [438]
act. CMK-3 KOH (1A-gh (1-2A-g (500 ¢.)
US-HNOs- 3 M aq. 789 203 90 94 [438]
act. CMK-3 KOH (1A-gh (1-2A-g (500 ¢.)
Commercial
CMK-3, XF 1HMqu‘ 1109 . iz P 565: " . 39
Nano 2 £ i £
CMK-3/CNT 1M agq. 201 316 69 439]
composite H,SO4 (1A-gh (1-50 A-g™))
SiO»-
1 M aq. 327 79 93
1 2 [165]
e A"“ed H.SO, 820 (smv.sh  (5-50mV-s?)  (10000c.)
SiO»-
1M aq. ~100 ~35
template FA 271 B o - (1651
(2000 °C) H,SO4 (G mV-s™) (5-50 mV-s™)
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Table 4.22 continuation. PDI = perylene diimide, rGO = reduced graphene oxide, MWCNT = multi-walled
carbon nanotubes, PANI = polyaniline, PEDOT = poly(3,4-ethylenedioxythiophene) polystyrene sulfonate.

Electrode Surface Rate Cyclic
material Electrolyte area C; (F-gh capability stability  Ref.
(m*g™) (%) (%)
Templated carbon nanofibers (CNF)
Caﬂ;g;fzed 2 M aq. 1 80 ] ] "
HzSO4 (1 mV- Sfl)
hydrogel
Carbonized 34
2 M aq. 346 ~150
F127 + PDI- 2 1-1 Vs~ 441]
" H.SO, 0 vy OMYST 000
hydrogel )
Ionic 45
. 1M agq. 205
porphyrin 194 o (5-300 mV-s~ - (1)
H \2
1D carbon 2504 (5 mV-s7) D)
CNF- 1 M aq. 605 251 89 100 This
PDI_N900 H>SO4 (1A-g™h (1-50 A-g™) (10000 ¢c.) work
CNF- 1 M agq. 602 174 76 99 This
PDI_N1000 H,SO4 (1A-gh (1-50 A-g"y (10000 c.) work
CNF- 1 M agq. 300 136 38 97 This
PDI_K900 H>SO4 (1A-gh (1-50 A-g™) (10000 ¢c.) work
Other carbon materials
Smfrl(e)ﬁs:e IMag. 618 7 100
24 H,SO; A Agh  (120A-g")  (30000c.)
doped
Hydrazine- 6 M aq. 705 135 i i (446]
rGO KOH (0.01 A-g™h
6 M aq. 255 43 93 [447]
Urea-1GO KOH 590 05A-¢ (130 A-g')  (1200c.)
Annealed 6 M agq. 630 172 61 94 (447]
urea-rGO KOH (0.5 A-g™h (1-30 A-g™) (1200 c.)
N-doped
6 M aq. 295 92
hydroth 1 412 - [443]
yaromermat - g on (5 A-g™) (4500 c.)
GO
Koi'azg N eMag. 816 383 83 ] "
P KOH 1AghH  (120Agh
graphene
C;;Deg' 6 M aq. 1816 380 63 94 .
P KOH 0.6 A-gl)  (1-80A-g') (4600 c.)
graphene
%\g]ggg 1 M agq. 95 74 (448]
. H,SO4 (5mV-sh (2-10 mV-s™)
composite
MXEEIT > IMaq 200 328 77 o
. H>SO4 (5mV-sh (5-50 mV-s™)
composite
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4.4.3 Carbon dioxide capture properties

Developing materials for an efficient carbon dioxide (CO,) capture is of upmost importance in a
world in which the high emissions of greenhouse gases has become a serious threat for the climate.
In this context, new materials such as activated carbons (AC) % or carbon nanofibers ! have
been developed for an efficient and selective CO» adsorption. Interestingly, a recent study about
AC revealed that having a high microporosity, especially in the form of small micropores (< 1
nm) improves the CO, uptake 2. Also, the presence of N-doping seems to be beneficial for
better CO, adsorption properties %, although some studies suggested that the N-content may not
be very important in some cases 4>,

Consequently, and motivated by the high microporous surface area and heteroatom-doping of the
CNF-PDIs, the CO, adsorption properties of CNF-PDI_N900 were also investigated. Figure 4.83a
shows the CO- adsorption isotherm at O °C. A rapid increase in the CO; adsorbed volume at low
pressures was observed, suggesting the presence of micropores that can adsorb CO, within the
CNF-PDI_N900 structure. Notably, the total adsorbed volume of CO- at 100 kPa (atmospheric
pressure) reached 45 cm® g~!, which corresponds to an adsorption of 2.02 mmol of CO, per gram
of carbon material. This value is comparable to other high-performance materials like electrospun
4511 and templated 5! carbon nanofibers, highlighting the potential of CNF-PDIs for carbon
dioxide retention and storage.

The pore size distribution was calculated by the Horvath-Kawazoe method (Figure 4.83b). The
analysis reveals that the majority of CNF-PDI_N900 CO, adsorbing pores are micropores with
diameters between 0.5 and 0.9 nm, which is consistent with the micropore widths described by
the nitrogen sorption isotherms (Table 4.17). The excellent CO, capture performance of CNF-
PDI_N900 may be attributed to its high microporosity and heteroatom functionality, particularly
N-doping 14,
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Figure 4.83. a) CO: adsorption isotherm and b) pore size distribution of CNF-PDI_N900 calculated from
the Horvath-Kawazoe (HK) method.

4.4.4 Conclusions

Three different carbon nanofiber samples (CNF-PDIs) were successfully prepared using a simple
method that utilized a cationic chromonic perylene diimide both as template for SiO, and carbon
source. This demonstrates the potential of the silica nanocasting approach for synthesis of carbon
nanofibers. The resulting CNF-PDIs presented remarkable properties, including high surface
areas, hierarchically structured meso- and microporosity and a significant heteroatom doping (~16
% O and ~2.5 % N).
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Electrochemical analysis of the best performing sample (CNF-PDI_N900) revealed quasi-
rectangular cyclic voltammetry curves with a slight deviation between 0.3 and 0.45 V. This
deviation was attributed to pseudocapacitance induced by the fast and reversible redox reactions
occurring due to the heteroatom doping, as confirmed by investigating the kinetics of the charge
and discharge processes. The sample displayed a specific capacitance of 251 F-g™! at a current
density of 1 A-g™!, along with an impressive rate capability of almost 90 % at 50 A-g~'. These
results surpassed many commercial and biomass-derived activated carbon materials.
Furthermore, the CNF-PDI_N900 exhibited excellent cyclic stability, retaining 99.8% of its initial
capacitance after 10000 cycles at 50 A-g'. This highlights the potential use of perylene diimides
and other lyotropic chromonic liquid crystals for the fabrication of high-performance electrical
double-layer supercapacitors and pseudocapacitors.

Moreover, the CNF-PDIs samples demonstrated excellent dispersibility in various solvents,
including DMF, chloroform, and notably, water. This was exploited to prepare conductive carbon
films under mild conditions, which hold promise for the formulation of conductive inks for printed
electrodes.

In addition to the outstanding electrochemical properties of the CNF-PDIs, the sample with the
highest microporosity (CNF-PDI_N900) exhibited a significant CO, adsorption of approximately
2 mmol-g! at atmospheric pressure and 0 °C. This good performance in carbon dioxide retention
and storage positions CNF-PDIs as highly valuable carbon materials in this application,
comparable to similar carbon-based materials.

In summary, the prepared CNF-PDI samples demonstrated a wide range of unique properties,
including excellent electrochemical performance, dispersibility in various solvents, potential for
CO; capture, and the ability to fabricate conductive carbon films and inks. These findings
demonstrate the high potential of chromonic-derived carbon nanofibers for the development of
high-performance energy storage devices and for other energy and environmental applications.
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4.5 DNA-intercalation properties of rylene diimides

This chapter describes the DNA-binding properties of three perylene (PDI) and two naphthalene
(NDI) diimides (Figure 4.84) with different side chain charge (cationic, anionic and nonionic).
Multiple physicochemical techniques including absorbance and fluorescence spectrophotometry,
circular dichroism and viscosity measurements were used to determine the capacity of these dyes
to interact with DNA and define the binding mode (intercalation, groove-binding or electrostatic
aggregation). Furthermore, in vitro cytotoxicity tests with HeLa cells were performed to evaluate
the biocompatibility of the rylene diimides. It was observed that the diimide side charge plays a
fundamental role for the dye interaction with DNA, and the rylene core size (naphthalene or
perylene) influences the rylene dye cytotoxicity.
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Figure 4.84. Chemical structures of three perylene dyes (MeCatPDI, (PEG7);PDI and (Ala);PDI) and the
two naphthalene diimides (HCatNDI and (Gly);NDI) evaluated as DNA-intercalators.

4.5.1 Study of the DNA-intercalation behavior of rylene dyes by

physicochemical tests

Deoxyribonucleic acid (DNA) is a complex biomolecule that contains all the biological
information of a living organism. It is formed by two negatively-charged strands winded in a
twisted ladder, forming a double-helix structure #**#%8! Each strand is composed of alternating
sugars (deoxyribose) and phosphate groups, with a specific nitrogenous base (adenine, thymine,
cytosine or guanine) attached to each sugar unit, which not only contain the information for
building and maintaining a living organism, but also direct the formation of the double-stranded
structure by H-bonding and n-staking >,

DNA provides multiple binding sites for various guest molecules, including intercalators that bind
in between stacked base pairs and groove-binding agents that interact with the minor and major
grooves of DNA strands #4611 Tn particular, intercalating binding agents are interesting as they
tend to modify the DNA structure, influencing its physiological functions. Thus, DNA-
intercalators exhibit a high potential as chemotherapeutic drugs 62, Besides intercalation and
groove-binding, molecules can also associate with DNA by electrostatic binding, like positively
charged big molecules or aggregates that do not fit in any of the DNA binding sites. All the
binding modes are depicted in Figure 4.85.

The chemical structure of the DNA-binding agents greatly influences the binding mode. For
instance, groove-binding agents typically consist in banana-shaped molecules with at least two
aromatic groups coupled by a rigid moiety. Furthermore, the presence of positively charged
groups capable of forming hydrogen bonds and a molecular size fitting either the minor or major
DNA grooves are vital for the groove-binding to occur 611, Examples of groove-binding agents
are imidazole-pyrrole polyamides 63, netropsin and distamycin derivatives #4495 and
furamidines 461,
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Figure 4.85. Different binding modes with DNA. From left to right: pure DNA, Intercalation , Groove-

binding (minor Groove) and Electrostatic binding. Note the DNA double-helix enlargement in the
intercalation binding mechanism.

In contrast, DNA-intercalating agents are small planar polyaromatic compounds which are
typically protonated, and hence positively charged, at physiological pH “®!l. Some examples are
acridine 674681 anthraquinones %!, cyanine dyes %47l azine dyes %!, quinolizinium ions
(4734741 phenanthridinium ions !, porphyrins ¢! and also rylene dyes such as naphthalene 477~
#1 and perylene ##82484 diimides. Notably, many of these compounds also form lyotropic
chromonic liquid crystals, which suggests that positively charged chromonics have potential
ability to intercalate into DNA helices.

Herein, we evaluate the DNA-binding properties of the perylene diimides used in the previous
chapters, i.e., MeCatPDI, (PEG7),PDI and (Ala),PDI, and compare them with two naphthalene
diimides (one cationic, HCatNDI, and one anionic, (Gly),NDI). All the chemical structures are
shown in Figure 4.84.

To evaluate whether a molecule intercalates or not within double-stranded DNA, a combination
of selected physicochemical methods is required “!!. According to Long and Barton %!, these
methods are divided in three categories:

i) Methods involving the study of changes in the DNA helix, such as solution viscosity,
sedimentation coefficient, electrophoresis and *'P-NMR.

ii) Methods that show the electronic interactions between the intercalating agent and the
DNA, including absorbance and fluorescence spectrophotometry and '"H-NMR.

i) Methods that evaluate the molecular orientation or rigidity. These include linear flow and

electric dichroism spectroscopy, and luminescence polarization experiments.
Furthermore, circular dichroism spectroscopy can also provide some insights about the
binding mode of drugs with DNA 861,
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In this work, the DNA-binding behavior of the selected rylene dyes was evaluated by a
combination of absorbance and fluorescence spectrophotometry, circular dichroism spectroscopy
and solution viscosity measurements.

Absorbance spectrophotometry experiments were conducted on the rylene dyes in PBS aqueous
solution at 29 uM (in the case of (Ala),PDI, the concentration was 22 pM because of preparation
error) with varying concentrations of DNA (Figure 4.86). Note that the DNA concentration
corresponds to the base-pair concentration, considering a base-pair molecular weight of 660
g/mol.

For MeCatPDI, the absorbance spectra of an aqueous solution in PBS at 29 uM without DNA
exhibited two overlapped bands indicating the formation of H-aggregates. Upon adding DNA, the
absorbance of MeCatPDI initially decreased by increasing DNA concentration up to 27 pM
(Figure 4.86a), alongside with a slight red-shift of the absorbance bands and the appearance of an
isosbestic point at ~ 560 nm. In contrast, at higher DNA concentrations (Figure 4.86b), this trend
was reversed, resulting in an increase in the absorbance of the perylene dye and a change in the
spectra shape, leading to the formation of three well-differentiated bands corresponding to the 0
= 0,0 > 1 and 0 - 2 vibronic transitions of monomeric perylene dyes (see Chapter 4.1).

This spectral behavior has been previously observed for other aromatic dyes with DNA, including
cyanines “7! phthalocyanines 381 acenaphto[1,2b]pyrrole “®1, and other cationic perylene
diimides . The mechanism behind this unusual behavior is attributed to an initial
hypochromicity caused by the agglomeration of positively charged dye aggregates around the
polyanionic DNA chains for high dye/DNA concentration ratios, followed by the dilution of the
dye over the DNA binding sites at higher DNA concentrations, which leads to the breaking of the
dye aggregates, allowing single dye units to bind within the biomolecule %!,

In contrast, (PEG7),PDI (Figure 4.86¢) and (Ala),PDI (Figure 4.86d) absorbance spectra exhibited
two overlapped broad bands with one shoulder, indicating the formation of H-aggregates, and no
changes in their absorbance spectra were observed upon adding increasing amounts of DNA,
suggesting an absence of interaction between these perylene dyes and the DNA. Additionally, we
conducted absorbance measurements of the naphthalene diimides HCatNDI (Figure 4.86e) and
(Gly).NDI (Figure 4.86f). Non-aggregated NDIs typically exhibit a succession of three bands of
decreasing intensity corresponding to the O = v vibronic transitions, but at lower wavelengths
(300 — 400 nm) compared to their perylene counterparts (450 — 550 nm) !, As suggested by
spectra in Figures 4.86e and 4.86f, both studied NDIs were present in the monomeric state at the
concentrations tested in PBS, indicating a much lower degree of aggregation than the PDIs, due
to the smaller naphthalene hydrophobic core as compared to the perylene core.

The addition of DNA to a 29 uM HCatNDI aqueous PBS solution led to a gradual hypochromicity
and the formation of an isosbestic point at ~ 390 nm, without any shift in the absorbance maxima
(Figure 4.86e), hence suggesting a classical intercalation binding between the HCatNDI and the
DNA #92-4941 T contrast, (Gly).NDI — DNA solutions did not exhibit any spectral changes by
varying the DNA concentration (Figure 4.86f), suggesting no interactions between the NDI and
the DNA.
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Figure 4.86. Absorbance spectrophotometry of a) MeCatPDI 29 uM in PBS with DNA at different
concentrations (0 — 27 uM), b) MeCatPDI 29 uM in PBS with DNA at different concentrations (30 — 600
uM), c) (PEG7):PDI 29 uM in PBS with DNA at different concentrations (0 — 90 uM), d) (Ala),PDI 22 uM
in PBS with DNA at different concentrations (0 — 60 uM), ¢) HCatNDI 29 uM in PBS with DNA at different
concentrations (0 — 60 uM), and f) (Gly);NDI 29 uM in PBS with DNA at different concentrations (0 — 30
uM).

To further understand the interaction between the rylene dyes and DNA, fluorescence
spectrophotometry experiments were performed (Figure 4.87). The aqueous PBS solution of
MeCatPDI at 29 uM exhibited fluorescence quenching upon addition of DNA (Figure 4.87a),
which occurred in three different steps (Figure 4.87d). At low DNA concentrations (0 — 18 uM),
almost no quenching was observed, which contrasted with the hypochromic absorbance behavior
depicted in Figure 4.86a at these concentrations. When DNA concentration was increased up to
30 uM, the PDI fluorescence was dramatically quenched until almost no fluorescence could be
detected. Finally, from 30 to 600 uM, the MeCatPDI — DNA solutions exhibited no fluorescence
at all. Similar behaviors were obtained using lower MeCatPDI concentrations (1.5 and 15 pM),
where a significant fluorescence quenching was observed for DNA concentrations similar to those
of the cationic dye, i.e. dye/DNA ratio = 1. This postulates MeCatPDI as a potential probe for
DNA qualitative and quantitative sensing.

The fluorescence of DNA-binding agents is typically either enhanced 3% or quenched [#974%1
upon adding DNA, depending on the fluorescence of both the dissolved binding agent and the
binding agent-DNA complex ). For example, several DNA-binding cationic PDIs exhibited a
gradually decreasing fluorescence intensity by increasing DNA concentration 82431 However,
the three-step fluorescence quenching exhibited by MeCatPDI is rather atypical, as normally,
fluorescence titration experiments consisting in gradually adding DNA aliquots to a solution with
a fixed concentration of binding agent result in an also gradual enhancement/quenching of the
fluorescence. The atypical behavior of MeCatPDI suggests a complex binding mechanism in
which several processes occur at the same time (electrostatic attraction, PDI aggregate disruption
and intercalation).

Unlike MeCatPDI, the fluorescence intensity of both (PEG7).PDI (Figure 4.87b,e) and (Ala),PDI
(Figure 4.87c,f) did not change when incorporating DNA, which matched with the DNA-
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independent absorbance spectra and confirmed the absence of interactions between the nonionic
and anionic PDIs with the DNA.
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Figure 4.87. Fluorescence spectra of a) MeCatPDI 29 uM in PBS with DNA at different concentrations (0
— 600 uM), b) (PEG7):PDI 29 uM in PBS with DNA at different concentrations (0 — 900 uM), c) (Ala):PDI
22 uM in PBS with DNA at different concentrations (0 — 60 uM). Normalized fluorescence intensity at 550

nm as a function of the DNA concentration for d) MeCatPDI 29 uM, e) (PEG7),PDI 29 uM and f) (Ala),PDI
22 uM. Excitation was fixed at 490 nm.

Additionally, the fluorescence spectrophotometry of the naphthalene dyes was also studied. The
anionic (Gly),NDI did not exhibit any fluorescence neither with or without DNA (data not
shown). In contrast, the cationic HCatNDI showed a gradual fluorescence quenching upon
addition of DNA (Figure 4.88), indicating that the fluorescence of the naphthalene diimide is
quenched by binding with DNA, and suggesting a single binding mode, in contrast to MeCatPDI.

o
Nz
(o

~

nN
(3
o
S}

g E
8 200 % ° oo,
c o Otg,
.% § 08 %
§ 150 5 06 ..".
g 100 ;:’,
S k]
S 50 g 02
w =
0 0 8 i
350 400 450 500 550 0 1 2 3
Wavelength (nm) log [DNA] (uM)

Figure 4.88. a) Fluorescence spectra of HCatNDI 29 uM at different DNA concentrations (0 — 60 uM). b)
Normalized fluorescence intensity of HCatNDI 29 uM as a function of DNA concentration.

Circular dichroism (CD) spectroscopy experiments were also performed to gain further insights
of the DNA-binding properties of the studied PDIs (Figure 4.89a) and NDIs (Figure 4.89b). The
CD spectra of DNA dissolved in aqueous PBS at 50 pM exhibited a negative band at ~ 245 nm,
induced by the polynucleotide helicity, and a positive band at ~ 273 nm, owing to the base-pair
stacking. This is typical of DNA in the right-hand B-form %3l T ke for absorbance and
fluorescence spectrophotometry, none of the nonionic and anionic rylene dyes at 3 uM affected
the CD spectra of the DNA, indicating the absence of interactions. In contrast, both MeCatPDI
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and HCatNDI at 3 uM increased the positive band at 273 nm in about 1 — 2 millidegrees. The
enlargement of the base-pair stacking band indicates an enlargement of the distance between
adjacent base-pairs, which suggest an intercalation binding mode for the two cationic rylene dyes
(592 Furthermore, a careful analysis of the negative CD band revealed that it is completely
unaffected by HCatNDI, but MeCatPDI slightly reduces its intensity. This was confirmed
performing a CD spectrum of a MeCatPDI-DNA solution at higher PDI concentration and lower
DNA concentration (Figure 4.90). These results suggest a partial unwinding of the DNA double
helix upon MeCatPDI binding and a transition from B-DNA to A-DNA 5%,

Additionally, a second weak positive band at the region where the perylene dye absorbs light (~
500 nm) appeared. This band is commonly called induced circular dichroism (ICD) band and
emerges for achiral molecules surrounded by chiral environments (such as DNA). Notably, a
weak positive ICD band is generally induced by a chromophore with the transition dipole moment
perpendicular to the long-axis of the binding site (DNA long axis) and parallel to the pseudo-dyad
axis (base-pair axis) %, This suggests that MeCatPDI intercalates between two adjacent base-
pairs with the long-axis of the PDI parallel to the base-pair axis. Despite this, it should be noted
that groove-binders can also produce positive ICD bands, but typically with higher intensity 5%,
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Figure 4.89. a) Left: Circular dichroism spectra of DNA 50 uM with the different perylene diimides tested
at 3 uM. Right: Zoom-in of the positive (top) and negative (bottom) bands. b) Left: Circular dichroism
spectra of DNA 50 uM with the different naphthalene diimides tested at 3 uM. Right: Zoom-in of the positive
(top) and negative (bottom) bands.
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Figure 4.90. Circular dichroism spectra of DNA 20 uM with the different perylene diimides tested at 6 uM.

In addition to these spectrophotometric measurements, viscosity changes of DNA aqueous
solutions upon the addition of the rylene dyes were monitored. Viscometry, and other
hydrodynamic techniques such as sedimentation and gel electrophoresis, offer reliable methods
to determine the DNA binding-mode when more complex techniques such as X-ray diffraction or
NMR are not available. Typically, DNA-intercalators increase the viscosity of DNA aqueous
solutions, due to the enlargement and unwinding of the DNA double-helix (see Figure 4.85). In
contrast, groove-binders and electrostatic binders do not produce such viscosity increment 4611,

In this context, we measured the viscosity of a DNA solution in aqueous PBS at 50 uM as a
function of the added rylene dyes concentration. Viscosity was determined using a rheometer with
concentric cylinders geometry (see Section 3.3.20 for more details), and the ratio between the
viscosity of the DNA + rylene samples and the viscosity of pure DNA was plotted as a function
of the rylene dye concentration (Figure 4.91). Notably, the cationic MeCatPDI and HCatNDI dyes
increased the viscosity of the DNA solution, indicating an intercalation binding mode. As
expected, the nonionic (PEG~),PDI and the anionic (Ala),PDI and (Gly),NDI did not significantly
modify the viscosity of the DNA aqueous solution, confirming that these dyes do not interact with
DNA.
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Figure 4.91. Effect of increasing rylene dye concentration [RDI] on the viscosity of a DNA 50 uM solution
in aqueous PBS. The y-axis corresponds to the ratio between the viscosity of the DNA solution with a rylene
dye at a selected concentration (n) and the viscosity of the DNA solution with no rylene dye (o).

4.5.2 In vitro cytotoxicity tests

The DNA-binding properties of the cationic dyes MeCatPDI and HCatNDI could lead to DNA-
damage and induce cell death. In this context, evaluating the cytotoxic properties of the prepared
perylene and naphthalene diimides is of foremost importance for several reasons. For instance, a
high cytotoxicity against cancer cells implies anticarcinogen activity. However, at the same time,
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it can limit their application in other fields, such as carriers for drug delivery, since cytotoxic drug
delivery systems are normally undesired.

To examine the inhibitory effect of the five rylene dyes studied herein in human cancer cell lines,
a MTT assay with HeLa cells was performed "%, For this, HeLa cells were incubated in
DMEM solution at 37 °C with 10 pM of the selected rylene dye. It was observed that only
HCatNDI had strong inhibitory effect after 24 h incubation, with roughly a 10 % cell survival. In
contrast, none of the other four rylene dyes significantly affected the cell survival ratio, indicating
no cytotoxic properties (Figure 4.92).
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Figure 4.92. MTT assay of HeLa cells incubated for 24 h in presence of the rylene dyes MeCatPDI,
(PEG?7);PDI, HCatNDI and (Gly);NDI at 10 uM. Tests with (Ala);PDI have not been performed yet.

The absence of cytotoxic properties for MeCatPDI is rather surprising, as the physicochemical
spectrophotometric tests and the viscosity measurements suggested that this compound
intercalates in DNA double-helix. In the literature, it has been reported that the terminal imide
group size plays a major role in the cell growth inhibitory properties of cationic perylene dyes
4831 since bulky imide groups exhibited poor cytotoxic properties despite indicating DNA-
binding behavior in the absorbance, fluorescence and circular dichroism tests, at similar
concentrations, which could explain the lower cytotoxicity of MeCatPDI as compared to other
perylene diimides with less bulky imide groups 8%, In any case, the cationic MeCatPDI might
not display cytotoxic properties at show times on HeLa cells, but induce other toxicity effects.
Therefore, the biological activity of MeCatPDI should be reevaluated in the future, possibly using
higher concentrations.

4.5.3 Conclusions

The DNA-binding properties of three perylene diimides and two naphthalene diimides with
different side charge were investigated. Absorbance and fluorescence spectrophotometry
measurements indicated that the cationic rylene dyes, MeCatPDI and HCatNDI, interact with
DNA. However, only HCatNDI exhibited a classical intercalator behavior, whereas MeCatPDI
showed a more complex binding mechanism with multiple steps. Neither the nonionic
(PEG7).PDI nor the anionic (Ala),PDI and (Gly),NDI compounds bound to DNA, indicating that
the positive charge is required for rylene dye-DNA binding to occur. CD spectra and viscometry
data suggested that the cationic MeCatPDI and HCatNDI dyes were bound to DNA, most likely
through intercalation, although the CD spectra suggested that MeCatPDI also unwinds the DNA
double-helix changing it from the B-form to the A-form, as reported for other reported cationic
perylene-based DNA-intercalators 4824831,
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Furthermore, the cytotoxic properties of the rylene dyes were evaluated in human cancer HeLa
cells, and it was found that only HCatNDI presented cytotoxic properties, suppressing HeLa cell
growth by about 90% after 24 h incubation at 10 uM. Surprisingly, MeCatPDI did not cause cell
death, despite its inferred intercalation into the DNA double helix. We hypothesize that this
compound may be cytotoxic at higher concentrations, which will be evaluated in future studies.

In conclusion, our findings demonstrate that the charge of rylene diimides is crucial for binding
to the DNA double helix. Moreover, the rylene dye core plays a significant role in defining the
DNA-binding mechanism and cytotoxicity of the compound. The cationic naphthalene diimide
HCatNDI was identified as a potential anticancer agent due to its high cytotoxicity against HeLa
cells.
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In this thesis, several nonionic, cationic and anionic perylene diimides have been synthesized and

characterized. Their chromonic behavior in water at high concentrations and in the presence of
high molecular weight nonionic polymers has been evaluated and compared with the results
previously reported in the literature. Furthermore, complex emulsions, advanced gels, and silica
and carbon nanomaterials have been obtained using the chromonic mesophases as templates. The
interactions of perylene diimides with DNA have also been studied. Herein, the main conclusions
for each topic covered by this thesis are summarized.

Self-assembly of perylene diimides

All the perylene diimides prepared in this thesis produced H-aggregates in aqueous
solutions. These aggregates consisted in long face-centered columnar aggregates with
unimolecular cross-section.

The solubility in water of perylene diimides functionalized with linear polyethylene
glycol (PEG) substituents, i.e. (PEGy).PDI, increased with n. Notably, the (PEGy,),PDIs
concentration needed for aggregation is much lower for water than for organic solvents,
suggesting a combined effect of n-stacking and hydrophobic effects for (PEG,).PDI in
water.

The (PEG,).PDI showed surface activity and a lower critical solution temperature
(LCST) in the presence of salts. Notably, the LCST decreased at lower n values and in
the presence of kosmotropic salts, following the Hofmeister series and the Schulze-Hardy
rule.

The anionic alanine-functionalized perylene diimide, i.e. (Ala),PDI, was only soluble in
water, and presented a significantly lower degree of aggregation compared to the
(PEGy).PDIs, which is caused by its ionic character.

Chromonic phase behavior

(PEGy).PDI exhibit a rich chromonic phase behavior in water for PEG chains with
intermediate length (7 < n < 16), but result too soluble for higher n PEG chain length and
insoluble for lower n PEG chain length.

The chromonic phase behavior of the (PEG,),PDI is highly dependent on the value of n,
as shorter PEG chains favored nematic phases whereas longer PEG chains produced
mostly hexagonal phases. This suggests a higher binding energy for shorter (PEG,),PDI,
as predicted by Kuriabova et al. 5% in a computational model for chromonic systems,
which is in agreement with the higher degree of aggregation in water of (PEG,),PDI with
shorter PEG chains inferred from absorbance, fluorescence and LCST studies at low
concentrations.

The phase diagrams of (PEG,).PDI with shorter PEG chains differed from those of
conventional chromonic mesogens. The most significant differences are the absence of
peritectic points and the extended concentration range in which the M = N transition
occurs by heating. This is consistent to results previously reported in literature for another
nonionic PEGylated chromonic mesogen (TP6EO2M). This indicates that this phase
behavior may be a distinctive feature of nonionic mesogens.

In contrast, the anionic L-alanine-functionalized PDI, i.e. (Ala),PDI showed a more
conventional chromonic phase diagram, indicating that the distinctive features of
(PEG.).PDI likely result from the nonionic nature of the mesogen rather than the perylene
core. Additionally, the chirality of the alanine functionalization favored the formation of
chiral nematic phases. It is interesting to remark that aminoacid-functionalized PDIs have
been barely studied as chromonic mesogens, and the rich chromonic phase behavior of
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(Ala),PDI presented herein suggests that studying other aminoacid-derived PDIs can be
interesting to further comprehend the structure-phase behavior relationship in
chromonics.

Formation of chromonic emulsions

Chromonic water-in-water (W/W) emulsions are formed by the anionic (Ala),PDI and
the cationic MeCatPDI perylene diimides in presence of nonionic polymers such as
dextran (Dex, MW = 86000 g/mol) and polyethylene glycol (PEG, MW = 10000 g/mol).
It was demonstrated that the phase behavior varied depending on the mesogen and
polymer used.

Several emulsion morphologies, including high-curvature nematic-in-isotropic (N/I) and
isotropic-in-nematic (I/N) and low-curvature bicontinuous emulsions were found. More
complex morphologies were also obtained, including nematic-in-nematic (N/N) or
systems with hexagonal (M) and/or solid phases. Notably, N/N phases were only obtained
in MeCatPDI-Dex systems, whereas the formation of birefringent phases with hexagonal
and/or solid phases was typical of systems with PEG at high polymer concentrations,
suggesting a higher immiscibility of PEG with the chromonic mesogens.

The phase diagrams of the MeCatPDI-Dex and MeCatPDI-PEG biphasic systems were
constructed. An asymmetric binodal line was obtained, indicating that small polymer
concentrations (~1 — 2 wt%) are enough for phase separation whereas higher mesogen
amounts (~ 10 wt%) are required to induce phase separation. This results from a low
polymer solubility in the chromonic mesophases.

Various nematic droplet configurations of the director vector (namely radial, bipolar and
twisted) were obtained. It was observed that PEG induced the formation of twisted
(chiral) configurations in both the chiral (Ala),PDI and the achiral MeCatPDI chromonic
droplets. The formation of twisted structures was also attributed to the low twisting
deformation constants of chromonic systems.

Multiple W/W/W and W/W/O emulsions were obtained. W/W/O emulsions prepared in
(Ala)2PDI-PEG-Hexadecane triphasic systems consisted in Janus aqueous biphasic
droplets where the nematic phase partially engulfed the polymer-rich phase, suggesting a
lower interfacial tension between the (Ala),PDI-rich phase and the oil compared to that
of the PEG-rich phase with the same oil.

W/W/W multiple emulsions consisted in a chromonic-rich phase, a PEG-rich phase and
a Dex-rich phase. MeCatPDI exhibited an improved capacity to form W/W/W emulsions
compared to (Ala),PDI, which was attributed to the higher water-solubility of the latter.

MeCatPDI showed a very rich all-aqueous triphasic behavior with PEG and Dex, and
several complex morphologies such as Janus and snowman droplets were obtained. It was
observed that snowman droplets were favored at lower polymer concentrations whereas
Janus droplets required higher polymer concentrations. This is promising to fabricate
complex particles in all-aqueous systems.

Preparation of gels from chromonic mesophases

The incorporation of glucono-6-lactone (GdL) to (Ala),PDI nematic phases produced the
gelation of the chromonics material, hence forming a low molecular weight gel, because
of the gradual decrease of pH induced by GdL. The nematic structure was only retained
at moderate amounts of GdL (0.5 eq.).
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The nematic gels were responsive to temperature and light, which is promising for drug
delivery applications.

Templating of silica nanostructured fibers/rods

Porous silica rods were prepared using chromonic (PEG7),PDI and (PEGi),PDI as
templates, although no ordered materials could be obtained using (PEGi6).PDI. Notably,
the silica rods presented higher aspect ratio using (PEG?7),PDI, and the pore wall thickness
increased with PEG chain length.

MeCatPDI also demonstrated to be an excellent template to produce silica fibers with
aligned nanopores, as had been previously reported !4, The effect of changing the silica
precursor from pure TEOS to TEOS/HDTMS mixtures was studied, observing that the
incorporation of HDTMS generates porous silica fibers with similar specific surface area
but larger pore sizes and volume and a less ordered pore structure.

The MeCatPDI-templated silica was also formulated in the form of monoliths, and both
conic and discotic monoliths were prepared. The obtention of robust monoliths is of high
interest to prepare biocompatible implants for bone tissue repair and replacement.

Ibuprofen loading and release from the porous silica fibers

The capacity of MeCatPDI-templated silica to carry ibuprofen for drug delivery
applications was evaluated. Different encapsulation methods (soaking + drying and
melting) were tested. The powder silica templated with TEOS/HDTMS 90:10 mixture
and loaded by the soaking + drying method showed the highest encapsulation efficiency.
The ibuprofen encapsulation efficiencies of the monolithic MeCatPDI-templated silica
samples by the soaking + drying method were also studied. Silica monoliths exhibited
much higher encapsulation efficiencies than the powder samples, but there were no
significant differences between the monoliths templated with pure TEOS as silica
precursor to those using a TEOS/HDTMS mixture.

The ibuprofen release from the monolithic samples was studied in simulated body fluid
(SBF) media. The release profiles exhibited an initial burst release followed by a gradual
release until reaching the 100 % after approximately 24 h. The release profiles were
suitably fitted to first-order models and to the Korsmeyer-Peppas model with exponents
about 0.7 — 0.8, which may indicate an anomalous non-Fickian diffusion of the drug. This
could be attributed to the aligned and non-interconnected pores of the silica materials.
There were not significant differences between the release kinetics of the silica monoliths
prepared with TEOS and those prepared with TEOS/HDTMS mixtures.

Hydroxyapatite growth in the silica materials

The growth of hydroxyapatite on the porous silica materials was tested. It was observed
that silica-hydroxyapatite composites can be obtained. These materials consisted in silica
fibers embedded in a hydroxyapatite matrix, and are promising to prepare monoliths with
improved mechanical properties to be used as bone implants. Further characterization of
the porosity and the mechanical properties of the composites is required.

Carbon nanofibers for electrochemical energy storage applications

N-doped carbon nanofibers with high surface area, hierarchical micro- and mesopores,
and high wettability were prepared using the chromonic MeCatPDI as template. For this,
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a chromonic-silica composite was prepared, carbonized and the silica phase was removed
with strong bases to obtain the carbon nanofibers.

The electrochemical energy storage properties of these fibers were tested in a three-
electrode cell system, by CV, GCD and EIS experiments. The highest-performance
carbon nanofibers were obtained by utilizing a carbonization temperature of 900 °C and
removing silica with NaOH 1M. This sample exhibited a pseudocapacitive behavior and
presented a high specific capacitance of ~ 250 F-g! at a current density of 1 A-g™' and an
outstanding rate capability of almost 90 % at 50 A-g~!, outperforming commercial carbon
materials such as Maxsorb® (411,

The best-performing carbon nanofiber material also showed an outstanding cycle life
stability with almost 100 % of capacitance retention after 10000 charge-discharge cycles
at 50 A-g'. This excellent electrochemical energy storage behavior was attributed to the
presence of both micro- and mesopores, the high wettability of the carbon surface and the
faradaic pseudocapacitance from the nitrogen-doping within the carbon nanofibers.
Notably, the combination of high cycle life and outstanding capacitance retention at high
current densities convert the obtained carbon nanofibers in very promising materials for
applications where high-power densities are required, such as regenerative braking.

A selected sample showed a good carbon dioxide capture capacity, adsorbing 2 mmol of
CO; per gram of carbon material, at 0 °C.

DNA-intercalation and cytotoxic properties of rylene diimides

The capacity of the nonionic (PEG7),PDI, the anionic (Ala),PDI and the cationic
MeCatPDI to interact with DNA was evaluated and compared to those of an anionic and
a cationic naphthalene diimide.

Only the cationic compounds (both the perylene and the naphthalene diimide) interacted
with DNA. The cationic naphthalene diimide showed a conventional DNA-intercalator
behavior, producing absorbance and fluorescence quenching of the diimide at higher
DNA concentrations, alterations in the positive circular dichroism DNA band and
increasing the viscosity of DNA aqueous solutions, as a function of the concentration of
the naphthalene diimide.

In contrast, the cationic MeCatPDI presented a more complex interaction that probably
combines various mechanisms at the same time, including intercalation, aggregate
disruption and electrostatic agglomeration, as indicated by the complex
spectrophotometric behavior of the MeCatPDI-DNA mixtures.

Cytotoxicity tests with HeLa cells were performed and the results indicated a high
cytotoxicity for the cationic naphthalene diimide and almost zero cell death for the other
compounds. With these results it is possible to conclude that the cationic naphthalene
diimide is a potent DNA intercalator, whereas all the nonionic and anionic compounds
are biocompatible. For MeCatPDI, the results are not conclusive, and more cytotoxicity
tests are required.

The low cytotoxicity of the (PEG7),PDI and (Ala),PDI demonstrate the potential of
nonionic and anionic chromonic systems for bioapplications where biocompatible
mesogens are required.
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MOLECULAR SEGREGATION AT MULTIPLES SCALES IN PERYLENE-BASED SYSTEMS FOR
THE PREPARATION OF ADVANCED MATERIALS
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Ultraviolet-Visible spectrophotometry (UV-Vis)
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Absorbance spectrophotometry of (PEG4):PDI 20 uM in different solvents. Note that this compound is only
partially soluble in ethyl acetate and DMSO.
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Absorbance spectrophotometry of (PEG10):PDI 11 uM in different solvents.
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