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1 Introduction 1

1 Introduction

1.1 Hydrogels

1.1.1 Definition and classification of gels

1.11.1 Definition
Gels are important materials that are omnipresent in our daily life, although we are often not
aware of it. Depending on their constitution and properties, they can be found in very different
applications and industries, such as food industry, cosmetics and medical applications.™?
Amongst others natural hydrogel components can be found in jelly fish, connective tissue
joints, in the cornea of the eye, and inside cells.* Very prominent naturally derived gels are
pectin, alginate, agars, collagen and of course gelatin. Although they have been used as
thickeners in jellies, hair styling products or for the growth of bacteria cultures for a long time,
up to now a clear definition of a gel is still missing. This is due to the fact that despite its
characteristic form, the term “gel” describes several different states of matter and material
classes.” And so the famous quote of Jordan D. Lloyd from 1926 is still valid today: “The
colloidal condition, the gel, is one which is easier to recognize than to define”.>®

Despite these difficulties, P. H. Hermans gave the first definition for gels in 1949 connecting
the macroscopic appearance with the proposed microscopic structure.” He stated the
following three propositions: i) a gel consists of a coherent colloidal system with at least two
components; ii) the mechanical properties are that of a solid (solid-like behavior); and iii) both,
the dispersed component (the gelator) and the dispersion medium (the gelation medium)
extend themselves continuously throughout the whole system. If taken literally, for example
vulcanized rubber, dry gelatin and polymeric xerogels are excluded by this defintion.?
Therefore, Flory proposed in 1974 that the imminent property for a gel is the solid-like
behavior on the time scale of the experiment and that every other proposition, such as the
continuity of the structure on a macroscopic scale as well as the coherent distribution of the
gelator in the medium, can be derived from that property.? This definition still leaves room for
interpretations, as the “time scale of the experiment” is not defined in detail to avoid the

III

exclusion of a material that is widely accepted as a “gel”. As a phenomenological definition,
Almdal et al. proposed the following: “i) a gel is a soft, solid or solid-like material of two or
more components one of which is a liquid, present in substantial quantity; and ii) solid-like gels
are characterized by the absence of an equilibrium modulus, by a storage modulus, G'(w),

which exhibits a pronounced plateau extending to times at least of the order of seconds, and
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by a loss modulus, G"(w), which is considerably smaller than the storage modulus in the

”® Thus, gels usually show viscoelastic properties with a flow behavior between

plateau region.
that of an ideal fluid and an ideal solid.>*° Depending on the difference between the storage
and the loss modulus, gels are classified as “strong” and “weak” gels. All gels independent on
their mechanical strength are assigned to the class of “soft materials”. These soft materials
comprise emulsions, foams, colloids, polymers, and gels and have gained more and more

importance in the recent decade.'* ™

1.1.1.2 Classification

Due to the complexity of a definition of a gel it is more reasonable to characterize this class of
material by assigning the gels to different categories dependent on their gelation medium,
their origin, or their constitution.

In respect to the gelation medium, gels are classified in organogels that immobilize organic
solvents and hydrogels that trap high amounts of water or aqueous solvents. A special type of
gels are xerogels or aerogels, as in these gels the solvent is absent. According to the IUPAC
definition Freundlich described xerogel system as follows: “When the gel is completely freed of
the liquid, a coherent framework with a certain, though sometimes very low, porosity may still

exist.”*

So usually these terms are used for dried hydro- or organogels.

Natural derived gels are mainly hydrogels with water as gelation medium. They are used for
drug delivery, tissue engineering, cell culturing and even the new trend “molecular
cooking”.>***° Natural derived gels are often promoted and favored as they are thought to be
more biocompatible. However, hydrogels derived from animals, bacteria or carcinoma have
serious disadvantages, as they show batch-to-batch differences and their use as biomaterials

for pharmaceutical therapies in humans is limited.***

Therefore, the interest in synthetic or
man-made gels increased since the middle of the last century and many different gelators have
been discovered.

Gels can also be distinguished according to the constitution of the gel network. A gradient
from fully covalent bound gel networks to gels that are solely held together by non-covalent
interactions can be observed. According to this, gels can be classified into four different
categories: i) polymeric hydrogels, that are chemically cross-linked, result in a fully covalent
bound network;***" i) physically cross-linked polymeric gels form cross-links between

polymer chains via non-covalent interactions or simply by entanglements;'****°

iii) recently
low molecular weight polymers or oligomers with molecular weights of 2000 — 12000 g mol™
were introduced, that can be cross-linked by small organic molecules via non-covalent
interactions.*** This class forms a bridge between the polymeric gelators and the fourth class:

iv) low molecular weight (Imw) gelators are small organic molecules with molecular weights
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below 2000 g mol™ that self-assemble into hierarchical three-dimensional structures solely by
non-covalent interactions.

Chemically cross-linked polymeric gels usually show a high mechanical stability due to the
covalent nature of the cross-links and bonds. Addition or removal of the solvent causes
swelling or shrinkage of the network. Thus, gelation is mainly a swelling process and the
expansion of the network is limited by the non-reversible bonds."?

Physically cross-linked gels are often reversible and by changing the temperature, the
polymers can be dissolved. Analogously to the chemically networks they often have a high
gelator content from 5 to 15 % w/v (weight per volume) of polymer, but generally a lower
mechanical stability.® Most natural gels, such as gelatin, collagen, and starch belong to this
class of polymeric gels.* Since the 1950s, there is a great interest in applying chemically and
physically cross-linked polymeric hydrogels as biomaterials in medicine and pharmacy. The
most prominent example is probably polyhydroxyethylmethacrylate (polyHEMA), widely used
for contact lenses. Polymeric hydrogels are also used as artificial extracellular matrices, as
wound-healing materials, as drug and gene delivery systems, and as scaffolds for cell therapy,
tissue engineering, and regeneration.2'20'33'35"‘0'41

The third class of gels, oligomers that are cross-linked by small organic molecules via non-
covalent interactions, have gained interest in the scientific community in the last decade. The
separate solutions usually have a low viscosity, while after mixing gels are formed with a
sufficient high mechanical stability. Therefore, they are investigated regarding their ability to
serve as scaffolds for tissue engineering, and as injectable and degradable drug delivery
systems.l‘s’”’42

The class of low molecular weight (Imw) gelators will be discussed in more detail in the
following as the studies presented in this thesis deals with this class and the resulting
supramolecular hydrogels.

Lmw gels are supramolecular gels in the strictest sense, as the interactions between the small
molecules as well as the interactions between the resulting superstructures are non-
covalent.* A typical gel is prepared by heating a mixture of gelator and solvent above the
critical gelation temperature. During the subsequent cooling the gelator forms a three-
dimensional network that can immobilize large amounts of liquid via capillary forces and due
to the surface tension of the fluid phase. Often this network is referred to as “self-assembled
fibrillar network” (SAFIN).****™* | mw gelators have been investigated for decades, but only in
the last ten years the systematic studies resulted in some achievements regarding the design
of the gelators. In the middle of the last century gelling agents were only found by serendipity,

e. g. when purification treatments, such as crystallization and precipitation failed and
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produced a solid-like material. At the beginning of the research effort regarding Imw gelators
mainly gels, that were able to immobilize great amount of organic solvents, were investigated,

as they were thought to be useful in many different areas of application.***™*

Truly,
nowadays, these so-called organogels are used in hydrometallurgy, for the recovery of crude
oil, in food processing, in cosmetics as thickener in ointments, shampoos, and creams, as
aviation fuel, and in lubricants. With increasing research interest in the properties and
applications of molecular gels, the wish to design gelators that were also able to gel aqueous
systems (Imw hydrogelators) with distinct characteristics became more and more
imminent.”>%>

Lmw gelators show various interesting properties that makes them competitive to
polymeric systems: i) the spontaneous self-assembly leads to hierarchical supramolecular
structures with well ordered domains within the fibers; ii) the molecular arrangement within
the gel network is based on molecular recognition. Thus, the overall structure and the resulting
properties of the gel can be changed by varying the structure of the gelator molecule. iii) The
gels are responsive to external triggers due to the presence of solely non-covalent interactions;
and iv) due to the high gelation efficiencies of the Imw gelators only low amounts of gelator
are needed compared to polymeric systems.’ This raises the hopes of scientists that Imw
gelators cannot only find applications in low cost, mass products such as shampoos and
lubricants, but also in high tech applications, such as biomaterials for controlled drug release,
as scaffolds for biomineralization and tissue engineering or in electronic devices for sensors,
actuators, or as molecular wires.>®

In the progress of finding new Imw gelators important structure-property relations could be
determined that clearly state, that the molecular structure of the gelator, but also the solvent
plays an important role on the involved interactions and, therefore, on the self-assembly of
the molecules.’ Two different approaches are used for the systematic identification of new
gelators, the molecular engineering and the crystal engineering approach. The molecular
engineering approach tries to modify known gelators to identify new gelators. With this
approach only gelators similar to the parent gelators can be prepared and often large libraries
of molecules must be investigated to achieve results. The crystal engineering approach tries to
identify important intermolecular interactions and effective functional moieties or groups of
functional moieties (building blocks) that enable or promote gelation.”® To be able to
understand the principles of gel formation, it is inevitable to understand the interactions

between the gelator molecules and between the gelator molecules and the solvent.
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1.1.2  Important intermolecular interactions

Already in 1987 the Nobel Prize in chemistry was awarded to Donald J. Cram, Jean-Marie Lehn,
and Charles J. Pederson “for their development and use of molecules with structure specific
interactions”. These important findings in supramolecular chemistry, as Lehn called it, enable
us now to understand the non-covalent interactions between molecules.?”*®

While covalent bonds have binding strengths in the range of 50 kJ mol™ to 1000 kJ mol™, the
physical or non-covalent binding strengths are mostly lower and therefore are often referred

to as “weak” interactions. In Table 1.1 the binding strengths of non-covalent interactions are

summarized.”

Table 1.1: Bindings strength of typical non-covalent interactions."

binding strength

type of bond [kJ mol ]

ion bond 100 - 350
ion-dipole bond 50-200
hydrogen bond 5-120
cation-mt interaction 8- 80
dipole-dipole interaction 5- 50
T-Tt interaction 0- 50
van-der-Waals interaction < 5

hydrophobic interaction -

Despite the low binding strength of these interactions, self-supporting gel networks that are
able to immobilize high amounts of solvents can be formed by Imw gelators. Often gelator
concentrations of only 1% w/v or lower are reported, which means that a gel network
develops its solid-like behavior while consisting of 99 % or more of solvent. Such macroscopic
stable gels obtained at so low gelator concentrations are only feasible by using gelator
molecules consisting of several functional moieties or building blocks and by the combination
and cooperation of different physical bonds. These building blocks are based on the principles
of molecular recognition that are also found in biological systems and enable directed
aggregation into very specific superstructures.33’38'59_62

Although most Imw gels do not display the same mechanical strength as polymeric gels,
due to the “weakness” of their bonds they have several advantages over covalently bound
gels, such as the spontaneous association of small molecules into hierarchical structured

aggregates, the reversibility of the gel formation, and the possibility to tailor the properties of

the gel by designing the molecular structure of the gelator.
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1.1.3 Gelation mechanisms and hierarchical structures of Imw hydrogels

Although the intermolecular non-covalent interactions and the respective functional moieties
are known, up to now it is still challenging to design Imw gelators. This is mainly because the
underlying gelation mechanism is not completely understood.

As the interaction with the solvent plays an important role in the self-assembly of the gelator
molecules, when discussing possible aggregation routes and gelation mechanisms it is
reasonable to distinguish between the formation of organo- and hydrogels. Although some
main principles of the processes explained below may also be true for Imw organogels, the
main focus of this work lies on the better understanding of Imw hydrogelators.

Similar to the hierarchical structure of protein aggregation the self-assembly process of Imw
gelators can be distinguished into different hierarchical levels that are all influenced by non-
covalent interactions.’ The molecular structure of the gelator molecule is the primary structure
and dependent on the present functional moieties anisotropic aggregation is induced via
directed non-covalent interactions, such as hydrogen bonds, and m-ni-stacking.”® The molecular
structure lies within the range of Angstrém and nanometers and can be easily investigated by
techniques, such as nuclear magnetic resonance spectroscopy (NMR), mass spectrometry
(MS), and elemental analysis.

The resulting mostly one-dimensional aggregates are the secondary structure, which are
usually in the range of nano- to micrometers. Depending on the molecular structure of the
gelator their form can vary from (worm-like) micelles, vesicles, to threads, fibers and tapes.
While it is known that micelles and vesicles are mainly formed by classical surfactants with
gelation abilities, recently the interest increased in understanding the mechanisms that drive
the formation of one-dimensional aggregates with a high aspect ratio, so called
“supramolecular polymers”.®* Supramolecular polymers are solely formed by non-covalent
interactions between the single molecules that act as molecular repeating units, but exhibit
polymeric properties in bulk or diluted solutions. The different identified supramolecular
polymerization mechanisms are limited to linear aggregates and do not describe the formation
of supramolecular networks. Nevertheless, the insights into one-dimensional aggregation
mechanisms might also help to understand processes that enable gel formation.

The aggregation of secondary structures via non-covalent interactions, such as van-der-Waals
interactions, dipole-dipole interactions and electrostatic forces, gives in turn superstructures,
such as rod-like micelles, lamella, fiber bundles, and ribbons in the range of micro- to
millimeters. This tertiary structure forms the continuous and stable network that shows solid-

like behavior. The macroscopic properties of the gel can be investigated by various techniques,



1 Introduction 7

such as scanning electron microscopy (SEM), transmission electron microscopy (TEM),
rheology, spectroscopy, diffraction, and modeling.’**>®*

Usually it is most challenging to analyze the meta-state or the secondary structure, as the
dynamic processes during the gelation are disturbed by most characterization methods and in
situ techniques are rare. Thus, it is still challenging to get reliable data and to interpret them
correctly. Therefore, the exact gelation mechanism and all the essential parameters are not yet
fully understood.

In 2009 Rhagvan proposed the existence of two different gelation mechanisms, one with
“crystalline assemblies” and one with “amorphous assemblies”.** The first one is based on a
nucleation and growth mechanism. At high temperatures the gelator molecules are
molecularly dissolved, and upon cooling a saturation effect of the solution leads to the
formation of crystalline nuclei. From these nuclei, fibers start to grow which might
interconnect resulting in a three-dimensional network. As the gelation is kinetically controlled,
the gels formed via this mechanism are usually turbid, rigid and have a defined melting
temperature.®”

It is important to note that this mechanism might lead to kinetically trapped gels that are
meta-stable and might alter their properties upon aging. Furthermore, the exact preparation
protocol is needed to reproduce gel samples with the same properties.®

The mechanism with amorphous assemblies is thermodynamically controlled and based on the
self-assembly of amphiphiles or tensides. Above the critical micellar concentration the gelator
molecules form small micelles. By decreasing the temperature, adding more gelator or a
second component, worm-like micelles with a high aspect ratio are formed. These elongated
assemblies can interconnect to form transparent gels. Often these gels show softening before
melting and are rather highly viscous solutions with “self-healing” properties.

Although Raghaven only proposed these two mechanisms, there might be also gels that are
formed by a combination of both approaches.® Information about the gelation mechanism is
very important when trying to predict the properties of the resulting gels. Therefore, the
molecular structure of the gelator has to be designed carefully to yield effective hydrogelators

with very distinct properties.

1.1.4 Considerations regarding the design of Imw hydrogelators

1.14.1 Hydrophilic-lipophilic balance (HLB)
Despite the structural diversity of identified supramolecular hydrogelators and the variety of
successfully used building blocks, all Imw hydrogelators have one thing in common: a sensitive

balance between hydrophilic and hydrophobic interactions.**¢
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This hydrophilic-lipophilic balance (HLB) is not only determined by the interactions between
the gelator molecules, but also by the contribution of the solvent. It provides a sufficient
solubility and avoids neat crystallization or the formation of an amorphous precipitate with
subsequent phase separation. If this balance is disturbed, e. g. by slightly changing the
molecular structure, the molecule is either perfectly soluble or precipitates. This is
impressively demonstrated by a series of maleamic acid based amphiphilic hydrogelators,

which were recently published by our group (Figure 1.1).%

maleamic headgroup amide unit phenylring alkyl chain

Na* ~o oO R
Ly
N

H
R= C6H13r c8H17r c10H21r chHZSI C14H291 C16H33

Figure 1.1: A series of maleamic acid based amphiphilic hydrogelators with different alkyl chain
Iengths.66

Dependent on the length of the alkyl chain the molecules assemble in a different manner,
which can be illustrated by the calculated aggregation modes of the dimer. Compounds with a
short alkyl chain (Cs and Cg) show a yellow color. It is proposed that in the dimer the molecules
stack on top of each other with one molecule being rotated by 180 °. This arrangement is
favored due to n-mt interactions between the double bond of the maleamic acid headgroups of
one molecule and the phenyl ring of the second molecule. Aggregation is furthermore
promoted by hydrogen bonding between the amide moieties. Above an alkyl chain length of
C,0 the hydrophobic interactions of the alkyl chain become more pronounced. This leads to a
dimerization with both molecules being aligned above each other resulting in a white color of
the compounds. Besides the hydrophobic interactions of the alkyl chains there are also n-nt
interactions between the two phenyl rings and a hydrogen bond between the two amide
moieties. Such an arrangement of the molecules with an alkyl chain length of Cy, leads further
to the formation of anisotropic aggregates that are able to immobilize high amounts of
aqueous sodium hydroxide solutions. Thus, with the increase of the alkyl chain length the
solubility of the compounds in aqueous media decreases resulting either in hydrogel formation
(C14) or no solubility at all (Cyg).

This clearly demonstrates the importance of the HLB and the influence of small changes in
molecular structure on the gelation ability. The aim in designing Imw hydrogelators is to

encode the macroscopic properties in the molecular structure, similar to the genetic
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information that is stored in the structure of the DNA. Thus, upon self-assembly very distinct

superstructures with specific properties can be achieved.

1.1.4.2 Influence of the environmental conditions and responsiveness to external
stimuli

Not only the molecular structure of the gelator molecule is crucial when trying to design Imw

gelators with specific properties, but also the environmental conditions, such as the ionic

strength, the pH value, and the temperature of the solvent, must be considered.

In organic solvents mainly hydrogen bonds promote the directed one-dimensional
aggregation. As hydrogen bonds lose their efficiency in water, if they are not shielded from the
water, hydrophobic interactions become more important in aqueous environments. Different
building blocks have been identified to be important for the design of Imw organo- and
hydrogelators. Therefore, there are only a limited number of ambidextrous gelators reported
in the literature that are able to gel organic and aqueous solvents.®"

In the literature examples of Imw “hydrogels” are known that only form, or show improved
mechanical stability, in the presence of an organic co-solvent, such as DMSO, methanol or

1.22737> These gels are no hydrogels in the strictest sense, as they consist of 1 % to 10 %

ethano
of an organic solvent. Therefore, they are not further considered in this work.

In agueous media the aggregation of the hydrophobic gelator molecules via non-covalent
interactions leads in general to a decrease of the interface between hydrophobic aggregates
and water. Due to this decrease of the surface energy the high order of the gelator molecules
is possible in the gel state.” This fact furthermore enables the system to restore the gel state
after destruction. As Imw hydrogelators are usually thermo-reversible, this can be achieved by
simply applying a heating and cooling cycle. However, also other external stimuli might be
used to influence the gelation process.

When dealing with Imw hydrogel systems, one must distinguish between parameters that are
changed to optimize the gel properties and external stimuli that lead to a transition from the
gel to the sol state and vice versa. There have been many attempts to alter gel properties, e. g.

76,77

the gel-sol-transition temperature or the viscoelastic properties’ by a change of the pH

value or the addition of salt. The drug release rate of a hydrogel was successfully adjusted by

79,80

the temperature, the enzyme concentration or the pH value, and the morphology and the
photoluminescence properties of a two-component gelator could be changed by varying the
composition of the respective components.81

All of the gels described above show some kind of responsiveness to the change of

environmental conditions. However, usually in the literature the responsiveness of a gel
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system to an external trigger describes the reversible transition between the gel and the
molecularly dissolved sol state.

Dependent on the molecular structure of the gelator molecules many different external stimuli
can be realized for the sol-gel transition. The thermal responsiveness is the most common

9,39

trigger for gel formation or dissolution. But there are also examples of gels that are

46,65,78,82-89

additionally responsive to another stimuli, such as change of pH, change of ionic

91793 oxidation or reduction.’® Discussions about

strength,82 metal ion coordination,” light,
multi-stimuli responsive gelators mostly refer to gelators that are sensitive to more than one
stimulus additionally to the thermal-responsiveness. Recently, a ferrocenyl-phenylalanine-
based hydrogelator was presented.”® Its phase transition was induced by changing the pH
value, the redox potential, the temperature, or by agitation. Every stimulus worked
independently from the other. In other hydrogel systems, however, several external triggers
have to be altered consecutively to change the gel to the sol state.” It is often reported that
hydrogels only show stable gel formation within a distinct range of e. g. the pH value or the
concentration of a specific salt. Outside of this range, either gel dissolution or precipitation
eventually occurs.*®

To achieve sensitivity towards other stimuli than temperature, usually a receptor or
molecular recognition unit must be integrated in the molecular structure of the hydrogelator.
As this receptor unit can alter the properties of the whole gel or even affect the gelation
ability, it must be chosen carefully to fit into the self-assembly concept of the gelator.*® Usually
an acidic or basic group is used to induce pH-sensitivity. Very prominent is the class of Fmoc-
peptides that contain a carboxylic acid group which can induce solubility or molecular self-
assembly depending on the pK, value of the respective acidic moiety.*#>#%%” Many of these
gelators form gels between a pH value of 3 to 5. Their gel formation via the addition of a
mineral acid solution, such as aqueous HCl solution, often results in the formation of
inhomogeneous gels, as gel formation takes place faster than the homogeneous distribution of
the added acid. Consequently, this leads to an inhomogeneous pH value in the solution. By
adding glucono-delta-lactone (GdL, Figure 1.2) instead of aqueous HCI solution to the gelator

54,88,98-102

solution, pH-sensitive gels can be prepared homogeneously. The GdL molecules are

dissolved and distributed in the solution faster than their hydrolysis and proton formation
occurs.’® This can lead to hydrogels with improved mechanical properties showing that
despite forming the gel via the same external stimuli, such as decreasing the pH value, the
exact gelation method is crucial for the resulting properties of the gel.” Recently, independent
studies in the groups of Wang and Adams confirmed the importance of the gelation method

on the gel properties, especially regarding the mechanical stability.*>
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Figure 1.2: Structure of glucono-delta-lactone (GdL).

Concluding, the molecular structure of new Imw hydrogelators must be design considering
the hydrophilic-lipophilic balance, the environmental conditions, such as the solvent system,
and the gelation method. As these factors influence the self-assembly of molecules
dependently on each other, the design of new Imw hydrogelators or the a priori determination
of the respective gel properties under specific conditions is still a major challenge for scientists.
There might be even more relevant effects present in such complex aggregation processes,
that - up to now - we are not aware of. However, the development of some successful
concepts for the adjustment of gel properties and the systematical approach to find new

gelators raise the hope that one day self-assembly processes will be fully understood.

1.1.5 Typical molecular structures of Imw hydrogelators

In the following, some typical classes of Imw hydrogelators and their molecular structures are
presented exemplarily to give a small insight in the high structural diversity of this field, but
also to derive some similarities that might help to design new Imw hydrogelators.

Due to the increased interest in Imw hydrogelators in the recent decades, obviously, not
every class of Imw hydrogelators can be discussed in this work. However, there are several
review articles summarizing the late achievements very well.>1%1282104

The first reported Imw hydrogelator was published in 1892. It was found incidentally during
the synthesis of benzoylcystine as the precipitation of the product from aqueous NaOH
solution with aqueous HCI solution resulted unexpectedly in a “thick jelly”.’® The molecular
structure is depicted in Figure 1.3 and shows that this first Imw hydrogelator comprises several
functional moieties, such as an amide group, a primary amine, and two carboxylic acids. These
moieties stand out due to the ability to form directed or complementary hydrogen bonds.
Furthermore, the amine and carboxylic acid groups provide the necessary solubility and the
reported pH-sensitivity. The second important building block in the molecular structure is the

presence of the benzene ring that enables m-m-stacking as well as hydrophobic interactions.

Even though, at that time, the importance of the right combination of different intermolecular
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interactions to provide gel formation was still unknown, this first Imw hydrogelator clearly

shows a hydrophilic-lipophilic balance (HLB).

Figure 1.3: Molecular structure of benzoylcystine, the first reported Imw hydrogelator in 1892.'"

This HLB is mandatory for all Imw hydrogelators despite their structural diversity. As such a
balance is also present in surfactants, tensides, and lipids, especially the investigation of this

class resulted in the serendipitous discovery of new Imw hydrogelators. These are categorized

83,108,109

in conventional amphiphiles,*®*%” bolaamphiphiles that have a hydrophobic unit

110,111

between two headgroups, and gemini-surfactants that consist of a headgroup between

two hydrophobic units (Figure 1.4). Due to high number of amphiphilic Imw hydrogelators with
a polar or ionic water-soluble headgroup, their sub-classification is based on the type of the
headgroup.” Very common headgroups are for example saccharides or sugars,” > bile
acids,” urea moieties, cholesterol,®*** quaternized amines, amino acids® and especially

. 65,67,82,88,93,97,115-117
peptides.

O OH OH N | OH
/\/\/\/\/\/\ HO
N

Oln
T
Olll
T

conventional amphiphile with a sugar-based headgroup bola-amphiphile with amino acid-based headgroups
+ -
I NH, BS r 0
NN NN
T(k/ \S/h)LN
o) Br NH;
+
gemini-surfactant with an amino acid-based headgroup

Figure 1.4: Typical molecular structures of amphiphilic Imw hydrogelators.los'm_111

As essential structural motifs for amphiphilic Imw hydrogelators four different segments were
identified: a hydrophilic headgroup, a rigid unit, a flexible linker, and a hydrophobic tail.*°

Keeping this molecular concept in mind, different amphiphilic Imw hydrogelators were
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66,76,77

prepared successfully in our group. Dependent on the kind and the arrangement of those

different units, hydrogels with different properties were obtained.

Beside amphiphilic Imw hydrogelators, there are also many examples with a rather

different molecular structure, such as dendrimers, Cs-symmetric cyclohexane derivatives,'*®

83,119-122 85,123-125

resorcin-based gelators,® metallogels, two-component hydrogelators,” or

126-128

azobenzenes, which are usually known as coloring agents or dyes. In Figure 1.5,

exemplarily one of the first azobenzene-based hydrogelators benzopurpin,'*® a metallogelator

83
I

based on a trinuclear Cu(ll) complex of inositol,”> and a two-component hydrogelator based on

two guanosine derivatives'*® are shown.

eSSl v

benzopurpurin
azo-benzene-based hydrogelator

N
=< /)N\H

N™ "N “NH,
o)

OH OH

two component hydrogelator

R =H: guanosine (component A)
metallogelator R = Br: 8-bromoguanosine (component B)

Figure 1.5: Examples of Imw hydrogelators showing the large variety of molecular structures.®*'?%'%°

Interestingly, some of the found Imw hydrogelators are based on organogelators. By
systematic changing the molecular structure of known Imw organogelators, hydrogelators

could be obtained.”®**°

However, when transferring the structure of an organogelator to that
of a hydrogelator, one has to keep in mind that hydrophobic interaction are usually more
pronounced in water than in organic solvents, while hydrogen bonds often lose their

directionality, if they are not shielded."""*

Furthermore, interactions such as metal ion
coordination and salt bridges become more important in aqueous systems.™
Summarizing, up to now many different Imw hydrogelators with a large range of molecular

structures have been identified. The large variety of concepts that could be successfully
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applied nourishes the idea that any molecular structure might be transferred into a potent
Imw hydrogelator, if it is combined with the right building blocks and tested under adequate
environmental conditions.

In the following (chapter 1.2), a well-known self-assembly motif is illuminated in detail.
Interestingly, although numerous studies regarding the self-assembly of 1,3,5-benzene
tricarboxamide (BTA) derivatives have been performed, only few BTA-based, Imw
hydrogelators are known up to now. The detailed insights into the performed self-assembly
studies of various BTA derivatives in different environments might help to understand the
complex task to design a new Imw hydrogelator system for a specific application, even when it
is based on a well-known self-assembly motif. Subsequently, possible applications of Imw
hydrogelators (chapter 1.3) and the advantages of the “electrogelation” technique (chapter

1.4) are discussed in more detail.

1.2 1,3,5-Benzene tricarboxamides

1.2.1 A versatile structural motif

Nearly a century ago the first 1,3,5-benzene tricarboxamide (BTA) was synthesized and its
molecular structure published (Figure 1.6a).”*® Since then, many groups have been interested
in the structural modification and application of this, originally Cs-symmetric, building block.
The review of Palmans at al. from 2012 nicely summarizes the recent achievements in
synthesizing BTAs and investigating their self-assembly properties in bulk and different dilute

3% The common structural motif of all BTA derivatives consists of three structural

solutions.
specifications: i) a planar benzene core; ii) three C-centered amide groups in the positions 1, 3,
and 5 leading to a Cs-symmetry of the molecule; and iii) lateral functional moieties or
substituents R that are attached to the amide units. The lateral substituents R can be varied in

multifold ways, thus eventually breaking the Cs-symmetry (Figure 1.6b).
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Figure 1.6: a) The first published BTA derivative'> and b) the basic molecular structure of BTAs with
three C-centered amide moieties.

ZT

Usually, this basic molecular structure leads to supramolecular columnar aggregates, where
the benzene cores are stacked on top of each other with mt-rt-distances mostly in the range of
0.33 nm to 0.38 nm. Thereby, adjacent molecules in the stack are rotated by 60 ° so that the
amide moieties and the respective substituents R are staggered. Triple hydrogen bond
formation between amide moieties of adjacent molecules is enabled by a slight twist of the

134,135

amide units out of the plane of the benzene core. In columnar aggregates the triple

hydrogen bond formation, usually leads to a helicity in the columns that can be enhanced or

3% The deviation angles of the three

driven to a preferred direction by using chiral substituents.
amide units are important tools to determine, if the molecular packing results in rather askew
or straight columnar aggregates.”’ These angles can range from about 10 ° to about 45 ° and
might deviate for the three amide units in one molecule, thus resulting in different core-core-
distances and different length of the hydrogen bonds.

The exact molecular arrangement is strongly determined by the type of substituents and
the environmental conditions, such as the solvent system and the temperature. Many
different studies have been performed that have systematically varied the three specifications
of BTAs. All together, they give a wide overview of the found structure-property relations and
emphasize the unique combination of interactions present in such a small supramolecular
motif.

To obtain insights into the role that the benzene core plays in self-assembling processes,
often Cz-symmetric cyclohexane-based 1,3,5-tricarboxamides were used for comparative

reasons.”>*¥3 Cyclohexane-based tricarboxamides feature the same molecule symmetry

46,84,86,118,140-142 \n1hile the benzene core is

than BTA derivatives, but can interact very differently.
planar due to the conjugation of the m-electrons, the cyclohexane core is more flexible and can
adept the chair or boat configuration. Furthermore, the sp-hybridization of the C-atoms in

cyclohexane leads to different possibilities, how the amide moieties can be attached to the
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core. Usually, cyclohexane-based 1,3,5-tricarboxamides with an all syn or cis, cis configuration
are used, where all amide moieties are attached at the same side of the ring. De Loos et al.
described the systematic change of the BTA-core to cyclohexane, thus giving interesting insight
in the structure-property relation of BTA-based organogelators.*

BTA derivatives that are additionally functionalized in the 2, 4, and 6 position are called
“crowded aromatic” BTAs. Due to the enhanced steric interactions at the core, they exhibit
quite different properties and are therefore not included in this work.>>**

As the amide moieties act as hydrogen bonding units, they have a great influence on the
aggregation behavior. First of all, the constitution of the amide moieties must be considered,
i. e. whether they are N-centered, C-centered, or a combination of both resulting in an
asymmetric substitution of the core.’**'** While the term 1,3,5-benzene trisamide comprises
both N- and C-centered derivatives, the term 1,3,5-benzene tricarboxamide (BTA) used in this
study solely refers to the C-centered derivatives. By inverting the amide moieties, so that the
nitrogen atom is bound to the benzene core, also columnar aggregates are obtained, however,
with slightly different molecular packing modes. Usually, lower torsion angles of the amide
moieties out of the molecular plane are observed, that results in lower core-core-distances of
adjacent molecules. Further information of the aggregation characteristics of N-centered or
inverted BTAs can be found in the literature and will be not part of this work."****%/

Often columnar assemblies of BTAs are displayed in such a manner that all amide moieties

1719 However, recently it was shown by detailed molecular

point in the same direction.
dynamic simulations that an antiparallel alignment of the hydrogen bonds, with only two
moieties pointing in the same direction, is more likely.'* It might also be possible that the two
aggregation modes occur for different BTA derivatives.”*® Nevertheless, in all columnar
aggregates of BTAs a macrodipole alongside the molecular stack is present. Solely its strength
is depending on the alignment of the amide units and their respective torsion angles.'*%*>%>!
The influence of the trivalent hydrogen bonding unit on the aggregation behavior was
investigated in different studies using urea groups or thioamides instead of the C-centered
amide group. These studies showed that for BTAs with urea groups stronger hydrogen bonding
interactions can be achieved leading to higher thermal stabilities and pronounced kinetic

effects. >

In contrast, for thioamide derivatives weaker hydrogen bonding interactions can
be expected compared to the respective amide derivative, resulting in dynamic
supramolecular aggregates.”®® In some studies additionally the respective triester was
synthesized as reference substance. As in these molecules no hydrogen bonds between the
cores of adjacent molecules are possible, usually the directed one-dimensional aggregation of

the compounds is lost.**®
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Although this study is restricted to C-centered BTAs, the numerous possible substituents for
the three side arms and the possibility for an asymmetric substitution of the core lead to an
almost endless number of derivatives with multifold properties. Many different studies have
been performed to investigate the influence of the lateral substituents regarding its size, its
polarity, the presence of specific functional moieties and the introduction of a chiral center.”*®
However, these substituents are mainly responsible for the interactions of the molecule with
the surrounding media and thus determine possible fields of applications. Therefore, when
discussing studies regarding the variation of the substituents, a classification of the BTAs
regarding their application or their self-assembly environment is reasonable.

Summarizing, all these studies give a good idea about the unique combination of
interactions that are present in BTA derivatives, which renders this a potent and widely used
self-assembly motif. Dependent on the characteristics of the substituents and their
interactions with the surrounding media, BTA-based compounds might be interesting for many

different fields of application.

1.2.2  BTAs as trivalent building block in synthesis and metal ion coordination

In the 70s of the last century the interest in BTA compounds was mainly motivated by the need
of new multivalent crosslinking agents for branched and hyper-branched polyamide and

1347183 Gince then, it has been used as trivalent building block for the

polyester networks.
synthesis of various organic molecules that have been investigated in very different fields of
applications, e. g. in energy transfer processes, for studying glass transition temperatures of
molecular glasses, for mimicking biological structures and processes, and many more.'**

Furthermore, BTA compounds are interesting trivalent ligands for the coordination and
complexation of metal ions. Examples of BTA-based structures, that stabilize ruthenium
nanoparticles have been published, as well as new complexes for the catalysis of different
reactions or the study of stable binuclear structures and their crystal structures.'?%!8182182-188
The preparation of new metal complexes for the catalysis of complex reactions is important, as
suitable ligands can improve e. g. the reaction rate, the yield or stereoselectivity of a reaction
and the reaction conditions.”® These improvements might one day lead to the preparation of
artificial enzymes that perform specific cascade reactions under mild and environmental
friendly conditions.

Especially in the last five years the interest in highly ordered and porous materials

190-196

increased. These so called organic coordination polymers or metal organic frameworks

(MOFs)*"71° are formed by the spontaneous association of organic molecules and, in case of
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MOFs, also metal ions. Due to their high porosity, they are interesting for adsorption and
storage of gases, such as hydrogen, nitrogen, and carbon dioxide. The use of various different
substituents for the preparation of these porous materials leads to a high number of published
crystal structures. However, in most of these porous structures the BTA molecules assemble
into sheet-like aggregates with structures similar to that of honeycombs. The stacking and
intertwining of such two-dimensional structures usually results in complex three-dimensional
networks with defined channels and pores in the range of several nanometers.*#20>20%211

Thus, these structures differ very much from the one-dimensional, columnar or fiber-like
structures usually gained by self-assembly studies of BTAs in bulk or organic liquids. The choice

or the absence of a solvent as well as the preparation technique are therefore very important

factors, when discussing the self-assembly behavior of BTA derivatives.

1.2.3  Self-assembly of BTA derivatives in various environments

1.2.3.1 In bulk
Many studies describe the self-assembly behavior of BTA compounds with various alkyl chain

212 Often a liquid crystalline (LC) behavior with

rests in bulk depending on the temperature.
various mesophases can be found. Due to the unique combination of m-m-interactions of the
benzene cores and the hydrogen bonds between the amide moieties, the disc-like molecules
stack into more or less ordered columnar structures. Very typical is the columnar hexagonal
phase in which the columns are arranged in a hexagonal ordered state. But also rectangular,
plastic crystalline, and ordered LC phases could be identified for various BTA
com pOU ndS.135'136'138'139'145'150'212_219

Interestingly, the non-covalent interactions present between BTA molecules even at
elevated temperatures allow the electrospinning of these molecules from the melt into nano-
and microfibers.?”® As no other material, such as a polymer, is present as a matrix material, the
melt electrospinning process can only be realized for few small organic molecules with
sufficient strong intermolecular interactions.””* The BTA molecules that self-assemble upon

cooling form stable electrospun fibers with Young’s moduli comparable to self-assembled

fibers from solution in the range of 3 to 5 GPa.”*

1.2.3.2 In polymer melts
The application of BTAs as polymer additives is most advanced in terms of commercial use in

industry. Many successful derivatives have linear, branched or cyclic alkyl rests. Besides the

: 144,222-224
i-PP),~™

use as nucleating agent and clarifier for isotactic polypropylene ( BTAs can also

225

be used to improve the electret properties of i-PP.”” The modifications of the polymer

properties can be explained by the formation of small aggregates of the respective BTA
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compound in the polymer melt upon cooling. These can act as nuclei for a more homogeneous
crystallization of the polymer. Furthermore, recently the favored crystallization of j-PP into the
mechanical more stable B-modification in presence of a BTA compound as additive was

reported.??®

1.23.3 In organic solvents

The aggregation of BTAs in various polar, apolar, protic and aprotic organic liquids was
intensely studied and many different aggregation modes were found.

The self-assembly in organic solvents upon thermal treatment mainly results in one-

132,214,227-234 Tha henzene cores of the disc-like molecules

dimensional columnar aggregates.
thereby stack above each other via n-m-interactions and triple hydrogen bonding. The induced
helicity in the molecular stacks can be tuned by using BTA compounds with chiral side arms.
Due to the “sergeant and soldier” principle even low concentrations of chiral substituted BTAs
can force achiral BTA molecules into a preferred helicity.'****!

Dependent on the substituents, supramolecular polymers, lyotropic liquid crystalline

25787 or superstructures, such as fibrils, fibers and needles can be obtained. While the

phases
formed superstructures are often kinetically trapped upon cooling, columnar mesophases and
supramolecular polymers are usually thermodynamically stable and dynamic.”*® Thus, the
length of supramolecular polymers can be controlled by adding BTAs with tertiary amides.?*°
These are not able to form hydrogen bonds and therefore act as some kind of end-capper or
terminating agent for the supramolecular assembly.

Some long, intertwining superstructures, mainly fibers, have the ability to immobilize the
solvent molecules and form so-called organogels.**?** The formation and the resulting
properties of the organogels do not only depend on the BTA derivative, but are also influenced
by the used solvent. It should be noted that not every organic solvent can be immobilized by

240

the same BTA.”" Besides fibrillar structures of organogels, also nanorods can lead to a gelation

effect.”**
As BTA compounds usually have a tendency to form anisotropic aggregates, there is only a
limited number of BTAs that form two-dimensional aggregates, such as chiral sheets, in organic

solvents.'*

Jana et al. investigated the influence of the side chain onto the aggregation
behavior of BTAs to promote the formation of assemblies without a preferred one-dimensional
direction. Finally, a porous material with an underlying three-dimensional network and high
gas adsorption properties was obtained by introducing bulky side chains.**

Furthermore, for some derivatives single crystals could be obtained by using the right solvent

system, 128146194210 yo\wever, one should keep in mind that the structure in the single crystal

does not necessarily agree with the molecular arrangement obtained via a self-assembly
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process.””® Due to the different preparation processes usually different structures are
obtained. This is further supported by the observed polymorphism of some BTA derivatives.'”®
Summarizing, although it is still not possible to predict which BTA derivative will form a
distinct structure in a given organic solvent, there are many different self-assembly systems
that have been intensely studied and are rather well-understood.
Recently, such BTA systems were used as side-arm functionalizations of a linear random co-
polymer. By changing the temperature or the solvent composition it was possible to introduce
the self-assembly of the BTA motifs in the polymer chain. The folding of the polymers is similar
to protein folding in nature and results in single chain nanoparticles (SCNPs).?**"**° The folding
of such SCNPs is not limited to organic solvents, but could also be realized for water-based

solvent systems.”>*

1.234 In mixtures of water and organic solvent

Based on the knowledge gained from the self-assembly studies in organic solvents, more
complex solvent systems, such as mixtures of water and organic solvents, gained the interest
of scientists. By changing the solvent composition, a wide range of polarities can be realized.

In mixtures of water and organic solvents, such as DMSO, DMF or THF, an azobenzene-
substituted BTA compound self-assembled into fibers, gels and hollow spheres dependent on
the solvent composition.””® While the formation of single helices of stacked molecules in
DMSO-water mixtures was expected due to the directionality of the threefold hydrogen
bonding, in pure DMSO and aqueous THF solutions sphere formation could be observed, which
is rather unusual for supramolecular BTA assemblies. Interestingly, the addition of water to
DMF solutions led to gel formation via an entangled network of fibers.

Investigations regarding the self-assembly behavior of a 3,3’-bis(acylamino)-2,2’-bipyridine
substituted BTA in water/alcohol mixtures showed that the composition of solvent as well as

the solution temperature influences the aggregation of molecules.”

At high iso-propanol
concentrations and elevated temperatures single helical stacks of molecules are formed.
Below a critical alcohol content short helical fibers consisting of three intertwined helical
stacks are formed. In pure water these triple helices are elongated. This is attributed to the
change of hydrophobicity at different solvent compositions and the different enthalpies of
mixing.

These examples in aqueous organic solvents clearly show that the transformation of a well-

known BTA derivative to aqueous systems can lead to completely new structures.
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1.2.3.5 In water

As discussed above, the interactions for the self-assembly in water differ quite from those in
organic solvents.

Studies of Stals et al. describe the self-assembly behavior in organic and aqueous solvents of
BTA derivatives with different numbers of hydrophilic oligo(ethylene glycol) and hydrophobic

BL132 They proposed that due to their flexibility, the ethylene glycol rests

alkyl side chains.
might fold back to the core to form intramolecular hydrogen bonds with the amide moiety of
the BTA motif. This weakens the aggregation into single helical stacks in alkane solutions. In
water for BTAs with two or three hydrophilic side arms no aggregation could be observed, as
the amide moieties of the BTA core were not sufficiently shielded from the water molecules by
a hydrophobic spacer.

The attempt of Leenders et al. to transfer the BTA self-assembly motif to aqueous solvents
showed that even by slight changes in the constitution of the hydrophobic spacer different
molecular packing modes can be obtained.”* The importance of the hydrophobic shielding of
the core was systematically investigated by Besenius et al.. He and his co-workers used BTAs
consisting either of a small, medium, or large hydrophobic spacer between the amide units of

24 Erom this

the core and the hydrophilic headgroups, that consisted of chelated metal ions.
study it became obvious that the larger the hydrophobic spacer, the stronger the formed BTA
aggregates in water. This was explained by the fact that hydrogen bonds between adjacent
molecules can only form when they are shielded from the water molecules. Thus, the
threefold hydrogen bonding was claimed to be the main driving force for the self-assembly of
hydrophobic shielded BTA derivatives. Due to the electrostatic repulsion of the metal ion
charges at the lateral headgroups, only globular aggregates were obtained.”*

Self-assembly studies with related BTA derivatives, i.e. consisting of various large
hydrophobic spacers and differently charged hydrophilic headgroups at the lateral
substituents, were performed.”>**® These studies showed that at low salt concentrations well-
defined spherical particles were formed via a frustrated growth mechanism. With increasing
ionic strength in the solution, the screening of the charges led to a cooperative supramolecular
polymerization mechanism with elongated helical aggregates. These elongated structures
could even exist in a partially charged state, which led to the formation of nanorods with
distinct degrees of surface charges.”’

Frustrated growth due to repulsive Coulomb interactions was also reported by von Groning

28 These were linked to flexible

et al. using nonaphenylalanines as hydrophobic shielding.
spacers with three carboxylic acid headgroups per substituent for solubility. Besides the

increase of the ionic strength of the solution, also the decrease of the pH value led to one-
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dimensional aggregation due to electrostatic shielding or protonation of the ionic headgroups.
At high salt contents and low pH values, the molecules were completely uncharged which
resulted in unlimited fiber growth and even hydrogelation.

The formation of superstructures dependent on the BTA concentration in water was observed

2% With increasing

for an aramid-containing BTA derivative with sulfonic acid headgroups.
concentration, the molecular dissolved molecules assembled first into stable clusters of seven
molecules then into robust columns and further into nanofibers. High concentrations of the
BTA compound in water even led to microfibers and fiber bundles that could be aligned by
shearing. As the powder contained 83 % of relative humidity even in solid state, it might be
assumed that the water molecules are trapped within or between the columns and fibers
acting as some kind of hydrogen bonding bridge. It was proposed that the aggregation into
superstructures was driven by the interactions of the sulfonic acid headgroups with water.
However, this assumption could not be proven within the scope of the publication, although
single crystals could be obtained for the compound. Two polymorphic structures with different
orthorhombic cells could be identified. Due to steric reasons both structures consisted of
laterally intercalating molecules. Thus, the molecular arrangements in the single crystals were
very different from the columnar aggregates obtained during the self-assembly studies.

Junjun Li et al. described the self-assembly of sodium carboxylate decorated oligoamide-
based BTAs that formed nanofibrils in a staggered fashion.”®® Thereby, one sodium ion was
bridged between the carboxylate groups of two adjacent molecules in the columnar stack. The
alignment of these nanofibers to microfibers with several millimeters in length was directed by
the alternating charges present at the surface of the single helical stacks.

1.2%° impressively demonstrate that

These examples as well as the studies of Frisch et a
Coulomb interactions are an effective tool to control the aggregation of BTA molecules in
water.
The dynamic nature of such supramolecular BTA aggregates in water was shown by the co-
assembly of BTAs with either neutral or different cationic headgroups. While upon mixing the
charged BTAs were evenly distributed in the columnar stacks, a clustering of the charged BTAs
could be achieved by using a polyanion as template.®®?!

BTA derivatives with crown ethers as hydrophilic headgroups at the side arms show a
rather atypically self-assembly behavior as aggregation is induced by increasing the
temperature.”®® A similar behavior is known for polymers with a lower critical solution

temperature (LCST). Analogously to these polymers, the aggregation at elevated temperatures

is ascribed to the loss of the hydration shell of the crown ethers.
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Summarizing, the aggregation of BTAs in water can be achieved by introducing a large
hydrophobic spacer that shields the amide unit of the core from the water and also prevents
intramolecular hydrogen bonding. Charged hydrophilic headgroups at the lateral substituents
allow for the control of solubility and aggregation via change of ionic strength and pH value.
Although these generalized guidelines are valid for many different BTA derivatives, they
cannot be applied for bipyridyl substituted BTAs. As the amide units of the core form
intramolecular hydrogen bonds with the amine of the second pyridyl ring, the molecules can
be described as rigid discs with an “extended core”. The one-dimensional aggregation of these
derivatives in water is caused by m-m-interactions of the core and hydrogen bonds between
functional moieties in the side arms.>>*%

Besides the experimental investigations on the self-assembly behavior of BTAs,
computational studies and simulations become more and more important. Some of the studies
presented above combine experimental and theoretical approaches. However, up to now
mostly density functional theory (DFT) calculations were carried out in the gas state at zero
Kelvin and did not consider supramolecular interactions with the solvent. Only recently, an
atomistic molecular dynamics simulation study of BTAs in a realistic solvent was presented.'*’

It indicated that the technical progress will lead to improved simulations that might one day

render experimental self-assembly studies unnecessary.

1.2.3.6 BTA-based hydrogelators

Despite the various self-assembly studies of BTAs in water, only few BTA-based hydrogelators
are known. Hydrogels can only be obtained when the aggregation is not limited by repulsive
forces.”®® Then, the formation of superstructures might lead to three-dimensional, self-
supporting networks.

In 1983 the surfactant properties of crown ether-substituted benzenes at high concentration

were investigated.?*

One of the derivatives was based on the BTA motif. It was reported that
the solutions became highly viscous and eventually immobilized the whole solvent volume.
However, it was not clear from the description if this behavior was also observed for the BTA
compound.

Finally in 2004, the first “real” BTA-based hydrogelators were reported by Kumar et al.
(Figure 1.7a).®> The 3-pyridyl and 4-pyridyl substituted derivatives showed pH-sensitive
gelation abilities with structures containing hydrophobic cavities on the nanometer scale, but
fibrous structures on the macroscopic scale.”**®> Especially the 3-pyridyl derivative is
interesting, as it can be used as scaffold for biomineralization.?®® Furthermore, crystal structure

175,194

analyses were performed for this compound by different groups. Polymorphic structures

were reported dependent on the concentration of the compound in methanol, the presence of



24 1 Introduction

water and the crystallization technique. However, it is important to keep in mind that these
crystal structures might differ from the molecular arrangements in the hydrogel state.
Recently Leenders et al. published a BTA derivative with the gelation ability being

dependent on the ratio of hydrophilic and hydrophobic side arms (Figure 1.7b)."**

The fragile
balance between aggregation and solubility was provided by the asymmetric substitution of
the BTA core with either branched alkyl chains or n-decane side arms with tetraglygol
headgroups.

The pH-sensitive aggregation behavior and the luminescence properties of a 4-benzoic acid

derivative were reported by our group (Figure 1.7c).'®* This BTA compound will be discussed in

detail in this work.
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Figure 1.7: Molecular structures of BTA-based Imw hydrogelators reported in literature by a) Kumar et

al.**®, b) Leenders et al."*", c) Bernet et al."™, and d) Howe et al..*”’
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Howe et al. also investigated the gel properties of the 4-benzoic acid derivative and

k.2’ Further, the gelation abilities of related compounds

complemented the findings of our wor
were presented (Figure 1.7d). However, the 4-benzoic acid derivative is most interesting, as it
can also be used as ligand for the coordination of different metals and the preparation of

MOFs. 1901987203268 gingle crystals of this compound were obtained serendipitously during

19 The structure obtained by single crystal

hydrothermal treatment in the presence on tin ions.
analysis was described as a two-dimensional layer similar to that of a honeycomb grid. The
stacked layers are shifted to each other and have an inter-sheet distance of 3.4 nm. At a close
look, this structure seems to be similar to the reported columnar helical stacks of other
derivatives with additional strong lateral hydrogen bonding interactions.

Summarizing, many different BTA derivatives have been reported in literature and various
different applications have been explored. Besides the use of BTAs as trivalent building block in
the synthesis of complex organic or polymeric compounds or as ligands for the coordination of
metals and the formation of porous organic or metal organic frameworks, the self-assembly of
this interesting supramolecular motif was extensively studied in polymer melts and organic
solvents. Only recently, the substituents of BTAs were varied to achieve supramolecular
assemblies in water. Up to now, only few BTA-based hydrogelators are known. All reported
examples exhibit a quite unique balance between the hydrophobic shielding of the core and
the hydrophilicity of the lateral headgroups.

Despite the large basic knowledge about the self-assembly of BTAs in various environments,
there are still many things to learn, making BTA-based systems not only ideal candidates for
basic research projects, but also for the realization of various applications. As the BTA-based
hydrogelator identified in this work, will be investigated regarding its potential as an
adsorption material and as a biomaterial for the controlled delivery of drugs, the ongoing

efforts to use Imw hydrogelators in these fields are displayed in the following.

1.3 Possible applications of Imw hydrogelators

Lmw hydrogels have great potential for various fields of application, e. g. in the food industry,
in cosmetics, as sensors, actuators or molecular wires in electronic devices, as templates for
the preparation of metal nanoparticles, as scaffolds for tissue engineering, and in many
more.>**® However, the BTA-based hydrogelator presented in this work was investigated
regarding its performance as adsorption material for toxic dyes and as matrix material for the

controlled release of drugs. Therefore, in the following an overview of the material

requirements and achievements for these two fields of application is given.
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1.3.1 Application as adsorption material

The process of selective adsorption is of great importance in many different fields, such as the
heterogenic catalysis and separation processes. Dealing with separation processes, the
purification of waste-water form toxic dyes has become a major objective in many industries.
In textile, paper, printing, plastic, cosmetic and pharmaceutical industries colors are essential
to increase the value of the final product. Solely in the textile industry 10 000 different dyes
and pigments with a worldwide production output of over 7 x 10° tons per year are used. It is
assumed that ca. 10 - 25 % of these dyes are released in water during the coloring
processes.269 Colors are either derived from toxic heavy metal ions, such as iron (Fe™),
manganese (Mn*?) and chromium (Cr*™), or solely consist of organic materials.”’® While heavy
metals and some of the organic dyes have per se a toxic effect on the microorganisms and
animals in water, all dyes additionally block the penetration of the sunlight into the water.
Therefore dyes — even in very low concentrations — can inhibit the growth of aquatic bacteria
and plants, which are very important for the self-regulating ability of the ecological system
“water”.¥” Thus, it is essential that such dye residues are completely removed from industrial
waste-water.

Rhodamine B, also known as Basic violet 10, is an important red coloring agent in textile
industries (Figure 1.8). As after-treatment with antimony results in colored complexes and
therefore permanent dyeing, it is used as staining agent and sensor for antimony in biological

269 As it causes

fluids.””* Rhodamine B is a cationic dye that is classified as a xanthenic dye.
serious irritation of the skin and the eyes and is harmful to aquatic organisms, efficient
adsorption strategies are of importance.272 It has unique spectroscopic properties,273 such as a
high light absorbance even at low concentrations, a high emission extinction coefficient and no
bleaching upon irradiation. Furthermore, rhodamine B is very well soluble in water. These
properties qualify rhodamine B as a fluorescence lifetime standard®’* and as an ideal model

compound for adsorption and desorption studies in water, " ©@mples see: 87,271,275-277

Figure 1.8: Chemical structure of rhodamine B.
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A very effective and simple method to remove rhodamine B from water is the adsorption

onto activated carbon.?’®?"®

Due to the high surface area of activated carbon it exhibits a high
adsorption capacity and its porous structure results in high adsorption rates. Besides these two
essential properties, an efficient adsorbent should be cheap, easy to regenerate and the
produced toxic waste or slurry should be easy to dispose. As synthesis and preparation of
activated carbon is very costly in terms of resources, time and energy consumption, new low-
cost materials with high efficiencies have to be realized.”®® Hybrid materials that are based on
polymer or surfactant coated porous ceramics often require multiple complex preparation
steps.”®?82 Metal oxide nanoparticles, on the other hand, exhibit toxicological effects due to

283

their small sizes.”™ Waste-products or easily accessible natural products, such as banana

276 271
h, h,

pit wood,?* peat,”® brown seaweed,’® and bagasse fly as are very cheap and non-
toxic. Unfortunately, these adsorbents often show a low adsorption capacity. Thus, large
guantities of toxic solid waste occur, which are not easily regenerated or disposed.

Responsive hydrogels, that can be triggered to adsorb and release the toxic dyes via an
externally applied stimuli, might solve this problem. While polymeric hydrogels®* and organic-

inorganic hybrid hydrogels have been widely studied to efficiently remove various toxic dyes

25,83,124,275,287 87,288-292

from waste-water, investigations regarding Imw hydrogels are rare and

deal often only with the xerogels.”>*?*'?°

However, especially this material class is worth
exploring. By finding the right molecular structure, responsive gels with a high surface area, a
high porosity and a specially functionalized surface for the selective and efficient adsorption of
toxic dyes or heavy metal ions might be obtained by simply using the self-assembly
process.60,80,87,288

Furthermore, there is always an interest in using enzymes®° and biomass of bacteria and
fungi®®**** for the precipitation, transformation or degradation of organic dyes. If these
enzymes are immobilized within the hydrogel scaffold, two mechanisms to treat waste-water

can be combined.

1.3.2  Application of Imw hydrogelators in the field of controlled drug delivery

1.3.2.1 Advantages of the controlled release of drugs

In the field of drug delivery”>*®

the controlled release of bioactive guest molecules, such as
drugs, vitamins or growth factors, from a hydrogel network at a specific target site in the body
is of high interest.

When administering drugs in conventional delivery systems, such as injections, solutions,
and pills, often higher doses than actual necessary have to be used due to the following

reasons: i) some of the drug molecules are degraded before they can reach the infected site; ii)



28 1 Introduction

the drugs are spread and thus diluted in the whole body, so that the concentration at the
desired site is low; and iii) hydrophobic drugs are only poorly water soluble and thus, only

1229672%8 The administration of high drug doses

small amounts can be absorbed by the body.
has, of course, many disadvantages, such as the higher costs, the increased risk of side-effects,
and the weakening of the immune system, because some drugs display toxicity in high
concentrations and harm healthy cells.

Scientists hope to overcome the drawbacks of conventional administration methods by using
responsive drug-delivery systems. The aim is to design hydrogels that can be formed and
dissolved in a very specific biological environment. Thus, they can act as a long-term depot for
drugs in the body and target e. g. infection sites or tumor cells in the body. Such a specific
administration technique has several advantages. By embedding the drugs in a hydrogel
matrix, the drugs could be protected from degradation by enzymes or hostile milieus, such as
the acidic conditions in the stomach.®®> The local drug concentration can be increased by
specifically targeting the infected site. Thus, the drug concentration at the target site exceeds
the minimum inhibitory concentration, while it falls below the toxic concentration in the rest
of the organism. This should clearly reduce the risk of side effects and enhance the efficiency

7493 The concept of targeted drug delivery is already used, e. g. when administering

of the drug.
eye drops, ointments or using an inhaler for asthmatics.' Finally, a hydrogel-drug system that
acts as a drug-depot, releases the respective drug over a long period of time Thus, the time

between treatments can be increased and this improves the quality of life of the patients.

1.3.2.2 Advantages of Imw hydrogels in the field of drug delivery

While polymeric hydrogels have been studied for a few decades regarding their application as

23,28,31,33,35,

drug delivery system, 3829 |mw hydrogelators have gained interest in this field just

for example see: 51,67,74,88,115-118,300

recently. This might be due to the fact, that the first Imw hydrogels

were often formed in the presence of an organic co-solvent such as DMSO or methanol.**”*7"
. . . . . . . 74
Naturally, such gels are not suitable for applications in biological environments.

III

Nevertheless, “real” Imw hydrogels show promising properties and furthermore some
advantages over polymeric hydrogels as they consist of small molecules instead of covalently
bound polymer chains.>®

As hydrogels in general obtain a high water content in the “solid-like” gel state, their
composition is similar to that of organic tissue. This enlarges the possibility of good
biocompatibility. The critical gelation concentration (cgc) of Imw gelators is mostly far beyond

the gelator concentration used for polymeric gels.*® Thus, they contain an even higher water

content than polymeric gels and should therefore be better biocompatible.
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The small hydrogelator molecules can usually be synthesized in few easy steps with good
yields, showing a worthwhile cost-value ratio and no need for potential toxic polymer
crosslinking agents.*® As starting materials often natural derived building blocks, such as amino

acidsGl or peptides,67’82’88’115_117 SUgarS,lO'34'75'122

and Iipids,91 are used to diminish the risk of
toxic metabolites an ensure a better biodegradability. Due to the non-covalent character of
the supramolecular hydrogels, their response to external stimuli is fast and the complete
dissolution of the gel simply results in small molecules. These can be easily degraded by
enzymes and excreted by the body.?® However, polymeric hydrogels consist of physically or
chemically cross-linked networks that can only swell and shrink. This results in a much slower
response to external stimuli. Furthermore, bulky polymer chains and chemical cross-links limit
the accessibility for solvents, enzymes, and bacteria that ought to cleave bonds.?* Thus, the
degradation rate is lower and bioaccumulation might stress the organism.

Summarizing, due to the concept of Imw hydrogels, most of these gels fulfill at least some
of the basic requirements for a successful controlled drug delivery system,? such as: i) good
biocompatibility and nontoxicity; ii) sufficient stability against mechanical and thermal stress,
to allow easy handling and processing in the physiological relevant region; iii) high surface area
and porosity to increase the number of adsorption sites and allow easy diffusion of the drugs
out of the gel; iv) a high loading capacity due to adsorption or encapsulation of the drug
molecules; and v) responsiveness of the hydrogel to an external stimuli, such as temperature,

pH, ionic strength or enzymes to enable targeted and controlled release of the drug.>***

1.3.23 Drug delivery concepts for Imw hydrogels
In literature two different kinds of controlled drug delivery concepts based on Imw compounds
have been reported: i) The drug molecules exhibit gelling properties under certain conditions
or are structurally modified so that they can act as Imw hydrogelators; and ii) the hydrogel is
solely acting as a matrix for the drug.

Using the first concept, either the hydrogelator already possesses a bioactive effect after
the gel is dissolved at the active site or the hydrogelator molecules must be partially

decomposed to regain the drug.*°%’476118301-303

A very prominent example for a chemically
modified antibiotic drug that shows the ability to gelate water is pyrene-functionalized
vancomycin. Bing Xu et al. showed that due to this modification the hydrogelator showed high
activity against vancomycin resistant enterococci.*®

In the second concept the drug molecules are attached to the hydrogel matrix via
physisorption, chemisorptions or due to steric reasons. Loading of a supramolecular hydrogel

can be either accomplished by the adsorption of the drug on the surface or by forming the

hydrogel in the presence of a drug. While in the first case the drug is merely bound at the
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surface of the hydrogel, in the latter case the drug can be encapsulated in the fibers or pores

| 21,36,67,83,88,115-117,300,305,306

of the ge Using the encapsulation method, often higher loading

115

capacities can be achieved compared to the adsorption technique.™™ Further, also the loading

of gels with hydrophobic and only poorly water-soluble drug molecules might be realized via

encapsulation. As most of the Imw hydrogels are thermo-responsive,®’*>711/,3%

the drug or
model compound is encapsulated in the gel via a heating and cooling cycle. However, high
temperatures can destroy thermo-labile drugs, vitamins or other bioactive molecules. Thus,
Imw gelators responding to other external stimuli, such as change of pH, change of salt
concentration and enzymatic bond formation or cleavage, are of interest,?**%838130,305

For advanced drug delivery systems both concepts can be combined by using a modified
drug as hydrogelator that encapsulates a second drug. A prominent example is the
modification of acetaminophen, a drug used as pain reliever and fever reducer.”® By attaching
fatty acids to the drug molecules, they are able to gelate water. The hydrophobic drug
curcumin, that has anti-cancerogenic and anti-inflammatory properties, can be encapsulated
without showing any signs of outburst release. Upon addition of an enzyme both drugs can be
released without the production of toxic metabolites.

To ensure that a drug is really only released at the targeted site, two stimuli-responsive
motifs can be implemented in the delivery system that have to be triggered consecutively. Van
Bommel et al. showed that the model drug 6-aminoquinoline is only released, after the
disassembly of the hydrogel at elevated temperature and an subsequent enzymatic bond
cleavage.” There also have been attempts to tune the release rate by post-production
treatments, such as covalent cross-linking via “click” chemistry®® or by incorporating
liposomes in the gel, that release the drug dependent on the duration of a heating step just
before the administration.® Besides such multi-step triggers for the drug delivery, also
hydrogels that respond to the presence of very specific enzymes were developed.>**!*3083%9

Although such complex or specific triggers are promising tools for the targeting of active
sites, most drug delivery studies do not address the challenge of administering the drug loaded
hydrogel. However, when designing “smart” drug delivery systems, the administration route
plays a crucial role, as it determines the way the drug-hydrogelator system comes into the

body and how it is distributed.****

1.3.24 Administration routes for drugs

Mainly two different administration routes have been investigated in vitro or in vivo for the
application of hydrogels: i) the parenteral; and ii) the oral route.

Parental administration includes the injection of the drug intramuscularly, intravenously, and

subcutaneously. This technique is mainly used in the field of tissue engineering, wound
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treatment and sustained release of specific drugs from a hydrogel depot under the skin or in

the abdomen.*3%

An interesting example is the treatment of uranium contaminated wounds
of mice with a hydrogel. The gel not only reduced the scar tissue formation, but more
importantly adsorbed uranyl oxide from the wound site. Thus, the toxic effect of the heavy
metal ion was reduced and the survival rate of the mice was drastically increased.****% Even
more sophisticated is the treatment of the heart after an infarct. Here, the growth factors to
reduce scar formation must be injected into the heart via a catheter. Unfortunately, solutions
containing drugs or growth factors are pumped out of the heart very fast, thus reducing their
effect. Bastings et al. found a hydrogel system that could be injected into the model heart of a
pig in the sol state. Due to the slight change of pH at the infected site, the hydrogel was
immediately formed after contact with the infarcted tissue, accelerating the healing process
and reducing the scar formation.”

The oral route, i.e. the ingestion of a dosage form such as a pill or a capsule, is the most
common and convenient method of drug administration, due to its low costs, its high
acceptability by patients, and the ease of administration.”’ Nevertheless, it also bears some
challenges that have to be overcome for a successful drug delivery system.

The gastrointestinal tract is one of the largest organs in human bodies and is very complex. It
consists of different sections, such as the stomach, the small intestine, the large intestine and
the rectum. These all have very versatile biological functions and thus conditions, such as a
specific pH value.** All biological systems display certain diversity due to genetic differences.
The conditions in the gastrointestinal tract are furthermore influenced by the age, the activity

2% Ysually, the pH

level, the stress level, possible diseases and of course the diet of the patient.
value in the stomach is below 2 in the fasted state and ranges between 4 and 7 after food
intake. As the composition of the gastric acid consists of the ingested food and beverages, and
the fluids that are secreted by the tract itself, it can change very rapidly within minutes. In the
upper small intestine the pH value is approximately 6.5 in the fasted state. Due to the intake of
gastric acid from the stomach, it varies between 4 and 7 in the fed state. In the distal small
intestine the pH value increases to about 7.5 and in the large intestine it usually ranges
between 5.7 and 8.4. In the rectum a final pH of about 7 is reached.

Summarizing, while the stomach and the upper small intestine are influenced heavily by the
composition of the ingested food, conditions in the distal small intestine and the large
intestine are very stable due to proceeding digestion. Therefore, when dealing with oral
administration of drugs, scientists differentiate between the fasted and the fed state of the

stomach and the small intestine. As in the fasted state the food intake and changes in the food

composition due to digestion are not relevant, this state is easier to simulate.
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The composition of the stomach and the upper small intestine are very well simulated by
the simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) developed by Dressman et
al..** These fluids mimic physical properties such as pH, buffer capacity, osmotic pressure, and
surface tension. However, not only the composition of the secretion changes along the
gastrointestinal tract, but also the hydrodynamics, the bacterial flora, the presence of enzymes
and the residence times. Hence, simulations of the gastro-intestinal tract, to investigate the
dissolution and release behavior of a drug delivery system, are challenging.

It is known, that bioabsorption of nutrients or drug molecules mainly takes place in the small
intestine and in the proximal large intestine due to the permeable membrane of the intestine.
Unfortunately, many drug molecules are decomposed as a result of the harsh conditions in the
stomach, such as the low pH value and the high amounts of pepsin, an enzyme for the
hydrolysis of amid-bonds. Thus, there is a great need for colon-specific targeting, that prevents

the degradation of the drug in the upper gastro-intestinal tract.”**%’

The drug molecules might
be protected by an acid-stable carrier matrix that releases the drug only after reaching the
intestinal tract. Furthermore, by using such a carrier system the bioavailability of hydrophobic
and hardly water-soluble drugs might be enhanced.?"!

As the development of new responsive biomaterials in the field of controlled drug delivery
gained more and more interest in recent years, different Imw hydrogelators were tested
regarding their ability to encapsulate and slowly release bioactive molecules. Often the release
of a model compound was shown in a proof-of-principle experiment. However, some studies
further investigated the tuning of the release rates by varying different parameter, such as the
gelator concentration, the drug concentration, the accepting media, or the

36,79,95,116-118,307
temperature.

Unfortunately, most of these hydrogel systems either do not fulfill
basic requirements, such as non-toxicity, or simply neglect the challenges of the administration
route.

Ray et al. showed that approximately 17 mg of vitamin B;, can be encapsulated in 1 g of a
metallo-hydrogel.®® The vitamin was slowly released upon lowering the pH value to about 2.
Thus, this hydrogel system is not suitable for oral administration, as the vitamin would already
be released in the stomach. Furthermore, the hydrogel was formed by a mixture of
phenylalanine-based bolaamphiphile and CuCl, which makes an application as biomaterial
impossible. In the study of de Loos et al. the release behavior of salicylic acid from a
phenylalanine-based hydrogel was influenced by the pH of the accepting media, and the
temperature.'® As a result, for oral drug delivery applications the testing conditions should be

chosen similar to that in vivo, as increasing temperature, as well as a change of the pH value

can drastically enhance the release rate.
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A very promising example of a Imw hydrogel as drug delivery system is the biocompatible

dipeptide-based hydrogelator published by Panda et al.*”’

Structurally very versatile bioactive
molecules, such as vitamins, antibiotics, antimalarial drugs, anticancer drugs, antituberculosis
drugs, and polypeptide insulin, were encapsulated in the gel. All of the — probably physically
entrapped — guest molecules showed a sustained release behavior with faster release rates for
drugs with a lower molecular weight. The release rate of the vitamin riboflavin could be
adjusted by applying an external stimulus. Extreme acidic or alkaline pH values of the
accepting media destabilized the gel network and thus enhanced the release rates of the
vitamin.

Although these investigations give a good overview of the parameters that can influence
the release behavior of an encapsulated guest molecule, neither of these studies were
performed using physiological conditions similar to that in the gastrointestinal tract. However,
good in vitro testing conditions at an early stage of the study are important to achieve reliable
predictions for the behavior in vivo. Furthermore, it is important to note that so far most pH-
sensitive hydrogels tested for a drug release application exhibit gel rupture and a pronounced

for example see: 8385116117 T ;s, the number of Imw hydrogel

release rate at highly acidic pH values.
systems that are suitable for the oral administration route with colon-specific targeting is, up

to now, rather low.

1.4 Surface coatings via electrogelation

Surface coatings are important in very different fields of application. They are used for
protection and decoration, e. g. in form of finishes and paints. But they can also be used to
alter the roughness and hydrophobicity of a surface.>*?
Hydrogel coatings are mainly used in the biomedical sector, e.g. to ensure the better
acceptance of an implant by mimicking surface properties similar to that of natural tissue.
Additional incorporation of drugs into the gel layer on the implant can further help to increase
the local drug concentration and to reduce side-effects.”* Moreover, gel coatings can be used
to avoid the formation of biofilms on implants, in water pipes, and air-conditioning systems. By
using gel films loaded with antibacterial and antifouling agents the accumulation of bacteria on
surfaces is hindered, thus limiting the formation of biofilms. As biofilm formation increases the
risk of infections or disease transmission, it is a major issue in sanitation and medicine.™
Usually, films are prepared by processes such as drop-casting, spin-coating, or dip-coating
of the respective solution with a subsequent drying step. Although these techniques can be

used to obtain films of self-assembled Imw compounds, the morphologies might differ from
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the porous three-dimensional network structures of wet hydrogels. Furthermore, when
applying conventional techniques, it is difficult to obtain thin films, as always the whole
volume of the gelator solution is solidified. Thus, the gel size and form are dependent on the
surrounding vial or mold. The thickness of supramolecular gel films is also highly dependent on
the surface tension of the gelator solution and the hydrophilicity of the substrate. A basic rule
is the lower the contact angle of the solution on the substrate, the thinner the hydrogel films
that can be obtained.
To overcome these coating problems electrochemical processes can be used.*** Although,
electrochemistry is a very versatile field, mainly three approaches are used to obtain surface
coatings: i) electrophoresis; ii) oxidation and reduction reactions; and iii) the electrolysis of
water.

Electrophoresis is the separation or alignment of objects in an electrical field due to their

142

different charges.™ It can be used for the adhesion and delamination of polyelectrolyte films

and polyelectrolyte multilayers due to Coulomb interactions between the electrode surface

and the charged polymers.>**3"

In biochemistry gel electrophoresis is a standard technique
for the analysis and preparation of peptides, proteins, and amino acids.’*® Therefore, a
polymer gel such as alginate is prepared as matrix material between two glass plates.
Subsequently, the peptide solution is applied and the electrical field is switched on. So far only
one supramolecular gel, based on a Cs;-symmetric tris-pentaacetyl alpha-D-glucoside
derivative, was used as matrix in this process.321 However, it should be noted that the gelation
process itself was not triggered by the electrical field.

The oxidation or reduction of dissolved molecules at the surface of the electrodes into a
less soluble state can also lead to the coating of surfaces. This technique is often used for the
preparation of metal coatings and metal oxide films. Therefore, it is usually associated with the
terms electroplating and the galvanic process. However, it can also be used to change the
oxidation state of organic compounds and thus induce electropolymerization.*?* Especially the
preparation of defined polyaniline hydrogel films using electropolymerization was
investigated, as these polymers tend to have a high electronic conductivity, a porous structure
on the nanometer scale, and a high surface area. These properties qualify this material as high-
performance supercapacitator electrode and as glucose oxidase sensor.”’ Recently, the
electropolymerization of a Cs-symmetric BTA derivative with triphenylamine moieties was

d.>”® The formation of a thin organic layer on the electrode acted as a primer for the

reporte
adhesion of self-assembled BTA-based organic nanoparticles. After the assembly on the
electrode the nanoparticles could be electrochemically crosslinked to obtain a stable film

within seconds.
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Surface coatings can also be obtained by the electrochemical change of the pH value near
the electrodes. Due to the electrolysis of water the following chemical reaction occurs at the
cathode:

2H,0+2e —m> H,+2 OH (1.2)

This leads to an increase of the pH value, as hydroxide ions are formed.

At the anode, on the other hand, the pH is decreased due to the formation of protons, as
described in the following reaction equation:

6H,0 —> 0,+4H;0" +4d ¢ (1.2)
To obtain hydrogen and oxygen from the electrolysis of water usually a potential of at least
1.9 Vis used in technical processes.
Gabi et al. investigated the gradual decrease of the pH value in the solution near the anode by

monitoring the diffusion of protons.>**

They described a steep pH gradient in the solution
already 1.5 s after the application of a current density of about 4 A m™. Directly at the anode a
pH value of 4.5 could be found, while at a lateral distance of 50 um from the anode the pH
value was 6.5. After 6 s an equilibrium gradient was reached, as the hydroxide ions diffused
from the cathode into the solution. In equilibrium a proton concentration gradient could be
found between the anode (pH =4.5) and at a lateral distance of 170 um from the anode
(pH =6.5).

The low efficiency of the electrochemical reaction was ascribed to the side reaction of the
sodium chloride that was used as background electrolyte. Chloride can be electrochemically
oxidized to chlorine. Although chlorine disassociates to hydrochloric acid and hypochloric acid
in water, it is only moderately soluble. Thus, it might mainly volatize as gas without decreasing
the pH value.

To avoid the evolution of gases during the electrochemical change of the pH value,

polyaniline films and polystyrene sulphonates or polyperfluorosulphuric acids can be used on
the electrodes to mediate the change of pH.>*® Also the oxidation of hydroquinone to 1,4-
benzoquinone can be used to induce a pH change. This demonstrates that the different
electrochemical coating methods discussed here may occur parallel in a system.
While electrochemistry is widely used for the preparation of metal coatings,**® polymer films
or self-assembled monolayers,*’ the interest in Imw coatings with hydrogelation abilities has
only emerged recently. Since then, the term “electrogelation” was used for two different
processes.

It was first mentioned in a patent published in 2010 that describes the conversion of a silk

fibroin solution into a silk gel by the direct application of a potential.**® The adhesion of silk
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proteins from the silkworm onto different substrates was reversible. By applying shear stress
to the obtained gels, a B-sheet-like structure typically for protein assemblies was obtained.
This method proved to be an effective method to prepare gel films. Additionally, also bulk gel
samples as well as extruded gel streams could be prepared.®”

Furthermore, the term “electrogelation” was used to describe the film formation of pH-

sensitive Imw peptides.**°

These peptides form supramolecular hydrogels in bulk upon
decrease of the pH value. For the film formation the pH value at the anode was decreased by
the electrochemical oxidation of hydroquinone. Dependent on the applied potential, this
resulted in gel films with thicknesses between tens of nanometer and a millimeter.
Furthermore, for the first time dense hydrogel membranes with diameters of about 95 um to
230 um could be obtained from Imw compounds.

Summarizing, these first steps to combine electrochemical coating methods with Imw
hydrogelators are very promising. They raise the hope that this technique might also be used
for other pH-sensitive Imw hydrogelators to obtain thin hydrogel films. The basic research
studies presented in this thesis will hopefully contribute to reveal the full potential of this
method.

Please note that in the following work the term “electrogelation” is solely used for the

preparation of supramolecular hydrogel films by the decrease of the pH value due to the

electrolysis of water.
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2 Objective

This thesis focuses on the investigation of pH-sensitive, low molecular weight (Imw)
compounds based on the 1,3,5-benzene tricarboxamide (BTA) motif and their ability to form
nanofiber networks in aqueous systems and supramolecular hydrogels.

The design of Imw hydrogelators forming gels with distinct properties, such as the
responsiveness to specific external stimuli, is an ongoing challenge in supramolecular
chemistry and material science. Up to now, there is only a limited understanding of possible
gelation mechanisms and the interactions and conditions that enable the formation of
supramolecular hydrogels with responsiveness to external stimuli.

To meet these challenges, this thesis covers the following four subjects: i) the self-assembly
behavior of pH-sensitive BTAs in aqueous systems is investigated with regard to their ability to
form nano-fiber networks and supramolecular hydrogels; ii) the formation of supramolecular
chromophores during gelation is studied using spectroscopic methods; iii) the possible
application of the supramolecular, pH-sensitive hydrogel as an adsorption material for small
molecules and for the controlled delivery is elucidated; and iv) the formation of controlled

hydrogel films on conductive substrates via electrogelation is investigated.

i) Self-assembly behavior of pH-sensitive 1,3,5-benzene tricarboxamides in aqueous systems
Supramolecular hydrogels have great potential in various applications, e. g. in technical devices
as sensors, actuators, or molecular wires and in biomedicine as scaffolds for tissue engineering
or as drug delivery systems. However, to find suitable Imw hydrogelators for these different
fields of application, structure-property relations as well as the gelation processes need to be
further explored. Although the BTA self-assembly motif has been widely investigated in apolar
organic environments, controlling the intermolecular interactions in aqueous systems is still a
challenge.

The main objectives of this chapter are:

e synthesis and characterization of BTA derivatives with different lateral functional
groups to allow pH-sensitive aggregation in aqueous media,

e investigation of structure-property relations regarding the pH-sensitive aggregation
behavior of the compounds and to reveal conditions that lead to supramolecular
hydrogel formation,

e in case of hydrogel formation, comparison of different gelation methods and the

investigation of the hydrogel properties,
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e investigation of the gelation mechanism to propose a structural model for the

formation of a supramolecular, pH-sensitive hydrogel based on the BTA motif.

ii) Formation of a supramolecular chromophore

For the identified hydrogel a blue photoluminescence was observed upon aggregation. The
formation of a supramolecular chromophore is highly interesting for basic research on
aggregation induced emission enhancement (AIEE).

The main objectives of this chapter are:

e investigation of the influence of the state of aggregation on the absorption properties
using UV-Vis spectroscopy in bulk and solution,

e investigation of the photoluminescence (PL) properties in bulk and solution to clarify if
AIEE occurs for this BTA derivative and during gel formation to monitor the formation
of the supramolecular chromophore,

e discussion of the experimental findings in respect to theoretical calculations
performed by Rodrigo Q. Albuquerque to elucidate the probable molecular

arrangements at an early stage of aggregation.

iii) Dye adsorption and release studies: towards a pH-sensitive, supramolecular drug delivery
system
Supramolecular hydrogels have advantages over covalently crosslinked polymer hydrogels,
such as a fast response to external trigger. They can find applications as adsorption materials
or in controlled drug delivery. To realize such an application many different requirements must
be fulfilled. For the application as adsorption material in waste water treatment the time-
dependent adsorption of dyes from water is important. In controlled drug delivery applications
the adsorption or encapsulation of a model drug as well as the controlled release in different
environments must be considered. To be able to cover both areas, detailed adsorption and
release studies are performed with the model compound rhodamine B. In this chapter the
BTA-based hydrogelator system will be investigated to elucidate its potential as adsorption
material and for controlled delivery of small molecules.
Here, the main objectives are:
e investigation of the hydrogelator system regarding the basic requirements for drug
release systems
e investigation of concentration- and time-dependent adsorption of rhodamine B on
preformed hydrogels,
e analysis of the adsorption process regarding the valid isothermal models and the

adsorption kinetics to better understand the underlying processes,
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e investigation of the thermal stability of the adsorbed dye-gel systems in water by
monitoring the release of the dye at different temperatures,

e preparation of hydrogels in presence of different amounts of the dye rhodamine B to
realize in situ adsorption and encapsulation and to investigate the influence of the dye
on the gelation ability of the Imw hydrogelator,

e investigation of the release of rhodamine B in water from hydrogels prepared in the
presence of dye and comparison of the results with the findings obtained from the
adsorption studies,

e investigation of the dissolution and release profiles of hydrogels prepared in the

presence of rhodamine B in biologically relevant media with different pH values.

iv) Electrogelation — controlled formation of hydrogel films on conductive substrates

The previous chapters focus on the formation of supramolecular gels via conventional gel
preparation routes. However, the gelation method plays a major role regarding the hydrogel
properties. New gelation techniques are therefore an interesting way to adjust the gel
properties. There are only a limited number of methods to obtain thin hydrogel films from Imw
compounds. Electrogelation as a rather new method was explored. Here, the coating of a
conductive substrate with defined hydrogel films is realized. This technique might be a useful
tool for coating biomedical tools or sensor devices. To be fully able to evaluate the potential of
this electrogelation method, the parameters that might influence the hydrogel film formation
must be investigated.

The main objectives of this chapter are:

e development of an experimental concept and set up to be able to obtain reproducible
hydrogel films on conductive substrates,

e investigation of different parameters of the electrogelation process, such as electrode
distance, applied potential, gelator concentration, concentration of the background
electrolyte, and gelation time, and their influence on the dried film thickness, the
morphology and the spectroscopic properties,

e outlook on the in situ investigation of the mechanical properties of defined hydrogel
films using atomic force microscopy techniques that are performed in cooperation
with the group of Prof. Georg Papastavrou (Physical Chemistry I, University of

Bayreuth).
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3 Self-Assembly behavior of pH-sensitive 1,3,5-benzene

tricarboxamides in aqueous systems

3.1 Structural concept

The aim of this work was to develop a structural concept for the synthesis of pH-sensitive low
molecular weight (Imw) compounds on the basis of 1,3,5-benzene tricarboxamides (BTAs) for
detailed self-assembly studies in water and the identification of new Imw hydrogelators. At the
beginning of this research project only pyridyl-substituted BTA-based hydrogelators were
known which had been found serendipitously.’®2¢>2¢

In the introduction of this work it is discussed in detail that despite the growing interest in
recent decades for new classes of supramolecular hydrogels with specific properties, it is still
not possible to design new Imw hydrogelators and predict the properties of the resulting gels
(chapter 1.1.4). However, it could be shown that for the directed self-assembly in water mainly
hydrophobic interactions are the driving force, as hydrogen bonds lose their directionality, if
they are not shielded from the water molecules (chapter 1.1.4).°%°13%132 additionally,
electrostatic interactions have been identified to be a useful tool to tune the solubility of Imw

1084258 The numerous examples of hydrogelators with very different molecular

compounds.
structures and functional moieties showed that the presence of a distinct balance between
hydrophilic and lipophilic interactions (hydrophilic-lipophilic balance, HLB) is common for all
successful Imw hydrogelators (chapter 1.1.4.1).°

Due to the necessity of this HLB, many Imw hydrogelators are classical amphiphiles and can
act as surfactants (chapter 1.1.5). For amphiphilic Imw hydrogelators four different segments
were identified as essential structural motifs: a hydrophilic headgroup, a rigid unit, a flexible
linker, and a hydrophobic tail.’® In our group it could be shown that by the systematic variation
of these structural motifs, different classes of new amphiphilic Imw hydrogelators could be
easily synthesized.®®*’®’” For this modular system the following building blocks were used:
different carboxylic acids acted as polar headgroups, a phenylene spacer in combination with
an amide group acted as a rigid hydrophobic unit with the ability to form hydrogen bonds in
aqueous systems, and alkyl chains with different lengths were used to tune the necessary
balance between solubility and aggregation due to hydrophobic interactions. The identified
classes of amphiphilic hydrogelators showed hydrogel formation in the presence of alkaline

867677 This special

salts depending on the pH value and the ionic strength of the solution.
feature enables the use of new and rather unique tools for the monitoring of phase transitions,

such as sodium nuclear magnetic resonance (NMR) relaxometry.**!
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This work aims to further develop the investigations on amphiphilic Imw hydrogelators and to
transfer the concept to the Cs;-symmetric BTA self-assembly motif. By van Bommel et al. a
similar modular concept for Cs-symmetric hydrogelators has been published using amino acids
with phenyl moieties as spacers and cyclohexane-based tricarboxamides as cores.®*

As discussed in chapter 1.2.3, the self-assembly of BTA derivatives has mainly been studied
in bulk, organic solvents, and polymer melts. In water it is rather difficult to find the right
balance between attractive and repulsive interactions. Thus, BTAs are often either completely
soluble or simply precipitate. Due to these difficulties, reports about the self-assembly of BTAs
in aqueous systems are rather new and were mostly published during the work on this thesis.
A detailed overview of self-assembly studies of BTAs in mixtures of organic solvents and water
(chapter 1.2.3.4), in water (chapter 1.2.3.5), and of BTA-based hydrogelators (chapter 1.2.3.6)
can be found in the introduction.

The developed structural concept for the synthesis of BTA compounds that show

responsive self-assembly behavior in water is presented in Figure 3.1.

Cs-symmetric aromaticcore
=> n-ni-stacking, hydrophobicinteractions

amide units
=>» intracolumnarhydrogen bonding

rigid hydrophobicspacers
=>» shieldingof the core from the solvent

lateral headgroups
=> electrostaticinteractions
adjustable by pH value (degree of
protonation)

R = pH-sensitive moieties

Figure 3.1: Structural concept for pH-sensitive BTA-based hydrogelators.

The BTA core with the benzene ring and the amide units provide attractive intermolecular
interactions by m-m-stacking, hydrophobic interactions, and hydrogen bonding that should lead
to the formation of molecular stacks. The rigid aromatic spacer should provide the necessary
shielding of the core from water molecules and might furthermore enable n-m-interactions
between the side arms of the molecules. It is known in the literature that the BTA compound
bearing phenylene spacers without a lateral functional moiety (R = H) is insoluble in aqueous

137,218

system due to its high aggregation tendency. Hence, to provide the solubility of the BTAs

in water, electrostatic interactions are utilized by introducing pH-sensitive lateral headgroups.
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These functional groups were chosen according to three different aspects: i) all groups
ought to be able to respond to a change of pH to use it as a pH-sensitive switch; ii) they should
differ in their acidity or basicity and thus respond in a different pH region; and iii) their ability
to form lateral hydrogen bonds should differ in terms of their tendency to act as a donor, an

acceptor, none, or both (Figure 3.2).

R
R @ lateral pH-sensitive
3 @ Y N\ moiety
V - H o

phenylene spacer
amide unit

benzene core

R
<increasing basicity | | increasingacidity>

R= NH, NMe, OH  COOH
1 2 3 4

+ + .
\.I—/ attractive
+ b +

N intracolumnar
S — 1 .
< orces:
— i‘

—
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-
Ne—

Or ¢ change of pH >t— =
) R,
—
S

) hydrogen-
- - bonds
C X S—— n-n-stacking
repulsive forces: intercolumnar forces:
ionicinteractions weak or strong hydrogen bonds

Figure 3.2: The self-assembly concept of 1,3,5-benzene tricarboxamides with pH-sensitive lateral
groups.

The following functional moieties fulfill these requirements and might enhance the
solubility by repulsive electrostatic interactions in their ionic form: R = -NH, (1), -NMe, (2), -OH
(3), and -COOH (4). Furthermore, for comparison purposes the trimethylester of compound 4
(R =-COOMe, 5) was included in this study, as its molecular structure is very similar to
compound 4, but lacks the ability to respond to different pH values and to form self-

complementary hydrogen bonds.
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While compound 1 and 2 are protonated in acidic aqueous solution and thus positively
charged, 3 and 4 are deprotonated in basic media and negatively charged. Due to these
charges and the resulting repulsive intermolecular interactions, it is proposed that the
compounds are molecularly dissolved. Upon change of the pH value the molecules should
become uncharged by subsequent protonation or deprotonation of the three headgroups. This
should result in the increase of the attractive interactions of the core and thus pronounced
one-dimensional aggregation. The superstructures of those aggregates are supposed to be
mainly governed by the lateral groups and their ability to form hydrogen bonds between

molecular stacks.

3.2 Synthesis and characterization

3.2.1 Synthesis of the 1,3,5-benzene tricarboxamides 1- 5

The synthesis of various BTA compounds was published by E.W. Meijer et al. and the synthesis
presented here are modifications of this procedure.™® As compounds 1 - 5 have already been
mentioned in the literature as cross-linking agents in polyamide or polyamide-ester

for example see: 156,332-336

networks, as precursors in the synthesis of liquid crystal materials and

organogelators,®*® or as ligands in metal complexes and metal organic frameworks (MOFs)f°r

example see: 200,203,210.337 jiffarent synthetic routes to obtain these compounds have been
published. The successful optimization of the synthesis of compounds 2 and 4 was conducted
during my diploma thesis with the aim to achieve a simple synthesis under mild conditions
with commercially available educts resulting in high yields without laborious purification

steps.**®

Synthesis of 1 was carried out by a two step reaction (Scheme 3.1).

Cl (o] NH N
O

NH
o /@/Noz H o /@, 2
hydrazine hydrate
NH N
° R *_pyrgine.Licl, N lo%pac i
) NMP, 1.t. DMAc, 130 °C
O,N
N So 1
82 %
79 %
overall yield: 65 %

NO, NH,

Scheme 3.1: Synthesis of the BTA derivative 1.

At first the trinitro-substituted intermediate was synthesized by reaction of 1,3,5-benzene

tricarboxylic acid trichloride and 4-nitroaniline at room temperature (r.t.). To ensure a good
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solubility of all reactants, N-methyl-2-pyrrolidone (NMP) was used as solvent. Pyridine was
used as base to remove the hydrochloric acid formed during the reaction of the carboxylic acid
chlorides with the amine moieties. To increase the reactivity of the reaction, catalytic amounts
of lithium chloride were added. Afterwards the nitro groups were hydrated by hydrazine
hydrate in the presence of palladium on charcoal. Due to the presence of the palladium
catalyst, the second reaction step was carried out in inert gas atmosphere. The compound was
filtrated over Alox and precipitated in water for purification.

Compounds 2 — 5 were prepared under ambient conditions without inert gas atmosphere.

The synthesis of compound 2 is displayed in Scheme 3.2.

Hot/ |

Y - N
Cl -
agt NG <L !
cl o} NH /©/ X NH /©/ ~
o) Cl NH, o) N o N
+3eq. acetone H H,0 H
\N It 1 M NaOH (pH=8)
|

Cl o

Scheme 3.2: Synthesis of the BTA derivative 2.

For this reaction the addition of pyridine was not necessary as N,N-dimethyl-1,4-
phenylendiamine acted as internal base to remove the formed HCl during synthesis. The
resulting hydrochloride salt of compound 2 could not be characterized properly. This might be
explained by the presence of a mixture of the single (2 - 1 HCI), double (2 - 2 HCI), and triple
(2 - 3 HCI) hydrochloride salt of 2. The isolated intermediate was dissolved in water and
precipitated by the addition of aqueous sodium hydroxide solution, which yielded the pure
product.

Compound 3 was synthesized by reaction of 1,3,5-benzene tricarboxylic acid trichloride and

4-hydroxyaniline at r. t. in the presence of pyridine (Scheme 3.3).

R
Cl [¢] NH o

o
o cl NH, o N
+3eq. /©/ pyridine H
—_—
HO acetone, r.t.
c1” o 3

Scheme 3.3: Synthesis of the BTA derivative 3.
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Subsequently, the compound was precipitated in ice water, filtrated, and thoroughly washed
with water to remove traces of NMP and the pyridinium salt.

For the synthesis of compounds 4 and 5 4-aminobenzoic acid and the respective methyl
ester were reacted with 1,3,5-benzene tricarboxylic acid trichloride, respectively (Scheme 3.4).
Triethylamine was used as base for both reactions, as the removal of pyridine residues from

compound 4 would have afforded an additional purification step.**®

cl Q

o
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o) /©/ OH
[e] N
o cl NH, triethylamine H
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o N
o Cl 3 NH; triethylamine H
+ eq. —_—
q Ie) ©/ acetone, r.t.
7 \C
cl” o o HN™ 0 5
91 %
~_.C.
0" o

Scheme 3.4: Synthesis of BTA derivatives 4 and 5.

Both compounds were isolated by precipitation in ice water. While compound 4 was
crystallized from a DMSO/water-mixture to remove traces of mono- and disubstituted BTA
derivatives, compound 5 could be used without further purification steps. For compound 4
also the sodium salt of the respective compound (4Na) could be isolated by precipitation with
iso-propanol from an alkaline sodium hydroxide solution.

Summarizing, all compounds could be synthesized with large-scale approaches in high

yields (65 % - 92 %) resulting in several grams of the respective product.

3.2.2 Characterization

Characterization of the products 1-5 via 'H- and “*C-nuclear magnetic resonance (NMR)
spectroscopy, mass spectrometry and elemental analysis confirmed that the compounds were
synthesized with high purity." Elemental analysis of the sodium salt 4Na could not be
performed due to the lack of a sodium ion detector. Despite intensive drying steps prior to the

elemental analysis, for compounds 1, 3, 4 and 5 the presence of 3, 0.5, 1.5, and 2 water

! For more details see chapter 9.3.



3 Self-assembly study of pH-sensitive 1,3,5-benzene tricarboxamides in aqueous systems 47

molecules was found per molecule of the compound, respectively. This indicates a high affinity
of the compounds to form hydrogen bonds with water, which was further confirmed by the

thermal analysis.

3.2.2.1 Thermal characterization and determination of the water uptake

Thermal analysis was performed by a combined DSC/TGA measurement. The obtained results
are summarized in Table 3.1. The decomposition temperature was given by the analysis
software as the onset of the final mass loss, while the melting temperature is the maximum of

the exothermic peak.

Table 3.1: Results of the thermal analysis of compounds 1 —5 and 4Na.

loss of decomposition  weight loss° endothermic exothermic
water’ [%] temperatureb [°C] [%] peak [°C] peak [°C]

1 -NH, 7.3 325.3 20.4;259  85.3;314.2
2 -NMe, 0.0 301.7 59.8 374.0 348.0
3 -OH 0.9 386.6 45.8 63.4; 396.1
4 -COOH 5.7 294.6 47.7 76.2;329.6 528.6
4(50°0)"  _cOOH 3.3 307.5 45.5 82.7;328.3 526.2
4(90°0)"  _cOOH 1.9 309.2 45.1 80.4; 328.3 501.9
4Na -COONa 15.4 330.0 30.9 108.7; 394.3
5 -COOMe 2.8 362.8 43.1;22.5 327.6 207.7; 558.9

® summarized weight loss up to 110 °C (loss of water); ® the decomposition temperature is the onset
of the final mass loss; © summarized weight losses above 110 °C per step (without loss of water);
dtemperature of the oil bath in parentheses at which the compound was dried under vacuum
(0.1 mbar) overnight prior to the thermal analysis.

The obtained data show that compounds 1 -4 and 4Na are stable up to about 300 °C before
they decompose without melting, while compound 5 melts at 208 °C and decomposes at
363 °C.

For compounds 1, 3, 4, 4Na and 5 the first step of weight loss can be observed between
about 63 °C to 109 °C (first endothermic peak). As the endothermic peaks at low temperatures
are very broad, for compound 5 the indication of the maximum was not possible. The
elemental analysis showed the presence of water in the compounds 1, 3, 4, and 5. Therefore,
the summarized weight loss up to 110 °C was assigned to the loss of water. This hypothesis is
further supported by the fact that the first step of weight loss of compound 4 decreased upon
increasing the oil bath temperature during drying under vacuum prior to the measurements.

The amount of water present during elemental analysis is compared with the amount of
lost water during thermal analysis by giving the respective molar ratio of the compound and
water (Table 3.2). Interestingly, the values calculated from the lost water in the thermal

analysis are generally lower than the amounts of lost water obtained from the elemental



48 3 Self-assembly study of pH-sensitive 1,3,5-benzene tricarboxamides in aqueous systems

analysis. This underestimation might be explained by the lower accuracy of the determination
by thermal analysis. However, it might also be possible that some of the water molecules are

strongly bound to the respective solid and are not removed by heating to 110 °C.

Table 3.2: Comparison of the lost water during thermal analysis and of the amount of water present
during elemental analysis.

determined molar ratio of
compound to water

R thermal analysis elemen‘tal
analysis

1 -NH, 1:2 1:3
2 -NMe, no water no water
3 -OH 1:0.25 1:05
4 (90°C)® -COOH 1:0.6 1:1.5
4Na -COONa 1:6.4 P
5 -COOMe 1:1 1:2

® temperature of the oil bath in parentheses at which the compound
was dried under vacuum (0.1 mbar) over night prior to the
measurements; ° no elemental analysis possible.

As for compound 4 the water could not be removed completely despite intensive drying, the
water uptake behavior of compounds 4 and 4Na were further investigated in dependence of
the relative (rel.) humidity. Using a moisture analyzer the samples were heated up to 140 °C
via infrared irradiation. The weight loss was determined in % and mg until the weight loss rate
was below 1 mg min™. Prior to the experiments, compound 4 was stored at different rel.
humidity, respectively. With increasing water content in the surrounding atmosphere, the

weight loss in the subsequent measurement increased (Table 3.3).

Table 3.3: Average loss of water in dependence of the rel. humidity.

compound R rel. humidity temperature loss of
[%] [°c] water [%]

4 -COOH 33-36 24 4.2+0.4°
55° 22 7.3
78° 23 8.7¢

4Na -COONa 37-38 23 9.3+0.5°

3
® average of 3 measurements; ° one measurement after storage for 16 h;
° one measurement after storage for 96 h.

Under similar conditions the water uptake of the sodium salt 4Na is nearly twice as much as
the water uptake of 4, which is an expected behavior for salts. It could be shown that the
water uptake is a fully reversible process and already takes place during the cooling phase

between two measurements. The water uptake is mainly dependent on the rel. humidity and
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reaches a maximum value independent on the time of storage in the respective atmosphere.
As no climate chamber was available, the exact adjustment of the rel. humidity was rather
challenging and for the tests at an enhanced rel. humidity only one measurement could be
performed. Interestingly, even at a high rel. humidity no liquefaction of the solids could be
observed. The high association of compound 4 to water was also reported in the literature,

when elemental analysis was performed on crystals of 4.°%

3.2.2.2 Investigation of hydrogen bond formation via infra-red spectroscopy

Fourier transform infrared (FT-IR) spectroscopy is a convenient method to analyze the
presence and strength of hydrogen bonds. As discussed in the introduction (chapter 1.2.1), the
amide units of BTAs play an important role in supramolecular self-assembly as triple

intermolecular hydrogen bond formation usually leads to one-dimensional aggregation.’****

In general, amides show three distinct bands in IR spectra:** i) The C=0 stretch vibration or
amide | band is usually a pronounced band that can be found between 1700 - 1670 cm™ in
dissolved state and between 1680 - 1630 cm™ for solids, when hydrogen bonds are present. ii)
The amide Il band describes the N-H bending vibration. It is weak for most amides and might
therefore be easily missed in the spectrum. The band can be found between 1550 - 1510 cm™
in solutions and 1570 - 1515 cm™ in solids. iii) The N-H valence vibration band occurs between
3460 - 3400 cm™ in solutions, but is shifted by about 150 cm™ to lower wavelength if hydrogen
bonds are present. This band is often overlapped by bands from hydroxyl or amino moieties.
For columnar stacked BTAs with alkyl side chains the C=0 stretch vibration of the amide units
at about 1640 cm™ is an important indication for intermolecular hydrogen bonds.?**?*
Furthermore, the N-H stretch vibrations and the amide Il band are expected at ~3240 cm™ and
~1560 cm™, respectively. These vibrational bands can shift to lower energy values when alkyl
side chains are replaced by aromatic rings. It was recently shown by Nagarajan et al. that in
columnar stacks of BTA derivatives the amide units of one molecule can adapt different

B7 such differences lead to different types of hydrogen bonds in the stacks,

deviation angles.
which might results in several bands for the amide vibration.

The relevant regions for the amide bands in the FT-IT spectra of compounds 1-5 and 4Na
are displayed in Figure 3.3. The typical ranges for the three amide bands in the presence of
hydrogen bonds as reported in the literature®® are highlighted in blue (N-H valence vibration),

orange (amide |, C=0 vibration), and green (amide Il, N-H bending vibration).
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Figure 3.3: FT-IR spectra of compounds 1 — 5 and 4Na as obtained from synthesis.1 The highlighted
regions refer to typical amide band regions in the presence of hydrogen bonds.>* Note: Plots have been
offset in the y-axis in order to ease visualization.

The wavenumbers of the amide vibrations of the BTA core of compounds 1-5 and 4Na are

summarized in Table 3.4.

Table 3.4: Vibrations of the amide unit at the BTA core in bulk samples of compounds 1 —5 and 4Na.

vibrations of amide unit at the BTA core

[em™]

R N-H Cc=0 amide Il
1 -NH, 3276 1638 1514
2 -NMe, 3220 1636 1525
3 -OH 3205 1655 1513
4' -COOH 3327 1672 1529
4Na -COONa 3322 1671 1542
5 -COOMe 3329 1683 1524

! For FT-IR spectroscopic investigations the recrystallized compound 4 from DMSO-water was used.
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Especially the carbonyl stretch vibrations of all compounds between 1636 and 1683 cm™ are in
good accordance with findings from the literature and clearly indicate the presence of

132214 The assignment of the

intermolecular hydrogen bonds in the bulk samples after synthesis.
N-H vibration band was rather difficult, as the band is overlapped by O-H vibrational bands due
to the presence of water as shown by elemental and thermal analysis.

For compound 1 an additionally N-H deformation vibration should be present between

1650 cm™ and 1560 cm™ due to the lateral amino moieties.>*°

In the relevant region two bands
can be found in the IR spectrum of 1. The band at 1605 cm™ as well as at 1624 cm™ might be
assigned to the N-H deformation vibration. The lateral dimethylamino moieties in compound 2
should give a band between 2820-2720cm™ due to N-CH; valence vibrations.*®* The
respective band can be found at 2802 cm™. The absence of a band around 2500 cm™ indicates
that the tertiary amine is not protonated.®*® The vibrational bands of O-H moieties in solids can
be found between 3200 - 2500 cm™. However, in the spectrum of compound 3 too many
bands can be found in the respective region for a distinct assignment. For compounds 4 and 5
a second vibration for the C=0 stretch can be found at 1697 cm™ and 1714 cm™, respectively.
These can be attributed to the lateral carboxylic acid moieties. The difference between the two
vibrational bands can be explained by intermolecular interactions in case of compound 4, as its
C=0 vibration lies in the range of carboxylic acid dimers (1725 - 1700 cm™) and indicates the
formation of lateral hydrogen bonds. The lateral C=0 stretch vibration of the sodium salt
derivative 4Na is shifted to lower wavenumbers. Due to the anionic character of the
carboxylates and the mesomeric distribution of the electrons, two valence bands can be found
between 1610 - 1550 cm™ and 1420 - 1300 cm™, respectively.®* In the spectrum of compound
4Na the vibrational bands at 1579 cm™ and 1334 cm™ are assigned to the sodium carboxylate

moieties.

3.2.23 Morphological studies and x-ray diffraction investigations
The compounds 1 - 5 as well as the sodium carboxylate derivative 4Na were investigated
regarding their bulk morphology as obtained from synthesis by scanning electron microscopy
(SEM) and X-ray diffraction (XRD) experiments.

The SEM image of compound 1 shows structures that resemble broad and short ribbons
with widths of about 0.5 um and several micrometer in length (Figure 3.4a). The XRD pattern

of the obtained precipitate from synthesis displays a crystalline structure (Figure 3.4b).
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Figure 3.4: a) Morphological characterization of compound 1 (R = NH,) as obtained from synthesis by a)
a typical SEM image and b) the XRD pattern.

Usually XRD patterns of BTA assemblies with an underlying columnar structure show a broad
peak between 25.1 ° and 25.8 ° (20) that corresponds to the n-n-distance of approx. 0.35 nm
of the BTA cores.’??38139214 Aq the FT-IR spectrum of compound 1 shows the participation of
the BTA core amides in hydrogen bonds, is seems obvious to expect an underlying columnar
structure with the respective n-ni-distance. However, no peak can be found in the respective
20-range in the XRD pattern of 1.

Recently, the aggregation behavior of a BTA with three unsubstituted phenyl side arms
(R = H) was investigated.” The XRD pattern of the single crystal obtained from DMSO and of
xerogels from DMSO/water mixtures are very similar and do not show a typical peak for the
distance of the BTA cores. The detailed structure analysis showed an inclined columnar
stacking with O-H--:N hydrogen bonds utilizing two of the amide units. The third amide moiety
was involved in hydrogen bonds with DMSO that acted as bridge between two adjacent
molecular stacks. Besides the lack of typical indications for m-m-interactions of the BTA cores,
also no rotation of adjacent molecules in the stack by 60 ° could be observed. This example
demonstrates that anisotropic aggregates of BTAs can be crystalline and, despite the presence
of an underlying columnar structure, strongly differ from the aggregation modes typically

B4135 A similar inclined columnar structure might be present in bulk samples

reported for BTAs.
of compound 1 as obtained from synthesis. Due to the ability of the lateral amino moiety to
form hydrogen bonds it might also be possible that intercalating structures are present that
are formed by hydrogen bonds between the lateral amino moiety of one molecule with the
core-amide moiety of a second molecule. For the structurally similar 3- and 4-pyridyl-
substituted BTA derivatives such rosette-like structures have been reported in the literature.?®

To identify the underlying structures and the molecular packing of the BTA molecules, a

detailed structure analysis has to be carried out for compound 1.
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Compound 2 differs from compound 1 due to the dimethyl substitution of the lateral amine.
Thus, compound 2 is sterically more demanding and can only act as a weak hydrogen bond
acceptor in the periphery of the molecule. The SEM image of 2 shows thin fibrils with a
diameter in the range of 40 nm to 80 nm and a length of several hundred nanometers (Figure

3.5a). The fibers are mainly isolated and do not entangle with each other to form bundles of

fibers.

b) XRD pattern of compound 2
140-| — after synthesis
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Figure 3.5: a) Morphological characterization of compound 2 (R = NMe,) as obtained from synthesis by a
typical SEM image and b) the corresponding XRD pattern.

The XRD pattern shows a less ordered morphology compared to the crystalline structure of
compound 1 (Figure 3.5b). This might be due to the presence of aggregates with sizes in the
nanometer range thus leading to less order on a long range scale. The 20 values of the peaks
show a 1:2:V5:V6:V7 ratio that could not be assigned to a typical mesophase. The broad
peak at 26.96 ° (20) corresponds to a m-m-distance of the BTA cores of 0.33 nm. In combination
with the anisotropic aggregates found in the SEM images, the presence of an underlying
columnar structure might be assumed, although a detailed structure analysis is necessary to
elucidate the molecular packing of compound 2.

The SEM image of compound 3 as obtained from synthesis shows agglomerated spheres

with varying diameters from the submicron range to several microns (Figure 3.6a).
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Figure 3.6: a) Morphological characterization of compound 3 (R = OH) as obtained from synthesis by a
typical SEM image and b) the corresponding XRD pattern.

Those spheres consist of smaller underlying rod- or needle-like aggregates. In the literature the
formation of organic nanoparticles from a triphenylamine-substituted BTA compound was
described.>” Upon drop wise addition of a THF solution of the BTA derivative into water
nanoparticles with diameters of 80 + 20 nm were obtained. It therefore can be assumed that
the formation of spherical aggregates might be due to the precipitation of compound 3 from
N-methyl-2-pyrrolidone (NMP) solution by water during synthesis.

The XRD analysis reveals that the molecules are arranged in a columnar hexagonal
crystalline mesophases (Figure 3.6b). The 20 values of the Bragg peaks at 7.82°, 13.58 °,
15.72°, and 20.80° show a 1:V3:2:V7 ratio that is typical for columnar hexagonal
arrangements. The m-m-distance of the BTA cores can be deduced from the peak at 24.86 °
(20) that corresponds to a real space distance of 0.36 nm which is within the typical range for

267

amide hydrogen bonding lengths of stacked BTA molecules.”” The lattice distance a of the

hexagonal columnar unit cell can be calculated using the following equation:**

a:dhko-\/%(h2+k2+hk) (3.1)

with dj being the distance of the lattice planes with the Miller indices h, k, and / = 0.

The calculated lattice distance is 1.3 nm and gives the core-core distance of adjacent
columns of stacked BTA molecules. Taken into account the estimated diameter of 1.7 nm of
molecules of 3, it is assumed that the side arms of molecules in adjacent columns interdigitate.
Thus, the hydroxyl moiety in the periphery of the molecule might form weak hydrogen bonds
with the amide moiety of the core. This could weaken the columnar stacking. The work of Jana
et al. showed that strong core-side chain interactions of BTAs can have a drastic effect on the
structure of the assemblies and might even lead to porous structures with a loss of the Cs-

242

symmetry and the triple amide-amide hydrogen bonds.”™ However, this is not the case for
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aggregates of compound 3 as a hexagonal columnar mesophase could clearly be assigned to
the measured XRD pattern of 3.
After synthesis of 4 a porous, sponge-like structure is obtained, while after recrystallization

from DMSO-water mixtures fiber fragments with a diameter around 80 nm and a length of

about 1 um can be observed in SEM images (Figure 3.7a and b).

XRD pattern of compounds 4 and 4Na

—— 4Na after synthesis
—— 4 after crystallisation

] —— 4 after synthesis

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
20[

normalized scattering
intensity [a.u.]

Figure 3.7: Morphological characterization by typical SEM images of a) compound 4 (R = COOH) as
obtained from synthesis, b) of 4 after recrystallization from DMSO-water, and c) of compound 4Na (R =
COONa) as obtained from synthesis. d) Plots of the corresponding X-ray diffraction patterns of
compound 4 after synthesis (black line), after crystallization (blue line) and of 4Na after synthesis (red
line). Note: Plots have been offset in the y-axis in order to ease visualization.

During synthesis compound 4 precipitates which is attributed to the substitution of the BTA
core with three arms. Therefore, the system does not have the time to arrange in a one-
dimensional manner. The cooling process after recrystallization, however, is slow so that the
molecules can self-assemble into the fibrous structure. This is an indication that molecules of 4
have a tendency to aggregate in one-dimensional aggregates with high aspect ratios, if the
system is given enough time for the self-assembly. The SEM image of the sodium salt
derivative 4Na shows a porous surface structure on the mesoscale with short rod-like
substructures.

The XRD analysis shows that directly after synthesis compound 4 is amorphous (Figure

3.7d). Besides two very weak and broad peaks at 20 values of approx. 6 ° and 17 ° (indicated
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by black arrows), one broad peak with a maximum at 25.46 ° (20) can be found. This angle
corresponds to a m-ni-distance of 0.35 nm. After recrystallization compound 4 is crystalline and
gives a completely different XRD pattern. However, the peak maximum found at 25.30 ° (20)
also corresponds to a m-mt-stacking distance of 0.35 nm (Figure 3.7d). The fact that the peak is
more distinct and slightly shifted to lower 20 values compared to the peak found in the XRD
pattern of 4 directly after synthesis indicates that a higher ordered state is obtained in
molecular stacks of 4 by crystallization.

The exact evaluation of the structure of 4 after recrystallization is rather difficult although
single crystals of 4 were obtained serendipitously by hydrothermal synthesis in the presence of
zinc and analyzed in detail by Y. Zhang et al.**® Analysis of these single crystals gave a planar
rosette-like or honeycomb-like arrangement of molecules of 4. Thereby, adjacent layers are
stacked on top each other and rotated by 180 °. This leads to stacks of the BTA cores with the
side arms of adjacent molecules being rotated by 60 °. The layer-to-layer-distance of the two-
dimensional honeycomb-like structure obtained from single crystals of 4 was reported to be
0.29 nm, however, in the respective CIF-file the structure gives a distance of about 0.32 nm. It
was stated that hydrogen bond formation mainly occurs in plane between amide moieties of
the core and lateral carboxylic acid moieties rather than intracolumnar amide hydrogen bonds.
This is supported by the core-core distance of 0.32 nm which is significantly smaller than the
average amide-amide hydrogen bond length of 0.36 nm £ 0.01 nm between stacked BTA
molecules.”®” Thus, in the crystal structure of 4 adjacent sheets only interact vig m-m-
interactions. The influence of core-side chain interactions on the molecular assembly was
shown for a tyrosine-substituted BTA derivative.”** Thereby, the presence of core-side chain
interactions instead of core-core interactions led to a loss of the Cs-symmetry in the assembly
and the formation of a porous structure.

Taking these considerations into account, it can be assumed that the molecular packing of 4
after recrystallization is different from the structure in the single crystal. In contrast to the
layered structure in the single crystal, for compound 4 after recrystallization a columnar
arrangement with hydrogen bonds between the amide moieties of the BTA cores is proposed.
It is also possible that only two amides of the BTA core form hydrogen bonds with adjacent
molecules in the stack, while the third one interacts with solvent molecules thus forming a
bridge to adjacent columnar assemblies.”*” A similar arrangement might also be present for
molecules of 4 as core-core as well as core-side chain interactions have been reported.”%*’

When comparing the data obtained in this thesis with the findings reported in the
literature, it is important to note that polymorphism might occur for compound 4. For the

structurally similar pyridyl-substituted BTA-based hydrogelator that also can interact via core-
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core, core-side chain and side chain-side chain interactions polymorphism was
found.”®51942% Eour different crystal structures were obtained out of only two different
solvent systems depending on the preparation method. These findings demonstrate that the
arrangement of the molecules is greatly influenced by the sample preparation method and
that the structure in the single crystal is not necessarily equal to the structure obtained after
recrystallization or in reported xerogels of 4.21%2¢

Compound 4Na is obtained from synthesis in a lamellar arrangement. The 20 values of the
peaks at 4.08 °, 8.16 °, 12.20 °, and 16.38 ° feature a ratio of 1:2:3:4, which is typically for
lamellar structures. The lattice parameter c of a lamellar structure can be calculated using the

following equation:**
c=h-d,q (3.2)
with dpgp being the distance of the lattice planes with the Miller indices h and k =/=0.

The calculated lattice parameter ¢ is 2.2 nm and corresponds well to the estimated
diameter of 2.1 nm of molecules of 4Na. This means that the molecule is only slightly smaller
than the width of a lamella. Usually the intensity of the peaks decreases with increasing values
for 20. This is not the case for the pattern obtained here which might be due to structure
factor fluctuations. The peak at 26.50 ° (20) can be assigned to the m-n-distance between the
benzene cores which is about 0.34 nm.

The SEM image of compound 5 reveals that also this compound has the tendency to form

anisotropic structures. The obtained aggregates have diameters of about 140 nm and length of

about several microns (Figure 3.8a).
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Figure 3.8: a) Morphological characterization of compound 5 (R = COOMe) as obtained from synthesis
by a typical SEM image and b) the corresponding XRD pattern (small peaks are indicated by an arrow for
better visualization).

The rod-like structures seem to be rather short and straight with few tendencies to intertwine

and form bundles. The broad halo for high 20 values in the XRD pattern of compound 5
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indicates large amorphous domains (Figure 3.8b). It seems that the halo overlaps the peaks in
that region, such as at 15.82° and 17.36 ° (20) corresponding to a real space distance of
0.51 nm and 0.56 nm, respectively (indicated by an arrow). Only two further distinct peaks can
be found at 20 =4.34° (2.03 nm) and 13.64 ° (0.65 nm), while the peak at 24.68 ° (20) is
rather broad and corresponds to a real space distance of 0.36 nm, which is assigned to the m-m-
distance.

Summarizing, the morphological characterization of the synthesized compounds is rather
difficult, as small changes in the molecular structure, i. d. the type of the lateral headgroups,
result in very different structures. However, for nearly all compounds a tendency to form
anisotropic aggregates can be found. Furthermore, from the XRD peaks one can conclude m-mt-

interactions with distances in the range of 0.33 nm to 0.36 nm.

3.2.3  Solubility tests

The synthesized compounds 1 -5 were all investigated regarding their solubility in common
organic solvents and in aqueous solutions with different pH values at a fixed concentration of

10gL™

3.23.1 Solubility in organic solvents

As can be seen in Table 3.5, compounds 1-5 are insoluble in the apolar solvent n-hexane,
while they show good solubility only in N, N-dimethyl formamide (DMF) and dimethyl sulfoxide
(DMSO0), which are very polar solvents that are known to break up even strong hydrogen
bonds. This is an indication that hydrogen bonding is a major driving force regarding the
aggregation of these compounds. The compounds also show high stability against other tested
organic solvents and are often not or only partially soluble.

Compound 1 is only partially soluble in methanol and tetrahydrofuran (THF) at r. t. and
shows a slightly increased solubility in ethanol upon heating, while compound 2 is partially
dissolved in nearly all tested solvents except n-hexane. Thus, the possibility of compound 1 to
form hydrogen bonds with the lateral amino moieties might be important for the stability of
the solid in organic solvents. While compounds 3 and 5 are not dissolved in any other tested
solvent, compound 4 is partially dissolved in tetrahydrofuran (THF). Compound 4Na is not
listed in the table below as it is insoluble in the tested organic solvents.

Interestingly, increasing the temperature to the boiling point of the respective solvent does
not significantly increase the solubility of the compounds. Therefore, a heating and cooling
cycle in organic solvents does not lead to the self-assembly of the molecules. The aim to design

BTA derivatives for aqueous system thus led to molecules that do not show self-assembly



3 Self-assembly study of pH-sensitive 1,3,5-benzene tricarboxamides in aqueous systems 59

behavior in a broad variety of organic solvents. This confirms that self-assembly motifs

designed for aqueous systems usually do not apply for organic solvents and vice versa.

Table 3.5: Overview of the solubility of compounds 1-5 in common organic solvents at a fixed
concentration of 10 g L™.

after heating to b. p.
mixing atr. t. mixing at b. p. and coolingtor. t.

solvent 1 2 3 4 5|1 2 3 4 5|1 2 3 4 5
n-hexane e L T T
ethyl acetate o I L TS U ('S I
methanol + @+ - - -/ HH=H - - -1 HHEH - - -
ethanol o T B T e I I (5 R
isopropanol N I T T ST ' H ST NS 'S R
dichloromethane N £ I R ) I N € R
acetone N I [ (S e U '
chloroform N T T T T 'S R IS (1 [
tetrahydrofuran HH#H - -1HEHH -+ -HEH -
acetonitrile N I T S ) I (1 [
dioxane N I N € o T € o T I 1 T 1 [N
dimethyl
formamide + 4+ o+ 4+ o+ |+ o+ o+ o+ o+ + o+ o+ o+ 4
dimethyl sulfoxide + 4+ +  + + |+ o+ o+ o+ o+ |+ o+ o+ o+ 4

r. t.: room temperature; b. p.: boiling point of the respective solvent;
+: soluble; (+): partially soluble, -: not soluble.

3.2.3.2 Solubility in aqueous solvents

To verify that the designed and synthesized BTAs 1-5 are soluble in agqueous media
dependent on the pH value, solubility tests in aqueous solutions with different pH values were
performed (Table 3.6).

It was expected that compound 1 should be soluble in an acidic milieu due to the
protonation of the lateral amino moieties resulting in electrostatic repulsion between single
molecules. However, it was found that it is insoluble in all tested media at r. t.. This indicates
that despite the possibility to protonate the lateral amino moieties, the attractive interactions
predominate. Interestingly, heating in 1 M phosphoric acid leads to the formation of yellow
gels. This process is, however, not thermo-reversible, as the amine groups are oxidized upon
heating in phosphoric acid and this oxidation step is strongly dependent on the time the
enhanced temperature is applied. Due to more detailed studies performed in a practical
course carried out by Alessia Weild at the University of Bayreuth, it is suspected that partial

oxidation is needed to ensure solubility upon heating, while too much oxidation hinders the
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formation of a gel upon cooling. As compound 1 cannot be used as a pH-sensitive hydrogelator
in aqueous hydrochloric acid and gel formation in phosphoric acid was not reproducible,

detailed gelation studies of compound 1 are not included in this work.

Table 3.6: Overview of the solubility of compounds 1 -5 in aqueous solution at different pH values at a
fixed concentration of 10 g L™.

mixing at r. t. mixing at b. p. after heat.ing tob.p.
and cooling tor. t.
aqueous solvent 1 2 3 4 5|1 2 3 4 5|1 2 3 4 5
NaOH (pH = 14) - -+ o+ - - -+ o+ - - -+ o+ -
NaOH (pH = 13) - - (+) o+ - - (+) o+ - -+ o+
NaOH (pH = 12) - - - - -+ - - - ) -
NaOH (pH = 11) - - - - - - - - - -
NaHCOssat. (pH=10)| - - - + - - -+ e
H,0 (pH =7) T e T T
NaCl sat. (pH =7) B e e
HCl (pH = 2) - - - - - - - . - - - -
HCl (pH = 1) -+ - - -+ - - -+ - -
HCI (pH = 0) e e e e AT P
5 M HCI (pH < 0) -+ - - -+ - - -+ - -
1 M acetic acid - (#) - () - (4)
conc. acetic acid -+ -+ o+ - -+ -

r. t.: room temperature; b. p.: boiling point of the respective solvent; sat.: saturated
+: soluble; (+): partially soluble; -: not soluble.

The dimethyl amino functionalized BTA derivative 2 is soluble in aqueous hydrochloric acid
with a pH value of or below 1, as well as in concentrated acetic acid. The different solubility of
compound 2 compared to 1 can be explained by their different basicity. In aqueous media
tertiary amines are more basic than primary ones, which is mirrored by the pK, values of the
conjugate acid of aniline (pK,=4.6) and N,N-dimethylaniline (pK,=5.8), respectively.>*°
Therefore, compound 2 is much easier protonated compared to 1 and thus better soluble in
acidic milieu. In aqueous sodium hydroxide solutions with alkaline pH values, as well as in plain
water and saturated sodium chloride solution with neutral pH value, compound 2 does not
dissolve even upon heating. This pH-dependent solubility behavior is promising for further
studies regarding the pH-sensitive self-assembling behavior.

As compound 3 and 4 have acidic lateral functional moieties, the lateral groups should be
deprotonated in alkaline media. Consequently, the molecules should be soluble due to the

electrostatic repulsive forces of the formed anions. As expected both BTA derivatives dissolve

in aqueous sodium hydroxide solution with a pH value higher than 13, while they are insoluble
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in aqueous HCI solution, plain water and saturated sodium chloride solutions. Thus, both
compounds show pH-sensitive solubility. Their pH-sensitive solubility and aggregation behavior
was investigated in more detail which is presented in the following chapter.

The sodium salt derivative of compound 4 (4Na) is soluble in plain water resulting in a slight
alkaline solution, depending on the concentration of 4Na, while it is not soluble in acidic
milieu.

For BTAs containing chelated gadolinium(lll) ions as headgroups it was reported that
screening of the charges by addition of salt resulted in the formation of elongated nanorods
and cooperative supramolecular polymerization.”>>”*’ To prove if this technique also works for
the compound 4Na, to a 4Na solution in water NaCl was added in small portions. While no
aggregates could be observed in sat. NaCl solution, the further increase of the NaCl
concentration led to the formation of a white precipitate. However, this is probably due to
oversaturation and the increased hydrophobicity of the water upon addition of the salt, which
is usually known as “salting out”-effect.

As compound 5 does not feature pH-sensitive moieties, no pH-sensitive solubility behavior
is expected. Its solubility was tested in plain water, as well as in highly alkaline and highly acidic
milieus. However, it did not dissolve in any of the tested solvents, even upon heating. As
compound 5 shows good to moderate solubility in DMSO, but poor solubility in water,
temperature-dependent dissolution experiments in DMSO/water mixtures were performed in
a practical course by Manuel Suchy at the University of Bayreuth. Depending on the
concentration of 5 and the solvent composition, gels could be produced in two ways. While
adding the non-solvent water to a solution of 5 in DMSO often led to the formation of
inhomogeneous gels, heating and cooling of a solution of 5 in DMSO/water mixtures resulted
in homogeneous gels. At a final concentration of 10 g L"* of 5 in DMSO/water with a volume
ratio of 1:1 thermo-stable, but inhomogeneous gels were obtained. Increasing the DMSO
content to a ratio of 4 : 1 (DMSO/water), homogeneous gels could be obtained by a heating
and cooling cycle. Thus, gels of 5 are formed at water contents of 20 % to 50 %. As the gel
formation in mixtures of organic solvents and water is not the objective of this work, the
detailed studies are not discussed here.

Due to the promising results of compounds 2, 3, and 4 gained by the solubility tests in
aqueous solvents with different pH values, their pH-sensitive aggregation behavior was

investigated further and the results are presented in the following.
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3.3 pH-Sensitive aggregation and gel formation

In this chapter the aggregation behavior of compounds 2 - 4 in dependence of the pH value is
investigated in view of their potential to form supramolecular hydrogels. The sensitivity
towards the pH value is demonstrated on macroscopic scale by optical images and on
micrometer scale during titration experiments combined with optical transmittance
measurements. The resulting aggregates after change of pH are examined regarding their
morphology in comparison to the structure obtained after synthesis. As compound 4 showed a
high potential for the formation of stable supramolecular hydrogels upon change of pH, the
aggregation behavior as well as the resulting gels of 4 were further studied using different

gelation techniques.

3.3.4 Investigation of pH-sensitive aggregation

For the gelation tests of compound 2 an aqueous solution with a concentration of 10 g L™ of 2
was prepared in diluted hydrochloric acid to yield a final pH value of 1. At this pH value the
lateral dimethyl moieties of the BTA derivative should be fully protonated. By drop wise
addition of a 1 M solution of sodium hydroxide the pH value was increased until an alkaline
milieu was reached and the lateral functional moieties should be uncharged.

Compounds 3 and 4 were dissolved in aqueous (ag.) sodium hydroxide solution to yield a
final pH value of 14 at a concentration of 10 g L™, respectively. Subsequently, both solutions
were acidified by drop wise addition of a 1 M solution of hydrochloric acid. This change of the
pH value should transfer the molecules of both compounds from the anionic to the neutral
state. For the three tested compounds upon change of pH the transfer from the dissolved to
the solid state could be observed, proofing that the pH-sensitive switches incorporated in the
molecular structure work as expected. As three pH-sensitive moieties are present in each
molecule of compounds 2, 3, and 4, not only the uncharged or fully charged state is possible. It
must be assumed that protonation or deprotonation occurs stepwise resulting in intermediate
forms bearing one or two charges per molecule.

For identifying the gel state the inversion test tube method has been established in the

literature.’*®*

If the resulting solid can immobilize the water to resist gravitational flow in an
inverted test tube, it is considered as a gel. Compound 2 and 3 precipitated as green and white
solid, respectively, without formation of a stable gel (Figure 3.9). Compound 4, however,

formed a white hydrogel as confirmed by inverting the test tube.
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compound 2 compound3 compound 4

pH=1 pH=13 pH=12 pH =2 pH=12 pH=1

solution  precipitate solution  precipitate solution gel

R=-NHMe,* R=-NMe, R=-COO" R=-COOH

== T

+ 3 NaOH + 3 HCI + 3 HCI

- 3H,0 - 3H,0 - 3H,0

- 3Nacl - 3 NaCl - 3Nacl
2 3H0 =————— 2 3.3NaOH =——= 3 4.3 NaOH =———

+ 3 HCl + 3 HCI + 3 HCI

Figure 3.9: Transition from sol to solid by change of pH of compounds 2 - 4.

3341 pH-Titration experiments

For all three pH-sensitive compounds titration experiments were performed combined with
detection of the optical transmittance of the solution at a wavelength of 523 nm. Solutions of
2, 3 and 4 were prepared with a final concentration of 1 g L'* each. The measurements were
performed under stirring to achieve homogeneous distribution of the respective precipitate
and to prevent the formation of a stable gel for compound 4.

For compound 2 the starting pH value of the solution was adjusted by addition of aq. HCl to
a final pH value of 2.25. A 0.1 M solution of NaOH was used as titer solution. The pH value and
the relative (rel.) transmittance of the solution were measured and plotted against the amount
of added titer volume (Figure 3.10).

The rel. transmittance is normalized in relation to pure water, which consequently has a rel.
transmittance of 1. As compound 2 gives a purple color in solution, it absorbs light in the range
of the used laser (523 nm). Therefore, the rel. transmittance of the solution of 2 is about 0.2.
Upon addition of HCI, the solution of 2 slightly clears off before aggregation begins and the
transmittance decreases again. The correlation between the rel. transmittance and the pH

value shows that measurable aggregation for compound 2 starts at a pH value above 3.68.
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Figure 3.10: Titration curve of compound 2 with the pH value and rel. transmittance plotted versus the
titer volume of 0.1 M NaOH solution.

The starting pH value of the aqueous solution of 3 was adjusted by addition of agq. NaOH

solution until complete dissolution at a final pH value of 11.76 was achieved (Figure 3.11).
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Figure 3.11: Titration curve of compound 3 with the pH value and rel. transmittance plotted versus the
titer volume of 0.1 M HCl solution.

The titration was performed with a 0.1 M HCI titer solution and the rel. transmittance of the
solution decreased in two steps. Below a pH value of 10.66 the rel. transmittance of the
solution decreased indicating the formation of pre-aggregates. The subsequent rise of the pH
value from 10.68 to 10.78 upon further addition of the titer solution might be explained by the

buffer effect of 3 or a non-equilibrium state due to the experimental conditions. At a pH value
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of 10.20 the rel. transmittance further decreases which is associated with the assembly of the
pre-aggregates into bigger structures.
Such a two-step aggregation behavior in dependence of a pH change is known from

31 For these

peptide-based Imw hydrogelators that have a terminal carboxylic acid group.
molecules two apparent pK, values are observed. The first one is associated with the self-
assembly of charged and uncharged molecules into paired fibrils. At a sufficiently high
concentration these paired fibrils or fibers can entangle and immobilize the solvent to from a
stable hydrogel. Due to the arrangement of the molecules in the paired fibrils, the charges of
the carboxylate moieties are located at the aggregate surface preventing aggregation into
superstructures. Further decrease of the pH value leads to a decrease of the surface charges
enabling the fibers to assemble into large rigid ribbons due to lateral hydrophobic interactions.
Below the second apparent pK, value the ribbons further aggregate and precipitate. Such a
shift of the apparent pKa value was also reported for other compounds in the
literature, 8993267342

Similar to compound 3 the BTA-derivative 4 was dissolved in diluted ag. NaOH solution. The

solution with a final pH value of 10.70 showed a decrease of the rel. transmittance in two steps

upon titration with 0.1 M HCl solution (Figure 3.13).
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Figure 3.12: Titration curve of compound 4 from alkaline to acidic pH values with the pH value and rel.
transmittance plotted versus the titer volume of 0.1 M HCl solution.

At the beginning of the titration experiment molecules of 4 should be present in their
completely deprotonated state. By dynamic light scattering (DLS) experiments, the absence of
any larger aggregates of compound 4 at such high pH values was proven. A slight decrease of

the rel. transmittance was already observed at pH values around 10, indicating the presence of
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first aggregates. However, it should be noted that due to the drop wise addition of the acid,
the pH value is locally strongly decreased. This inhomogeneous decrease of the pH value in the
solution might lead to the formation of kinetically trapped aggregates.

In analogy to the literature it is assumed that the first aggregates are formed by a

1 As compound 4 contains three carboxylic

combination of charged and uncharged molecules.
acid groups, also partially charged molecules can participate in the aggregate formation.
During titration the pH value reaches a pronounced plateau at 6.25, while simultaneously the
rel. transmittance continuously decreases. This phenomenon is probably caused by the buffer
effect of compound 4 and the subsequent protonation of the three carboxylic acid groups,
which results in a decreased surface charge of the formed aggregates and thus further self-
assembly. The drop of the pH value after the plateau is accompanied by a sudden decrease of
the transmittance at and below a pH value of 5.42. This is probably caused by the formation of
bigger aggregates or superstructures.

The dissolution of assemblies of 4 was investigated by titrating back the acidic suspension

to an alkaline pH value using 0.1 M NaOH solution (Figure 3.13).
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Figure 3.13: Titration curve of compound 4 from acidic to alkaline pH values with the pH value and rel.
transmittance plotted versus the titer volume of 0.1 M NaOH solution.

The increase of the rel. transmittance and thus disassembly of the aggregates occurs in one
step at a pH value of 6.17, indicating that the formation of the first aggregates at a pH value of
about 10 is caused by the inhomogeneous decrease of the pH value and kinetic effects.

In the literature the calculated and measured pK, values of different BTA-based
hydrogelators with carboxylic acid moieties and compound 4 have been compared.”®” The

predicted pK, value of 4 was about 2.2 units higher than the apparent pK, value. This
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observation can be supported by the measurements presented here. The apparent pK, value
of compound 4 was determined to be 6.25. This significantly differs from the apparent pK,s of
similar structural motifs with only one carboxylic acid moiety, such as benzoic acid and 4-
benzamidobenzoic acid, which have a pK, value of 4.19 and 4.06, respectively. The discrepancy
between the expected and measured pK, value can be explained by an apparent pK,-shift upon
aggregation. This phenomenon is well documented for amino-acids and

60,89,93,267,341,342

peptides. While a-carboxylic acid groups of amino acids and N-protected

nonpolar peptides have a pK, value of about 3.5, most peptide-based hydrogelators aggregate

at a pH value of about 5.3*%

The shift is associated with the aggregation of the molecules and
the resulting change of hydrophobic interactions.

To visualize the early stages of the pH-dependent aggregation of compound 4, titration
experiments combined with DLS and cryo-transmission electronic microscopy (cryo-TEM)
imaging were performed. During titration experiments first aggregates can be detected at a pH
value of 9.2 using DLS, while in cryo-TEM images anisotropic rod-like aggregates can be

observed at pH values of 7.5 and 5.9 (Figure 3.14).

Figure 3.14: cryo-TEM images of 4 dissolved in diluted NaOH solution and titrated with 0.1 M HCI
solution to a pH value of a) 7.5 and b) 5.9.

Usually with DLS autocorrelation curves the hydrodynamic radius of formed aggregates can be
calculated. For this calculation it is assumed that hard, solid, and isolated spheres are present
in the solution. As from cryo-TEM images it can be clearly seen that anisotropic aggregates are
formed, the evaluation of a hydrodynamic radius is not reliable for this system. Nevertheless, it
can be stated that at a pH of 9.2 aggregates in the range of 10 nm to 100 nm are present.
However, as discussed above the presence of aggregates at such a high pH value might be due
to the local change of the pH value by the drop wise addition of the aq. HCl solution which can

result in kinetically trapped aggregates. The evaluation of the cryo-TEM images reveals that
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underlying anisotropic aggregates are parallel aligned to form loose bundles with a length of
around 500 nm. The smallest measured distance between electron-rich areas are about
2.2 nm. This is slightly greater than the estimated diameter of a single molecule of 4 (1.9 nm),
but in good accordance with the lattice parameter ¢ = 2.2 nm of the lamellar arrangement of
4Na after synthesis. The underlying structures align to form ribbon-like structures with
diameters between 10 nm and several tens of nanometer. Most probably molecules of 4 are
not completely protonated at a pH value of 7.5 and 5.9. Thus, partially protonated forms are
present that bear one or two charged carboxylate moieties per molecule. Consequently, the
formed aggregates should also bear surface charges that prevent further aggregation.

In the literature the thermo-sensitive aggregation of crown-ether substituted BTAs led to

%62 SEM images showed parallel aligned

the formation of aggregates at elevated temperature.
strands of fibers with diameters in the range of 20 nm which is larger than the diameter of a
single molecule thus implying the formation of a more complex structure than a columnar
stack of BTA molecules. For BTAs with pH-sensitive headgroups the self-assembly in aqueous
systems showed single or triple helical aggregates depending on the applied conditions.”
Obviously, the formation of helical stacks with three BTA molecules in the cross-section leads
to diameters of the underlying aggregates that exceed the diameter of a molecule. In case of
azobenzene substituted BTAs with sulphonic acid headgroups even the formation of helical
tubes with water channels displaying diameters of about 3 nm could be observed.”?” And
studies on halogen-phenyl-substituted BTAs showed that side arm-side arm interactions, such
as halogen-halogen interactions are one of the driving forces for the assembly into triple
helices.'®>*%

Considering these findings from the literature, it might be possible that the underlying
aggregates observed in the TEM images with dimensions of 2.2 nm consist of single or triple
helical stacks. Due to the presence of partially charged molecules of 4 and the resulting
surfactant activity of these molecules, it is reasonable to assume that upon formation of such
helical arrangements protonated and thus uncharged side arms are enclosed inside the helix,
while charged side arms are located at the surface of the assembly.

The investigation of partially fluorinated BTA derivatives showed that the self-assembly

2% First, thermodynamic controlled aggregation into one-dimensional

occurred in two steps.
helical assemblies was observed that was mainly driven by hydrogen bonding interactions.
Second, the kinetically controlled nucleation led to the formation of hierarchical bundles. Prior
to the bundling the one-dimensional aggregates showed some kind of microphase separation
that led to fluorine enriched patches or ribbons. Such a step-wise aggregation is proposed for

the pH-sensitive self-assembly of 4. The formation of the underlying anisotropic aggregates is
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proposed to be mainly driven by hydrogen bonding interactions between amides of adjacent
BTA cores and between amides and protonated side arms. Dependent on the pH value and the
present surface charges, these probably triple helical structures align to form ribbon-like

assemblies as observed in the cryo-TEM images.

3.3.4.2 Investigation of compounds 2 - 4 after change of pH

The resulting aggregates of compounds 2, 3, and 4 after change of pH from a solution with a
respective compound concentration of 10 g L™ were investigated using FT-IR spectroscopy,
SEM imaging and XRD measurements.

The FT-IR spectra of all three compounds after change of pH are equal to the spectra from
the bulk materials as obtained from synthesis (chapter 3.2.2.2). This proves that hydrogen
bonds are also present after solidification of the compounds by change of pH value.

Compound 2 was isolated after synthesis by change of pH from acidic solution to pH 8. For
the gelation tests the pH value was switched from pH 0 to 13 by addition of aq. NaOH solution.
Due to the similarity of the sample preparation method, it is expected that the resulting
aggregates have a similar morphology. Therefore, it was not surprising that the SEM images
obtained from the washed and dried precipitate after change of pH strongly resembled the
image of the bulk material after synthesis as displayed in Figure 3.7 in chapter 3.2.2.3. As both
samples show thin fibrillar structures with diameters of 40 nm to 80 nm, no additional image is
presented here. The comparison of the XRD patterns of both preparation methods for
compound 2 shows that indeed the same underlying molecular arrangement is present in both
cases (Figure 3.15).

The sharp peak at 27.24 ° (20) that corresponds to a real space distance of 0.33 nm is
attributed to small crystals of sodium chloride that might have formed during the drying

process.
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Figure 3.15: X-Ray diffraction patterns of the washed and dried compound 2 (R = NMe;) as obtained
from synthesis (black line) and after change of pH from acidic solution (pH = 0) to alkaline solution
(pH = 13) with ag. NaOH solution (red line). Note: Plots have been offset in the y-axis in order to ease
visualization.

Compound 3 was isolated after synthesis by precipitation in neutral water from N-methyl-2-
pyrrolidone (NMP) solution. For the experiments regarding the change of pH, the compound
was dissolved at a pH value around 12. Subsequently, aq. HCl solution was added drop wise
until a final pH value of about 1 was reached. The obtained precipitate was washed and dried
prior to the investigations.

The SEM images of compound 3 after change of pH show a different superstructure than
images obtained from samples directly after synthesis. While from synthesis spherical objects
with underlying fibrous structures were observed (Figure 3.6, chapter 3.2.2.3), after the
change of pH solely one-dimensional aggregates and bundles thereof can be detected in the
SEM images (Figure 3.16a). The rod-like structures have diameters of about 30 nm and are
0.5um to 1um in length. Although different superstructures can be observed in SEM
investigations due to the different preparation methods, the XRD pattern show that in both
cases the molecules are arranged in a columnar hexagonal crystalline phase (Figure 3.16b). For
both samples the m-m-distance of the BTA cores in the columns is 0.36 nm and the lattice
distance a of the unit cell is a=1.3 nm (equation 3.1, chapter 3.2.2.3). The peak found at
27.20 ° (20) indicates the presence of sodium chloride crystals analogous to the peak observed

in the XRD pattern of compound 2 after change of the pH value.
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Figure 3.16: a) Morphological characterization of the washed and dried compound 3 (R = OH) after
change of pH from alkaline solution (pH = 12) to acidic solution (pH = 1) with ag. HCl solution by a typical
SEM image and b) the corresponding X-ray diffraction pattern (red line). For comparison reasons the
XRD pattern of compound 3 as obtained from synthesis is also shown (black line). Note: Plots have been
offset in the y-axis in order to ease visualization.

After synthesis, compound 4 was recrystallized from a DMSO/water mixture vyielding a
crystalline precipitate. For the hydrogel formation the compound was dissolved in ag. NaOH
solution with a final pH value of about 12. By drop wise addition of aq. HCl solution the pH
value was decreased to about 1. The obtained gel sample was washed and dried prior to the
investigations.

Gelation of compound 4 with aq. HCl solution gives rod-like structures with diameters in
the range of 20 nm as can be seen in the SEM image displayed in Figure 3.17a. When
discussing the morphology displayed in the SEM image and the pattern obtained from the XRD
measurements, it should be noted that the drying of the gel sample might lead to a closer

molecular packing than in the native (wet) state.

b) XRD pattern of compound 4 (R = -COOH)
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Figure 3.17: a) Morphological characterization of the washed and dried compound 4 after hydrogel
formation by change of pH from alkaline solution (pH =12) to acidic solution (pH =1) with ag. HCI
solution by a typical SEM image and b) the corresponding X-ray diffraction pattern (red line). For
comparison reasons the XRD pattern of compound 4 as obtained after recrystallization is also shown
(black line). Note: Plots have been offset in the y-axis in order to ease visualization.
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The obtained diameters of underlying fibrillar aggregates determined in SEM images of about
20 nm are significantly larger than the distances of 2.2 nm obtained from the cryo-TEM images
during titration (Figure 3.14). Thus, it must be assumed that the fibrillar aggregates observed in
the SEM image consist of several underlying, probably triple helical, aggregates. As molecules
of 4 should be fully protonated and uncharged in the washed and dried gel, the formation of
superstructures is possible. Thus, in contrast to the fibrous structures obtained from
recrystallization, the fibers present in the dried hydrogel align and bundle to form
superstructures with diameters of about 200 nm. Due to this entanglement and bundling the
length of a single fiber is difficult to evaluate.

The XRD pattern of the dried hydrogel sample shows only a weak diffraction pattern (Figure

3.17b) which is consistent with reports from the literature.”®’

One broad peak in the range of
25.56 ° (20) can be assigned to the m-n-distance of the BTA cores of 0.35 nm. This peak was
also observed in the bulk material of 4 after recrystallization from DMSO-water. The smaller
bandwidth of the peak in the XRD pattern of 4 after recrystallization indicates a larger size of
the respective crystalline domains and thus a higher order compared to the dried gel sample.
As discussed above, in the literature the distance of the benzene cores of about 0.35 nm was
taken as indication that amide hydrogen bonds between stacked molecules are present.?’

The second peak in the XRD pattern of dried hydrogels of 4 prepared with aq. HCl solution is
very broad and can be found at about 16 ° (20). The low long-range order in the hydrogel
results in a low resolution of single peaks. Thus, the broad peak at about 16 ° (20) might
consist of several underlying peaks. Due to the higher order in the sample of 4 after
recrystallization, in the respective XRD pattern single peaks can be found in this region.

The peak at 5.86 ° (20) in the XRD pattern of the hydrogel corresponds to a real space distance
of 1.51 nm. This is slightly smaller than the diameter of molecules of 4 (1.9 nm) and the
distance of 2.2 nm obtained from the cryo-TEM images during titration with ag. HCl solution.
Due to the removal of water molecules, drying can lead to a closer molecular packing of the
underlying structures, thus resulting in smaller real space distances. Interestingly, the structure
analysis of the single crystal of 4 in the literature gave a hexagonal unit cell with unit cell

dimensions of a = b=1.51 nm and ¢ = 1.89 nm.**

However, as discussed above in the layered
structure of the single crystal hydrogen bonding interactions are only present between the
amide moiety of the core and the lateral carboxylic acid group of the adjacent stack. This leads
to a molecular packing with interdigitating side arms of adjacent molecules in one layer.

The differences between the XRD pattern of the dried hydrogel sample and the

recrystallized sample of 4 show that for compound 4 the molecular arrangement is influenced

by the preparation method. On the other hand, for compounds 2 and 3 the XRD patterns of
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the materials as obtained from synthesis and after change of pH were equal and no stable
hydrogels could be obtained. These different properties regarding the pH-sensitive
self-assembly of the compounds indicate that the lateral headgroups of the BTA derivatives
not only induce the pH-sensitivity but also strongly influence the formation of superstructures.
One should always keep in mind that for the self-assembly of BTAs besides core-core
interactions, also core-side chain and side chain-side chain interactions determine the resulting
structure of the aggregate. Compound 4 seems to fulfill the delicate balance of these
interactions so that the formation of stable hydrogels is possible. It is proposed that the ability
of the lateral headgroups of 4 to participate in hydrogen bonds as donor and acceptor is a
major criterion for the success of the structural concept.

As of the tested derivatives only compound 4 with its carboxylic acid functionalization is
able to form hydrogels, different gel formation methods as well as gel properties of 4 are

presented in the following.

3.3.5 Gel preparation methods for compound 4

Only in the last few years the influence of different gelation methods on the properties of
supramolecular hydrogels has gained interest in the scientific community. Studies on the gel
properties of pH-sensitive peptide-based hydrogelators as well as gel formation by catalytic in
situ preparation of the gelator showed the high impact of the gelation method on the resulting
gel structures and therefore mechanical properties.®>’*%3343

In the following, different methods for the gelation of hydrogels of 4 are presented and
discussed. Interestingly, the blue photoluminescence of hydrogels of 4 upon irradiation with
UV light at 366 nm proved to be an effective tool to visualize inhomogeneities in the gels by
the naked eye.' To ease the preparation of the hydrogels and guarantee analogous testing
conditions for all methods, the water soluble sodium salt derivative 4Na was used in desalted
water at a concentration of 10gL" for all gelation tests. DLS (dynamic light scattering)
experiments showed the absence of any large aggregates in solutions of 4Na in desalted water

at that concentration. The investigations regarding the gel properties in dependence of the

gelation method are a continuation of preliminary studies during my diploma thesis.**®

3.3.5.1 Gelation by addition of aqueous acid solutions
The simplest way to decrease the pH value of a solution and thus induce pH-sensitive gel
formation is to add aqueous acid solutions. It was already shown above that gels of 4 can be

prepared by addition of ag. HCl solution to an alkaline gelator solution and that the resulting

! Detailed spectroscopic investigations of the photoluminescence of compound 4 in bulk and as hydrogel
are discussed in chapter 4 and in the literature.'®
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fibrils observed in SEM images were very short and bundled to fibers (Figure 3.17, chapter
3.3.1.2). However, gelation can also be induced by the addition of other aqueous acid
solutions, e. g. sulfuric acid, acetic acid, phosphoric acid, nitric acid, as well as acidic salts, such

as sodium hydrogen sulfate and sodium dihydrogen phosphate (Figure 3.18).

Figure 3.18: Images of gels prepared by addition of a few drops of different aqueous acids to a solution
of 4Na with a concentration of 10 g L'l; from left to right: 1 M HCI, 1 M H,SO,4, 1 M CH3COOH, 1 M H3PO,,
1M HNOs;, sat. NaHSO, solution and sat. NaH,PO, solution. Note: Images were taken under UV
irradiation at A.,. = 366 nm in order to visualize inhomogeneities in the gels (indicated by the arrows).

The final pH value in the gel is dependent on the amount and concentration of added acid, but
was determined to be 1 or below for all samples in this study. A great advantage of this
preparation method is the ease of the procedure and the rapid change of the pH value in the
solution. Thus, gel formation takes place within seconds. However, this often leads to
inhomogeneous gels, as the sample partially solidifies before a homogeneous pH value can be
obtained in the gelator solution. The gel properties are very dependent on the addition rate of
the acid solution and the mixing of the sample. Due to the fast gelation rate inhomogeneities
in these gel samples can often be observed on a macroscopic scale (see arrows in Figure 3.18).
In the literature the formation of inhomogeneous gels from pH-sensitive supramolecular
hydrogelators by addition of aqueous acid solutions is a known problem.®**%

Summarizing, as this gelation method is not suitable to get reproducible and reliable data,

no further characterization of the resulting hydrogels was performed.

3.3.5.2 Gelation via acidic gas

To overcome the problem of inhomogeneities in the gel samples due to the rapid change of
the pH value and gel formation already during the mixing process, alternative methods to
change the pH value were needed. It was shown in the literature that acetic acid vapor is
adequate for inducing gelation of dicarboxylic L-valyl-L-valine bolaamphiphile hydrogelators.'®®
Using this technique on aqueous 4Na solutions for the preparation of gels of 4, only samples
with enlarged inhomogeneities could be prepared, thus making further analysis of the gel
properties unreasonable (Figure 3.19a). However, hydrochloric acid vapor or gas can easily be

used to prepare macroscopic homogeneous gel samples (Figure 3.19b). Gelation begins at the
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surface of the solution and as diffusion of the gas continues, the whole sample is solidified.
Gelation time is dependent on the volume of the solution and the surface area exposed to the
acidic atmosphere. It can vary between approx. 3 h for a sample volume of 2 mL with an
exposed surface area of about 177 mm? to up to 24 h for a sample volume of 35 mL and an
exposed surface area of about 707 mm? The pH value after complete gelation is about 1 in the

whole sample.

Figure 3.19: Images of gels prepared by diffusion of a) acetic acid vapor and b) gaseous hydrochloric acid
into a solution of 4Na with a concentration of 10 g L* (gelation time: 3 h). Note: Images were taken
under UV irradiation at A, = 366 nm in order to visualize inhomogeneities in the gels.

Fibers visible in SEM images of dried samples prepared with gaseous HCl are very similar to

fibers prepared by addition of acidic solution (Figure 3.20).

Figure 3.20: A typical SEM image of a washed and dried gel of 4 prepared by diffusion of gaseous HCI
into an aqueous solution of 4Na with a concentration of 10 g L™.

While the underlying structures have diameters of about 20nm, the formation of
superstructures leads to fiber bundles with diameters in the range of several hundreds of
nanometer. Due to the bundling, the evaluation of the fiber length is rather difficult. However,
the fiber lengths seem to be greater after gelation with HCl gas compared to gel samples
prepared by addition of ag. HCI solution. This might be explained by the different gelation

times and thus different kinetic conditions. Nevertheless, the underlying anisotropic
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aggregates seem to be very similar for both preparation methods indicating that the
intermolecular interactions that act as driving forces for the self-assembly are the same.
Further analysis of properties of gels prepared by diffusion of gaseous HCl is presented in

chapter 3.3.3.

3.3.5.3 Gelation via hydrolysis of glucono-delta-lactone (GdL)
A very successful method to prepare homogeneous pH-sensitive hydrogels is the decrease of

the pH value using the hydrolysis of glucono-delta-lactone (GdL) in water (Scheme

16,73,88,98,100,101
3.5).
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Scheme 3.5: Hydrolysis of glucono-delta-lactone (GdL) in water.

As hydrolysis of the lactone is slower than its homogeneous distribution and dissolution, the
pH value in the whole solution can be decreased simultaneously. Using this method very slow
and homogeneous gelation can be induced. The hydrolysis reaction follows that of an
exponential decay. This can be monitored by the time-dependent decrease of the pH value in
combination with the rel. transmittance of the solution similar to the titration experiments
performed for compounds 2 — 4 (chapter 3.3.1.1). To protonate the three carboxylate moieties
of each 4Na molecule three molecules of GdL are needed. Due to the method used for the
isolation of 4Na, it might be possible that excessive sodium hydroxide is present in solutions of
4Na. To make sure that the pH value decreases below the critical gelation pH value, four times
the molar amount of GdL (4 equivalents; eq.) compared to the molar amount of 4Na were
used, if not stated otherwise. This relation can be expressed by the following equation:
n(GdL) =x-n(4Na) (3.3)
with n(GdL) being the molar amount of GdL, n(4Na) the molar amount of 4Na, and x the
chosen equivalents, in this case 4 eq.. Assuming that 3 eq. GdL are needed for the protonation
of the carboxylate moieties of 4Na, 1 eq. GdL causes the decrease of the pH value.
The decrease of the pH value over a time period of 8 h due to the hydrolysis of GdL in plain
water is shown in Figure 3.21. The GdL amount was chosen to be 1 eq. for a 4Na solution with

a concentration of 1 g L™ (c(4Na) = 1.58 mmol L™).
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Figure 3.21: Change of the pH value and rel. transmittance over time by hydrolysis of GdL in water. The
GdL amount was chosen to be equimolar to a solution of 4Na with a concentration of 1 g L™

While the rel. transmittance of the solution is constant over the whole period of the
experiment, the pH value exponentially decreases from about 5.5 to 4.7. This experiment
shows that the pH value mainly decreases within the first 60 min after the addition of the GdL
and hydrolysis is completed within 8 h.

Time-dependent pH value and optical transmittance measurements of 4Na solutions with
different equivalents of GdL were performed similar to the titration experiments discussed in
chapter 3.3.1.1. These investigations show the dependence of the optical transmittance and
the pH value on time of a solution of 1 g L * of 4Na after the addition of 4 eq., 5 eq. or 6 eq. of
GdL (Figure 3.22a - c). Before the addition of GdL the pH value of the solutions was about 7.
DLS experiments confirmed the absence of any large aggregates in these solutions.

After addition of the respective GdL amount, a small decrease of the rel. transmittance can
be observed, independent on the amount of added GdL until a pH of around 6.2 is reached.
This is probably due to the formation of pre-aggregates. At a pH value of 5.5 a second decrease
of the rel. transmittance indicates the formation of bigger aggregates. This is in good
accordance with the results obtained from titration experiments with aq. HCl solution (Figure
3.13, chapter 3.3.1.1). Depending on the amount of added GdL, the significant decrease of the
rel. transmittance of the solution is reached after 200 min, 140 min or 100 min for 4 eq., 5 eq.

or 6 eq. of GdL, respectively (Figure 3.22a - c).
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Figure 3.22: Results of time-dependent pH value and rel. transmittance measurements of 4Na solutions
(c=1gL") with a) 4 eq., b) 5 eq., and c) 6 eq. of GdL.
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The pH value at the end of hydrolysis and therefore gelation is dependent on the amount of
added GdL. The excess of 1 eq. of GdL in solution leads to a decrease of the pH value of about
2 units (Figure 3.21). This results in a final pH value of 5.0, 4.6 and 4.4 8 h after the addition of
4 eq., 5 eq., and 6 eq. of GdL, respectively, to a solution of 4Na with a concentration of 1 g L.
Thus, it is obvious that for all three GdL amounts the pH value falls below the critical gelation
pH value and only the onset of gelation differs. This phenomenon was also observed for other
pH-sensitive Imw hydrogelators that were prepared via the hydrolysis of GdL.2® Thereby, the
different amounts of GdL led to different final pH values and different degrees of protonation
of the hydrogelator.

Analogous time-dependent pH value measurements combined with DLS were performed to
detect aggregates in a solution of 4Na with a concentration of 1 g L™ after the addition of 4 eq.
of GdL. These experiments showed that already after about 2 min first aggregates can be
detected. As mentioned above, the evaluation of the hydrodynamic radius of these aggregates
is not reasonable.

To observe the assembled structures shortly after the addition of GdL, TEM images were
taken. Therefore, the TEM grid was dipped into a solution of 4Na with a concentration of
10 g L™ 2 min after the addition of 4 eq. of GdL. According to the time-dependent pH value and
rel. transmittance measurements a pH value of about 5.1 is expected at that time. The
concentration of 4Na was increased compared to the time-dependent pH value and rel.
transmittance measurements, as imaging of any aggregates in TEM images is unlikely in highly
diluted solutions. By blotting the grid with paper bulk, dipping it into desalted water, and anew
blotting, the remaining GdL and hydrolysis products should have been removed to avoid
further decrease of the pH value, although there was no possibility to prove this hypothesis.
Only few aggregates could be observed in the resulting TEM images, indicating that only few
structures had already assembled 2 min after the addition of GdL.

As shown in Figure 3.23, the detected aggregates are anisotropic with high aspect ratios

and the tendency to branch and form network-like structures.
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Figure 3.23: TEM image of a solution of 4Na (10 g L") 2 min after the addition of 4 eq. of GdL.

The smallest observed diameters of these fibrous structures are about 10 nm to 20 nm, which
is in good accordance to the diameters of the substructures obtained from the SEM image of
the xerogel prepared with aqueous and gaseous HCI (Figure 3.17 and Figure 3.20). Due to the
formation of superstructures, diameters of up to 150 nm can be observed. Additionally to
bundling of fibers also intertwining and twisting of the structures occurs indicating the
presence of an underlying helical structure. Although the molecule of 4 itself is achiral, the
formation of helical structures is possible as shown for other achiral BTAs in the

193,196,205,234,237

literature. This further supports the hypothesis that the underlying structures

consist of triple helical arrangements similar to those reported in the literature.'?*1%%237,252

The lengths of the assemblies obtained by acidification with GdL are difficult to evaluate
due to the branching, but lie within the range of 500 nm to several micrometers. Thus, they
are significantly longer than the structures from titration experiments with aq. HCl solution.

Altogether, the findings from the cryo-TEM, TEM, and SEM studies indicate that the
underlying thin anisotropic aggregates are the same for both preparation methods, but the
further aggregation and the resulting superstructures slightly differ. This can be explained by
the different experimental parameters that had to be applied for the different measurements
and the different kinetics that occur during both preparation techniques.

The XRD pattern of a washed and dried hydrogel prepared via hydrolysis of GdL using a 4Na

solution with a concentration of 10 g L™ (Figure 3.24, red line) was similar to the XRD pattern

obtained from a washed and dried hydrogel prepared with aq. HCl solution.®

! As large amounts of GdL were used to prepare the hydrogel samples, prior to the drying the GdL and
hydrolysis products thereof were removed by several washing steps. Thereby, it could be shown that
GdL molecules are not incorporated into the fibers of the hydrogel. For further details see chapter 9.4.3.
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XRD pattern of hydrogels of 4 (R = -COOH)
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Figure 3.24: XRD pattern of a washed and dried hydrogel of 4 prepared with 10 g L of 4Na and 4 eq. of
GdL (red line) and the XRD pattern of a native (wet) hydrogel of 4 prepared with 50 g L™ of 4Na and 4
eq. of GdL (black line). For comparison purposes the XRD pattern of the washed and dried hydrogel

prepared with 10 g L' of 4Na and aq. HCl solution is also shown (blue line). Note: Plots have been offset
in the y-axis in order to ease visualization. Small peaks are indicated by an arrow.

This indicates that the underlying molecular arrangement is the same for both preparation
methods. Solely, the peak in the XRD pattern of the xerogel prepared with aq. HCl solution at
about 16° is resolved into three weak peaks in the XRD pattern of the xerogel prepared with
GdL. An explanation for this might be the different kinetics of both preparation methods. As
gelation times for hydrogels prepared with GdL are much longer compared to the addition of
aqg. HCl solution, this might lead to assemblies with a higher order.

Native (wet) hydrogels of 4 prepared from 4Na solutions with GdL showed no peaks at a
4Na concentration of 10 g L™ due to the low signal to noise ratio. The pattern obtained with a
concentration of 50 g L'* of 4Na is displayed in Figure 3.24 (black line). The peak at 20 = 4.02 °
corresponds to a real space distance of about 2.2 nm. This distance is equal to the dimensions
obtained from the cryo-TEM images taken during the titration of an alkaline gelator solution
with aq. HCl solution (Figure 3.14, chapter 3.3.1.1). In the XRD pattern of the dried hydrogels
this peak shifts to 5.92 ° (20) and a real space distance of 1.5 nm. As discussed above, this
distance is consistent with the lattice parameters a and b of the hexagonal unit cell of the
single crystal of 4.2*° This might indicate that upon drying the underlying helical stacks merge
closer together to form a molecular packing with interdigitating side arms similar to the

molecular arrangement in a layer of the single crystal structure of 4.
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The second indicated peak of the XRD pattern of the wet hydrogel (Figure 3.24, black line)
corresponds to a BTA core distance of 0.35 nm (20 = 25.80 °), which is in the same range as the
BTA core distance in the dried hydrogel (0.35 nm, 20 = 25.56 °). Thus, it can be assumed that in
hydrogels of 4, in the wet as well as in the dried state, the molecules are stacked above each
other with intracolumnar hydrogen bonds between the amide units of the core. In the
literature it was shown that core-core interactions and core-solvent respectively core-side arm

242 Thereby, two amide moieties formed

interactions can be present at the same time.
intracolumnar hydrogen bonds, while the third interacted with the solvent DMSO that formed
a bridge to the side chain of the next molecule. As water molecules can also participate in
hydrogen bonds, an analogous assembly might be present in wet hydrogels of 4.
Consequently, drying could then lead to a removal of such bridging water molecules resulting
in smaller d-spacings.

Summarizing, analysis of the XRD pattern shows that the underlying assemblies in the
hydrogel converge upon drying indicating a change of the lateral intermolecular interaction,
while on the other hand the arrangement of the molecules in the columnar stacks remains
qualitatively the same.

The slow and homogeneous decrease of the pH value due to the hydrolysis of GdL
influences the morphology of the resulting supramolecular assemblies as shown by SEM
imaging of the washed and dried hydrogels prepared with a gelator sodium salt (4Na)
concentration of 10 g L™ and 4 eq. of GdL (Figure 3.25). Long entangled fiber bundles with
diameters in the range of 80 nm to 120 nm and lengths of several micrometers can be
observed. These fibers are superstructures of smaller fibrils in the range of 10 - 20 nm. Due to
the slower gelation via GdL hydrolysis compared to gelation with gaseous HCl longer fibers are

formed.

Figure 3.25: Typical SEM images of washed and dried hydrogels of 4 prepared by gelation of a solution
of 4Na (10 g L") with 4 eq. of GdL at different magnifications. b) Reproduced from reference 102 with
permission from The Royal Society of Chemistry.
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As the gel preparation method influences the superstructure of gels of 4, it is reasonable to
assume that also the macroscopic gel properties differ. Therefore, properties of gels prepared
via hydrolysis of GdL are investigated in detail in the next chapter and compared to properties

of gels prepared by diffusion of HCl gas.

3.3.54 Gelation via electrolysis of water

A change of the pH value can also be realized by electrolysis of water due to the
decomposition of water and the formation of protons at the anode of an electrochemical cell.
Thus, comparably thin films and membranes on conductive substrates can be prepared rather
than bulk samples of the gel. This method has recently been applied for a dipeptide-based
amphiphilic hydrogelator,®*® but is also feasible for solutions of 4Na and the formation of
surface coatings of 4. The results of this preparation method are separately discussed in

chapter 6.

3.3.6  Characterization of gel properties of compound 4

It is known from the literature that different gel preparation methods can lead to different

1465739 1 the previous chapter it was shown that macroscopically

macroscopic properties.
homogeneous hydrogels of 4 can be prepared by acidification of a solution of 4Na either via
diffusion of HCl gas into the solution or by hydrolysis of glucono-delta-lactone (GdL). While the
first method results in a final pH value of the gel of about 1, the final pH value using the
hydrolysis of GdL can be adjusted by the amount of added GdL. If not stated otherwise, in the
following the gels were prepared from agueous solutions of 4Na and 4 eq. (equivalents) of GdL
regarding the molar amount of the gelator sodium salt 4Na. It is important to note that
although solutions of 4Na were used for the gel formation, in the resulting hydrogel compound
4 should be present due to the change of the pH value. Dependent on the final pH value the
carboxylic acid moieties might be either fully or partially protonated. As the superstructure of
the resulting gels for the two preparation methods differ, it is very likely that also the gel
properties are influenced by the gel preparation method. In the following the gels are
characterized regarding their critical gelation concentration (cgc), their mechanical and

thermal stability, and their stability against various solvents. These investigations are a

continuation of preliminary studies performed during my diploma thesis.>*

3.3.6.1 Critical gelation concentration (cgc)
The critical gelation concentration (cgc) is the lowest gelator concentration at which a stable
gel can be produced. The stability of the gel was determined by i) the inverse tube test; and ii)

by the falling steel ball method. Gel state was determined when i) upon inversion of the test



84 3 Self-assembly study of pH-sensitive 1,3,5-benzene tricarboxamides in aqueous systems

tube no gravitational flow was observed; or ii) the gel could bear the weight of a small steel

ball (~ 33 mg). The results of the assay regarding the cgc are summarized in Table 3.7.

Table 3.7: Critical gelation concentration (cgc) of gels prepared from solutions of 4Na with GdL or
gaseous HCl determined by the inverse tube test and the falling steel ball method.

i c (4Na) [g L™
preparation test method (4Na) [g L7]
method 10.0 8.0 6.0 4.0 2.0 1.0 0.5
"inverse-tube"-test + + + + + - -
. GdL
6 eq. Gd falling steel ball method + + + + + (+) -
"inverse-tube"-test + + + + + - i
. GdL
> eq. Gd falling steel ball method + + + + + - i,
"inverse-tube"-test + + + + + - i
4 eq. GdL
e falling steel ball method + + + + + - R
"inverse-tube"-test + + + + + + +
HCl gas .
falling steel ball method + + + + + - -

+: gel; (+): weak gel that collapses on application of slight mechanical stress; -: no gel.

Gels prepared with GdL are stable down to a 4Na concentration of 2.0 g L™ independent on the
exact amount of added GdL. Below this concentration a partially gelated sample with a non-
gelated supernatant solution is obtained. Obviously, these samples cannot pass the inversion
tube test due to the supernatant solution. Nevertheless, for the samples prepared with
1.0 g L"" of 4Na and different amounts of GdL it was observed that the gelated part can bear
the weight of the used steel ball if no additional mechanical stress, e.g. by slightly shaking the
vial, is applied. The gelation ability of a Imw hydrogelator can also be given by the gelation
number. This number gives the ratio of the molar amount of the gelation medium (n(H,0)) in
respect to the molar amount of the gelator (n(4Na)) at the cgc. At a cgc of 2.0 g L™ of 4Na for
the gelation via hydrolysis of GdL the gelation number is about 17581, i. e. that about
1.76 - 10* molecules of water can be immobilized by just one gelator molecule.

Mukhopadhyay et al. investigated the gelation ability of a tripodal cholamide in different
acetic acid/water mixtures.* At an acetic acid content of 0.01 % in water this “supergelator”’
was able to form stable hydrogels at a concentration as low as 0.15 mM. This corresponds to a
gelation number of 3 - 10°, which is only one order of magnitude higher than the hydrogelator
presented here.

The cgc of gels prepared with gaseous HCl is 0.5 g L™ upon inversion of the test tube, as by
using this gelation method the whole volume of the gelation medium is immobilized. However,
due to the low concentration of the gelator, the hydrogel network is too weak to bear the

weight of the small steel ball. This difference in gel stability upon different testing methods can

' The term “supergelator” is used for Imw hydrogelators withacgcof 1 g L™ or less.
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be explained by the lower pH value at the end of gelation of gels prepared with gaseous HCI
and the different kinetic processes that occur during gelation. Nevertheless, both gelation

methods are suitable to prepare stable hydrogels at very low gelator concentrations.

3.3.6.2 Thermal stability

Usually the falling steel ball method is used to determine the thermal stability of the gel. For
thermal reversible gels upon heating a softening and subsequent dissolution of the gel can be
observed. The temperature at which the steel ball reaches the bottom of the vial is termed
gelation temperature Tge,.

Gel samples prepared with 10 g L™ and 2 g L' of 4Na and 4 eq. of GdL, respectively, were
equipped with the small steel ball on top of the gel sample. The experiment was terminated at
a sample temperature of 100 °C (boiling point of water). During the whole experiment the gel
samples kept their integrity and no changes of the gel appearance, such as softening,

dissolution, shrinkage or swelling could be observed. Thus, this gel system is thermally stable.

3.3.6.3 Mechanical stability

The mechanical stability of gels is usually determined by rheological measurements. For
hydrogels of 4 prepared with GdL rheological measurements were recently published by Howe
et al. showing that for low pH values the gel acts like a solid.”®” The storage modulus G’ was
determined to be 4000 Pa, while the loss modulus G”” was only about 230 Pa. As typical for gels
the storage modulus showed a plateau over a wide range of frequencies at a gelator
concentration of 10 g L. The gel started to flow at a yield stress of about 1.1 mN.

An easier method to get a qualitative insight into the mechanical strength of the gel for
comparison purposes is the indentation of a stainless steel cylinder into the gel sample. The
resulting indentation stress-indentation depth curves give information about the stiffness of
the sample and about the maximum indentation stress at break or flow (Figure 3.26).

The stiffness of the gels can be calculated as the initial slope of the indentation stress-
indentation depth curves. In this study it is calculated for the first indentation region, where
linear proportionality occurs. The indentation stress at break is the maximum indentation
stress after which the stress abruptly decreases. Flow behavior occurs if no abrupt decrease of

the stress, but a non-linear behavior above the indentation stress at flow can be observed.
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Figure 3.26: Indentation stress plotted versus indentation depth for indentation experiments performed

on gels prepared at different 4Na concentrations by a) addition of 4 eq. of GdL, respectively and b) by
diffusion of gaseous HCI.

The stiffness and the indentation stress at break or flow for the tested gels are summarized in

Table 3.8.

Table 3.8: Stiffness and indentation stress at break or flow of gels prepared with different 4Na
concentration and 4 eq. of GdL or gaseous HCl, respectively.

indentation stress

prr:r;atrl“a(;c;on c[(4||_\_l1?) st[::fr:fis at break® or flow*

g [mN]

4 eq. GdL 2 12.6 0.2 28.2°
4 28.2 +0.1 137.8°

6 58.0 +0.2 177.0°

8 121.1 +0.8 245.8°

10 168.6 +5.3 146.8°

HCl gas 10 520 +31 307.0°

® The stiffness of the gels is calculated as the slope of the indentation
stress-indentation depth curves in the first region, where linear

proportionality occurs, ® indentation stress at break; © indentation stress at
flow.

As expected, the stiffness of gels prepared with 4 eq. of GdL increases with increasing 4Na
concentration, ranging from approx. 12 N m™ for gels with 2 g L™ of 4Na to approx. 170 N m™*
for gels with 10 g L of 4Na. The maximum stress at break or flow increases from 28 mN to

245 mN for gels prepared with 4 eq. of GdL and 2 g L' to 8 g L™ of 4Na. While the gel with the
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lowest 4Na concentration breaks, gels with higher concentrations of 4Na show rather a flow
behavior. A different behavior can be observed for the gel prepared with 10 g L of 4Na and 4
eq. of GdL. This gel breaks at a stress of about 150 mN, but shows subsequent flow behavior.

The graphical representation of the data in Figure 3.27 shows that for gels prepared with 4 eq.
of GdL there is a linear dependence between the stiffness as well as the indentation stress at
break or flow and the 4Na concentration. Solely, the values for gels prepared with 10 g L™ of
4Na are an exception indicating that the linear dependence is only valid for low gelator

concentrations.

a ) 600
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Figure 3.27: a) Stiffness and b) indentation stress at break or flow versus the 4Na concentration of gels
prepared with 4 eq. of GdL or gaseous HCI.

The gel prepared with gaseous HCl using 10 g L of gelator 4Na had a stiffness of about
500 N m™, which is around 3 times higher than for gels prepared with 4 eq. of GdL. This distinct
increase in mechanical stiffness might be explained by the much shorter but bundled rod-like
structures found in SEM images of gels prepared with gaseous HCl (Figure 3.20, chapter
3.3.2.2). It is furthermore possible that the lower final pH value after gelation with gaseous HCI
leads to more stabilized structures and thus a higher mechanical stability. Interestingly, above
an indentation depth of about 7 mm the curve of the indentation stress for gels prepared with
gaseous HCl flattens and falls below the curve for gels prepared with 4 eq. of GdL. As the same
gelator sodium salt concentration was used for the preparation of both samples, these
deviations in the mechanical behavior can be assigned to the different preparation methods.
While the pH value is decreased simultaneously in the whole sample volume using the gelation
method via hydrolysis of GdL, the pH value in samples prepared with gaseous HCl decreases
subsequently from the surface of the sample that is exposed to the gas to the bottom of the
sample vial. Therefore, the gelation method with gaseous HCl leads to a gradual decrease of

the pH value, which results in the gradually decrease of the mechanical strength of the gel
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from the surface to the bottom of the sample. Hence, this gelation method might be a way to
prepare supramolecular gradient materials.

Due to the observed gradient regarding the mechanical stability of hydrogels prepared by
diffusion of HCl gas further characterization and application investigations are solely
performed with gels prepared via the hydrolysis of GdL. With this method the mechanical

stiffness of the gel can be adjusted by changing the gelator concentration.

3.3.64 Stability of gels against various solvents

As compound 4 in bulk as obtained after crystallization from a DMSO-water mixture showed
already good stability against various aqueous and organic solvents, the hydrogels of 4
obtained from solutions of 4Na by hydrolysis of GdL were also investigated regarding their
stability against solvolysis in aqueous and organic solvents. Small gel samples prepared from
0.3mL of a 10 g L™ 4Na solution and 4 eq. of GdL were put in 3 mL of the respective solvent.
The stability against various aqueous and organic solvents shortly after the addition of the
solvent (10 min), after complete exchange of the gelation medium (3 d) and after two weeks is

displayed in Table 3.9.

Table 3.9: Stability of gels prepared from solutions of 4Na with a concentration of 10 g L' and 4 eq. of
GdL against various aqueous and organic solvents.

immersion time
solvent 10 min 3d 14d
NaOH (pH = 14) - -
PBS® (pH =7.4)
NaCl sat. (pH =7)
H,O (pH =7)
HCI (pH = 5)
HCI (pH = 4)
HCI (pH = 3)
HCI (pH = 2)
HCl (pH = 1)
HCI (pH = 0)
1 M acetic acid
n-hexane
ethyl acetate
methanol
ethanol
dichloromethane
acetone
chloroform
tetrahydrofuran
dimethyl formamide
dimethyl sulfoxide - - -
+: stable; (+): loss of shape and integrity, but no complete dissolution; -: not stable.
® phosphate buffered saline.

+ + + + + + + + o+

=z

+ + + + + + F|F + F o+ o+ +
+

+ + + + + + |+ + + + + + + + o+
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As expected, gels are stable in aqueous acidic solutions, but dissolve in aqueous alkaline
solutions due to the formation of lateral carboxylate anions and the resulting electrostatic
repulsion of the molecules. It could be shown that the gels are also stable in solutions with
high ionic strength, e.g. in saturated sodium chloride solution. Interestingly, they slowly
dissolve over a time period of 3 days in phosphate buffered saline (PBS), which is often used in
biochemistry for the purification of cells or proteins. Such a slow dissolution could be
interesting for applications in the field of controlled drug release or even tissue engineering,
where cells need a scaffold to grow on, but that is subsequently degraded.*

Stability tests against organic solvents showed that hydrogels can be transferred into stable
organogels by a simple solvent exchange. Only very polar solvents that can participate in
hydrogen bonds, such as DMSO and DMF dissolve the gel samples. To be able to test also
water-immiscible organic solvents, gels were first transferred into organogels with ethanol as
the liquid component and then the ethanol was exchanged by unpolar solvents, such as
dichloromethane and chloroform. This transfer from hydrogels into organogels under
preservation of shape opens up many new applications, such as templating of inorganic

materials, catalysis, and scaffolding.

3.4 Proposed structural model

Combining the findings reported in the literature and the results obtained in this study the
following structural model can be proposed for the pH-sensitive aggregation of the BTA-based
hydrogelator 4.

In alkaline media or as sodium salt 4Na the gelator is molecularly dissolved due to repulsive
electrostatic interactions of the lateral carboxylate groups. This could be proven by the
absence of any larger aggregates in DLS measurements. A decrease of the pH value leads to a
step-wise aggregation as can be seen by the step-wise decrease of the rel. transmittance of a
4Na solution during titration experiments with aq. HCl solution. Upon decrease of the pH
value, at first the lateral carboxylate moieties of the gelator are partially protonated leading to
molecules with either one or two uncharged carboxylic acid headgroups (Scheme 3.6). Such
partially protonated molecules exhibit a surfactant activity, as protonated carboxylic acid side

arms are more hydrophobic than the charged carboxylate side arms.

! Further investigations regarding the application of this hydrogelator system in biomedical applications
and especially as controlled drug release matrix are presented in chapter 5.



90 3 Self-assembly study of pH-sensitive 1,3,5-benzene tricarboxamides in aqueous systems

jl@\ HOjL@\ Oy OH
*@*ii L i
9 2 ke

Nea

4Na o 4

Scheme 3.6: Step-wise protonation of compound 4Na to compound 4.

It is proposed that this leads to the formation of helical aggregates with three strands of
molecular stacks. Thereby, protonated side arms should be enclosed within the aggregates,
while charged side arms point to the surrounding water. The formation of triple helical
aggregates is supported by the results from XRD measurements of the wet (native) hydrogel of
4 and from cryo-TEM images upon titration of a 4Na solution with aq. HCl solution. While cryo-
TEM images show the formation of anisotropic aggregates with width of about 2.2 nm that
align parallelly to form ribbon-like superstructures, the XRD measurements of wet hydrogels
give distances of 2.2 nm and 0.35 nm. The distance of 0.35 nm can be assigned to core-core
distances of BTAs that are stacked above each other with hydrogen bonds between the amide
units. In accordance with examples found in the literature adjacent BTA molecules should be
rotated by 60 ° so that the respective side arms are staggered and the formation of amide-

amide hydrogen bonds is possible.*”**+*

As the estimated diameter of a molecule of 4 is only
1.9 nm, the found distance of about 2.2 nm cannot be assigned to the diameter of a single
column, but indicates the presence of a more complicated underlying assembly. Recently, in
the literature the self-assembly of structural similar BTA derivatives into single and triple
helical aggregates has been reported (Figure 3.28).12193:200205237.232 |t is a5sumed that a similar
triple helical arrangement might be the underlying substructure for the pH-sensitive
aggregation of molecules of 4.

Dependent on the degree of protonation, these anisotropic pre-aggregates can bear
surface charges. The presence of these surface charges determines the further self-assembly.
It is proposed that the ribbon-like aggregates found in the cryo-TEM images upon titration with
aq. HCI solution form due to some kind of microphase separation as shown for partially

fluorinated BTAs.”** Thereby, the formation of fluorine-enriched patches or ribbons was

observed prior to the bundling of the underlying anisotropic aggregates.



3 Self-assembly study of pH-sensitive 1,3,5-benzene tricarboxamides in aqueous systems 91

DOG

a) 5

00
et ®

. ‘\'-\g\..\::}. !
ZAS N
O \\\ :—i_:_ ‘ \ ,\% :

i
i

‘iil

i
i

DY
.
D
B
-
. -
D .
A .
» 5

af oy =%

i

I
i

i
|

DOV

:

lt
u

Figure 3.28: Schematic representation of triple helical aggregates of BTAs from the literature:
Reproduced a) from reference 237 with permission from Wiley and b) from reference 252 with
permission from The American Chemical Society.

Upon further decrease of the pH value, the surface charges of the aligned triple helices
decrease which results in the self-assembly of bigger aggregates. In the SEM images of washed
and dried hydrogels of 4 underlying fibrillar assemblies with diameters in the range of about
20 nm can be observed independent of the gelation method. These fibrillar assemblies further
intertwine to form fibers and fiber bundles. As in the final hydrogels, molecules of 4 should be
fully protonated, the lateral carboxylic acid groups can participate in hydrogen bonds and thus
might lead to the stabilization of intertwined fibrils or fiber.

Interestingly, the resulting superstructures differ for hydrogels prepared by different
gelation methods. While gels prepared with aqueous or gaseous HCI have rather short fibers
and fiber bundles, the preparation with GdL leads to elongated fibers that are intertwined and
thus form a more homogeneous network. The different morphologies of the hydrogels might
be explained by the different kinetics during gelation. The presence of twisted and intertwined
assemblies in the SEM images, when the gelator molecules are fully protonated, supports the
hypothesis that the underlying molecular packing exhibits a helicity although molecules of 4
are achiral. The formation of helical assemblies by achiral BTA molecules was also reported by
other groups in the literature,!9%196:205:234.237

Analysis of XRD pattern of dried hydrogels of 4 showed that upon drying the distance of
about 2.2 nm decreases to 1.5 nm, while the intracolumnar core-core distance remains to be
0.35 nm. This indicates that also in the dried state molecules are stacked above each other
with intracolumnar amide hydrogen bonds between adjacent molecules. However, as the
distance of 2.2 nm which is associated with the width of the triple helical assembly decreases,
it must be assumed that the underlying anisotropic aggregates converge laterally, which also
might lead to a change of the lateral intermolecular interactions. The structure elucidation of
the single crystal of 4 gave a hexagonal unit cell with the cell parameters a =b = 1.5 nm.**°

Interestingly, this is equal to the found d-spacing in dried hydrogels of 4. The molecular
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packing in the single crystal differs from the hydrogel structure, as no hydrogen bonds
between adjacent cores, but only core-side chain interactions are present in the single crystal.
Nevertheless, this might be an indication that also in the dried hydrogels of 4 side arms of
laterally adjacent molecules interdigitate. Recently, a BTA derivative was reported in the
literature that formed columnar assemblies, in which core-core as well as core-side chain
interactions were present.242

To evaluate the exact molecular packing in hydrogels of 4 and to get further insight into the
gel formation mechanism, structure analysis is currently performed in cooperation with
Sebastian With from the group of Prof. Stephan Forster (Physical Chemistry 1) at the University
of Bayreuth. In chapter 4 theoretical calculations and spectroscopic investigations are
presented. Especially the optimized geometries of tetramers of 4 support the model of
underlying helical aggregates.

Summarizing, the pH-sensitive aggregation of 4 into a supramolecular hydrogel is a
combination of multifold interactions. It is proposed that triple helical assemblies are formed
that align to form ribbon-like structures prior to the assembly into fibrillar aggregates with
diameters in the range of about 20 nm. These twist to form helical fibers that intertwine and
bundle to result in a three-dimensional network. As the underlying fibrils have the lateral
carboxylic acid headgroups of 4 directed to the surrounding, the resulting superstructures
have a surface that consists of multiple carboxylic acid moieties. This functional surface that is
obtained by spontaneous self-assembly upon change of the pH value might be interesting for

further application, such as the adsorption of dyes or the complexation of metal ions.
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4 “Formation of a supramolecular chromophore: a

spectroscopic and theoretical study”*

Upon investigation of the hydrogel properties of 4, a blue luminescence of the gels was
observed upon irradiation of the samples with UV light (chapter 3.3.2). Due to these
interesting optical properties in the gel state, detailed spectroscopic studies were performed
for compounds 4 and 4Na. In cooperation with Prof. Anna Kohler and Dr. Sebastian T.
Hoffmann from the department of “Experimental Physics II” of the University of Bayreuth and
Prof. Rodrigo Q. Albuquerque from the University of Sdo Paulo the photoluminescence (PL)
behavior was elucidated in detail by means of spectroscopic investigations and theoretical

calculations.

4.1 Spectroscopic studies of compounds 4 and 4Na

Compounds 4 and 4Na were investigated regarding their optical properties in solution, as bulk
material in film, and additionally for compound 4 also in the hydrogel state. Therefore, UV-Vis
absorbance spectra and PL spectra of the respective compounds were recorded in continuous

wave mode, respectively.

4.1.1 Absorption studies in solution, film, and during pH-sensitive aggregation

The solubility tests performed in chapter 3.2.3 revealed that compound 4 shows good
solubility in dimethyl sulfoxide (DMSO) and dimethyl formamide (DMF). Concentration-
dependent absorbance measurements showed that the spectra for compound 4 in the two
respective solvents are analogous to each other. The spectra of 4 in DMSO are displayed
exemplarily in Figure 4.1.

For concentrations below 10 mol L™ no absorption could be detected with the used set up.
At concentrations higher than 10° mol L™ the respective maximum of the optical density (0.D.)
can be found at a wavelength A,..x = 292 nm. Additionally, a broad shoulder at approx. 260 nm
is present in the recorded spectra of 4. The optical density of solutions of 4 with a
concentration higher than 10 mol L™ exceeds the limit of the set up leading to erratic spectra.
Within the range of the detector limit the respective absorbance maxima show no shift.

Therefore, it can be assumed that compound 4 is molecularly dissolved at concentrations

! The main results of this chapter were published in Soft Matter by Andreas Bernet, Rodrigo Q.
Albuquerque, Marina Behr, Sebastian T. Hoffmann and Hans-Werner Schmidt. %
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below 10 mol L. The shift of the tail at higher wavelength of the absorbance spectrum at a
concentration of 10> mol L™ in respect to the spectra at lower concentrations indicates that

aggregates might be present at that concentration.

5- —  103%molL?
—— 10%mol L*
4- ——5-10°mol L?
. ——  10°mol L
5 3 ——  10°mol L*
S ——  10"molL?*
2] —— 108 mol L?
1 -
O-“/’///”—\\\\\\‘*

260 280 300 320 340 360 380 400 420 440
wavelength [nm]

Figure 4.1: UV-Vis spectra of compound 4 in DMSO at different concentrations (O.D.: optical density).

The respective optical densities at 292 nm of the spectra with concentrations between 107
mol L™ and 10 mol L™ show a linear correlation between the optical density at 292 nm and
the concentration of the solution, which is in accordance with the Beer-Lambert law.***
Analogous absorbance measurements were performed for compound 4Na in desalted water.
While below concentrations of 10° mol L™ of 4Na no absorbance could be observed, the limit
of the set up was reached for solutions with concentrations higher than 10 mol L™. In Figure
4.2 the UV-Vis absorbance spectra of 4Na in desalted water are displayed.

The respective maximum optical density of the spectra can be found at An. =280 nm. As
already observed for solutions of 4 in DMSO and DMF the respective maximum optical
densities do not shift with increasing concentration proving that no aggregation occurs at the
measured concentrations. This is in accordance with the DLS experiments of solutions of 4Na
in desalted water that were discussed in chapter 3.3.2.3 and showed that even at a 4Na

concentration of 10 g L' (15.8 mol L™) no larger aggregates could be observed.
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Figure 4.2: UV-Vis spectrum of compound 4Na in desalted water.

To measure the optical density of compound 4 in solid state, films were prepared from
solutions of 4 in DMSO with a concentration of 20 g L™ by drop casting and subsequent drying
at 80°C. The morphological characterization of these films was performed by scanning electron
microscopy (SEM) imaging and X-ray diffraction (XRD) measurements. The typical SEM image
shows short anisotropic aggregates with diameters in the range of 100 nm to 200 nm (Figure
4.3a). These aggregates are formed by substructures with diameters in the range of 10 nm to

20 nm. The ostensible orientation of these aggregates is probably caused by drying effects.

b)  XRD pattern of compound 4
—— washed and dried gel of 4 (ag. HCl)

—— 4 after crystallization
——4 as film from DMSO

2 4 6 8 101214 16 18 20 22 24 26 28 30
20[]

Figure 4.3: a) A typical SEM image and b) the XRD pattern of the carboxylic acid derivative 4 after drop
casting and drying a solution of 4 in DMSO (20 g L™"; black line). For comparison also the XRD pattern of
compound 4 after recrystallization (red line) and of the washed and dried hydrogel prepared by addition
of aqueous HCl solution (blue line) are displayed.
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The XRD pattern shows a mesocrystalline morphology (Figure 4.3b) that is different from the
XRD pattern of the hydrogel and of compound 4 after recrystallization. While films of 4 exhibit
less long range order compared to the recrystallized compound, in the film a higher long range
order is present compared to hydrogels of 4. The peak at 20 = 5.68°, which corresponds to a
real space distance of 1.5 nm, is also retrievable in the XRD pattern of the washed and dried
hydrogel of 4.

The absorbance spectrum of the film was repeatedly measured to improve the signal to
noise ratio and the average spectrum of 10 runs is displayed in Figure 4.4. The artifact at a
wavelength of 360 nm is caused by the internal lamp change of the spectrometer. Additionally,
scattering effects due to the use of a glass slide as substrate for the film can interfere with the
spectra at low optical densities. The respective maximum of the optical density is at
Amax = 306 nm. In comparison to solutions of 4 in DMSO the respective maximum of the optical
density shifts from 292 nm to 306 nm. Thus, the change from the molecularly dissolved state in
solutions of DMSO to aggregates in the film results in a red shift of the respective maximum
optical densities of 14 nm. Furthermore, upon aggregation the shoulder at approx. 260 nm

observed in the spectra of solutions of 4 vanishes.

0.19
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Figure 4.4: Optical density (0.D.) of compound 4 in film prepared from a solution in DMSO (20 g L'"). The
displayed spectrum is the average of ten individual UV-Vis absorbance measurements of the film.

The absorbance spectra of the hydrogel of 4 cannot be measured due to the high scattering of
the hydrogel sample. Nevertheless, the spectra of a diluted aqueous solution of 4Na
(c=10"° mol L") were recorded in dependence of the time after the addition of 40 eq. of

glucono-delta-lactone (GdL) to the solution (Figure 4.5). It has to be noted that although the
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concentration of 4Na clearly lies below the critical gelation concentration (cgc) aggregates are
formed upon decrease of the pH value that might decrease the optical density of the
absorbance spectra due to scattering effects. As the experimental set up lacks the possibility to
stir the sample during the experiment, the formed aggregates slowly deposit at the bottom of
the cuvette causing a gradient in the solution. Therefore, the experiment had to be terminated
after 2 h. The high excess of GdL was used since an increased amount of GdL leads to a faster

decrease of the pH value in the solution and thus faster gelation, as shown in chapter 3.3.2.3.

0.5
—— Omin
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Figure 4.5: Time-dependent UV-Vis absorbance measurements of an aqueous solution of 4Na
(c = 10” mol L") after the addition of 40 eq. of glucono-delta-lactone (GdL) to decrease the pH value.

With increasing time a decrease of the O.D. can be observed that is attributed to the
scattering effects. Additionally, a red shift of the respective absorbance maxima occurs with
increasing time. Before the addition of GdL the maximum in the spectrum can be found at
Amax(t=0) = 280 nm, whereas it shifts to 282 nm, 285 nm, 287 nm, and 288 nm after 17.5 min,
32.5min, 1 h, 1.5 h, and 2 h, respectively with increasing time after the addition. Thus, this red
shift is correlated to the formation of aggregates. This observation is supported by the fact
that in films of 4, that solely consist of aggregated molecules, the respective absorbance

maxima can be found at an even higher wavelength of A,.(film) = 306 nm.

4.1.2 Photoluminescence studies in solution, bulk and hydrogel state

For the PL studies solutions with a concentration of 10 g L' were used. Usually the excitation
wavelength is chosen to be equal to the respective absorbance maximum of the sample. In this

study the excitation wavelength was set to A¢ = 300 nm for the performed PL measurements
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in solution, as this value is close to the respective absorbance maxima of the dissolved and
solid state samples. For solutions of 4 in DMSO and DMF as well as for a solution of 4Na in
desalted water no PL could be detected in the wavelength range from 310 to 700 nm with the
used set up. The absorbed energy is probably emitted in non-radiative pathways due to
quenching effects of the solvent and vibrational energy losses.

Most chromophoric systems only show PL behavior in dissolved state, while upon
aggregation the PL is quenched.****® Only thirteen years ago systems that show aggregation-

d.>*3* Since then,

induced emission independent on their PL behavior in solution were foun
aggregation-induced emission and aggregation-induced emission enhancement (AIEE) of
multiple supramolecular assemblies have been intensely studied.>****>* As such systems are
interesting candidates for various applications in sensors or in electro-optical devices such as
organic light-emitting diodes (OLEDs), it is important to test the solid state PL properties of
compounds that show no PL in solution. Recently, a review article about supramolecular
organogelators that show luminescence upon gel formation was published showing the

interest in and the importance of that field of research.***>*°

Mainly organogelators have been
in the focus of interest. However, as they might be especially useful in medical applications
such as in vitro and in vivo imaging, supramolecular hydrogels that show aggregation-induced
emission might be even more interesting. Apart from the publication of our group'® so far
only a few other supramolecular hydrogelators with enhanced emission upon gel formation
have been published.®*#**

Therefore, the PL properties of 4 in film from DMSO solution, as well as in the hydrogel
state are investigated proving that 4 shows bright blue emission upon aggregation. Both
spectra showed a harmonic overtone of the excitation beam at 600 nm when exciting the
samples with a wavelength of 300 nm. To avoid the presence of the harmonic overtone in the
range of the emission signal the excitation wavelength was set to Ae =330 nm and the PL
spectra were recorded from 340 nm to 650 nm. In the case of the hydrogel, except from the
shift of the harmonic overtone from 600 nm to 660 nm, no change of the PL spectrum could be
observed when changing the excitation wavelength from 300 nm to 330 nm. Each sample was
measured ten times and the respective average spectra were calculated to reduce the signal-
to-noise ratio. In Figure 4.6 the normalized spectra of both samples are compared.

The PL spectra of the film and the hydrogel of 4 are very similar, although both samples are
prepared differently and possess a different macroscopic appearance, a different morphology
on the micrometer scale as proven by SEM imaging, and a different molecular arrangement as

shown by XRD measurements. This is only possible if despite the large differences between the

film and the hydrogel the underlying chromophoric system and the emitting excited states are
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the same in both samples. This is very unusual, as it was reported for different chromophoric
systems that the aggregate morphology strongly influences the corresponding PL

81243337 Especially the planarity of the molecules, the intermolecular m-n-distance,

properties.
and the rotation of the amide unit in respect to the aggregation direction are known to play a
role on the overlap of the respective molecular orbitals and thus the emission. The respective
maximum in the PL spectrum of the film can be found around 450 nm, while the respective
maximum of the hydrogel PL spectrum is slightly shifted to higher wavelength of about
455 nm. This might be explained by the different solvents used for the preparation, namely

DMSO in case of the films and water in case of the hydrogels. In both samples a slight shoulder

at around 398 nm can be observed.

104 — filmof 4
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Figure 4.6: Normalized PL spectra of a film and hydrogel of 4 at an excitation wavelength of
Aexc =330 nm.

Zhang et al. prepared a single crystal of compound 4 and published the respective structure.’*
This single crystal of 4 shows a slightly different PL spectrum compared to the spectra
presented here, as the respective emission maximum is blue-shifted to 446 nm with no
shoulder at smaller wavelength.' It is reasonable to assume that molecules are arranged in a
higher order in the single crystal compared to the film and hydrogel sample. Therefore, the red
shift of the respective emission maximum and emergence of a shoulder in the spectra of the
film and the hydrogel are probably due to structural defects of those samples and a higher

flexibility of the side arms of 4.

! The PL spectra of the single crystal was not included in the publication, but was kindly provided in the
frame of a private communication by Zhang and co-workers.
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In the literature compound 4 has also been used as ligand in metal complexes and metal

198-203,210,268,358

organic frameworks (MOFs). It was shown that the luminescence of a lanthanide

metal—organic framework with 4 as ligand is blue shifted in respect to the pure compound 4 in

solid state.”®

Nevertheless, due to the similarity of both spectra the luminescence was
attributed to ligand-based emission with m*-m-transitions in both cases. The blue shift of the
complex was explained by rigidification of the ligand and thus reduced energy loss by
radiationless decay. This also supports the assumption that in the hydrogel the side arms are
more flexible than in the film and especially in the single crystal.

For structurally related BTA molecules similar PL behavior could be observed upon

204,205,209
One

aggregation that was attributed to either intraligand m*-mt or m*-n-transitions.
example even describes AIEE upon heating above a certain temperature comparable to the
lower critical solution temperature (LCST) phenomenon of polymers. The heat-induced blue
shift of the absorption maximum suggests a face-to-face-stacking of the BTA chromophores
resulting in H-type aggregates.262

Only few examples have been reported to self-assemble in H-type aggregates and show

39535 |t is rather reasonable

fluorescence, as usually H-aggregates induce radiationless decay.
that the emission is induced from defects in the well-ordered columnar H-aggregates. One BTA
compound that showed AIEE consisted of both, H-type and J-type aggregates.”*® The emission
was enhanced upon transition of H-type to J-type aggregates and therefore, it was assumed
that the energy was transferred within the stacks from the H-aggregates which acted as some
kind of “antenna” to the J-aggregates that acted as emitter. The studies of Markovitsi and co-
workers furthermore showed that the triplet exciton transport in well-ordered columnar
mesophases can be hindered by structural defects leading to an emission with a large Stokes
shift.**® These effects are mainly used to prepare novel opto-electronic materials, e. g. by
incorporating a fluorophore as emitter in a naphthalene based hydrogel to induce a blue shift
of the PL of the hydrogel.'®3¢%3

By bridging two BTA cores with a diacetylene unit it could be shown that the PL at 450 nm
exhibits a strong charge-transfer (CT) character, where the dendritic side arms act as
“antennas” for the light absorption and the self-assembled BTA-cores act as emitter for the
aggregation-enhanced blue luminescence.®® Such a charge transfer from the molecular
periphery to the central benzene core was also reported for other BTA based self-assembly
systems.*!

Summarizing, the results in the literature suggest that compound 4 shows aggregation-

induced emission due to m*-mt or m*-n transitions with a CT from the side arms to the self-

assembled benzene cores. The PL enhancement is only possible due to a rigidification of the
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side arms, which leads to reduced vibrational energy losses. In order to confirm these
assumptions time-dependent PL studies upon gel formation and theoretical calculations have

been performed.

4.1.3 Photoluminescence studies upon gel formation

While in agueous solutions of 4Na no photoluminescence could be detected, hydrogels of 4
exhibit blue luminescence upon irradiation with UV light. This leads to the conclusion that
during gel formation the chromophoric system is slowly formed. As the hydrolysis of GdL
results in a very slow and homogenous decrease of the pH value in the whole solution.?®%3%
this gelation method is ideal to monitor the formation of the chromophoric system upon gel
formation in dependence of time. After the addition of 4 eq. of GdL to a solutions of 4Na
(10 g L") an increase of the intensity of the blue luminescence can be observed with the naked
eye upon irradiation with UV light at 366 nm (Figure 4.7a). The combination of time-

dependent PL measurements and GdL-assisted gelation can further give quantitative insight in

the formation of the chromophoric system upon aggregation (Figure 4.7b).
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Figure 4.7: a) Optical images of a solution of 4Na (10 g L") after the addition of 4 eq. of GdL under
irradiation with UV light at 366 nm; and b) the respective PL spectra using an excitation wavelength of
Aexe = 330 nm.
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To exclude any influence of the added GdL and its hydrolysis products on the PL properties, an
aqueous solution with a GdL concentration similar to that present during the gelation process
was prepared. No PL intensity of this GdL solution could be detected proving that the origin of
the PL intensity in Figure 4.7 is indeed due to the formation of aggregates of 4 upon decrease
of the pH value.

Already after 2.5 min a first peak at about 380 nm can be detected in the PL spectrum,
which is consistent with the observation of first aggregates in DLS measurements and TEM
images (chapter 3.3.2.3). After 7.5 min a second peak evolves at about 450 nm in the PL
spectrum, while a violet to blue luminescence can be observed in the optical images that were
irradiated with UV light at 366 nm. The PL intensities of both peaks increase with increasing
time and show a slight red shift. As the peak at about 450 nm grows much faster than the peak
at about 380 nm, already after 17.5 min the maximum PL intensity of the respective spectra
can be found at about 453 nm, while the peak at lower wavelength is only visible as shoulder
of the main peak.

To get further insight into the formation of the chromophoric system upon decrease of the
pH value and resulting gel formation, calculations using density functional theory (DFT) and

time-dependent DFT (TDDFT) were performed.

4.2 Theoretical calculations

With increasing technological progress computational studies have become more and more
important to understand aggregation processes, such as the gel formation mechanisms of
various supramolecular gels.®* Although the self-assembly of 1,3,5-benzene tricarboxamides

132,134,135

(BTAs) has been investigated intensely in the last decades, only a few theoretical

calculations giving insight into the supramolecular aggregation process and the molecular
arrangements have been published yet,!3%149151,357,364,365

The density functional theory (DFT) and the time-dependent DFT (TDDFT) calculations of
the monomer, dimer, trimer, and tetramer forms of 4 together with the respective highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) were
performed by Rodrigo Q. Albuquerque. Detailed description of the used programs and
algorithms can be found in chapter 9.4.6 and in the literature.'®

The optimized geometry of the monomer form of 4 with the respective HOMO and LUMO

are presented in Figure 4.8. While the HOMO is rather located at one side arm of the relatively

planar molecule, the LUMO can be found at the benzene core. Such a distribution of the
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respective HOMO and LUMO is also known from other computational studies on BTA

357,364

derivatives and compounds with a similar structural concept for molecular aggregation.*®

Figure 4.8: DFT-Optimized geometries and electron densities of the HOMO (blue/white) and LUMO
(red/green) orbitals of the monomer of 4 (top and side view). The atom labels are: carbon (green),
nitrogen (blue), oxygen (red). The hydrogens are omitted for clarity. Reproduced from reference 102
with permission from The Royal Society of Chemistry.

When optimizing the geometry of the respective dimer (two molecules of 4) one has to keep in
mind, that in general two different interaction modes are possible: i) the formation of a dimer
mainly by interactions of the lateral moieties leading to a “side-by-side” dimer; and ii) the
formation of a “on-top” dimer by stacking of the molecules with triple hydrogen bonding
between the amide units. The experimental findings presented in chapter 3 and in the

Iiteratu resee for example: 132,134,135,267

show the preference of one-dimensional aggregates in the bulk
and hydrogel state leading to the assumption that the “on-top” dimer is more favorable. This
can be explained by the fact that in the “on-top” dimer triple hydrogen bond formation is
possible between the amide units of adjacent molecules, while only one self-complementary
hydrogen bond is present between the lateral carboxylic acid moieties in the “side-by-side”

dimer.
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In Figure 4.9 the optimized geometry of the tetramer form of 4 (four stacked molecules) is

shown.

Figure 4.9: DFT-Optimized geometries and electron densities of the HOMO (blue/white) and LUMO
(red/green) orbitals of the tetramer of 4 (top and side view). The atom labels are: carbon (green),
nitrogen (blue), oxygen (red). The hydrogens are omitted for clarity. The black dotted lines represent the
stacking of the aromatic cores. Reproduced from reference 102 with permission from The Royal Society
of Chemistry.
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The rotation of the adjacent molecules by an angle of 60° (abab... conformation) and the
twisting of the amide units out of the molecular plane enable the formation of triple hydrogen
bonding between two adjacent molecules. Such a staggered abab... conformation is also
reported for other BTA based assemblies.’**3>%1

Interestingly, the cores in the optimized geometry are not directly located above each other
as indicated by the black dotted lines in Figure 4.9. This induces a helicity in the molecular
arrangement (see also chapter 3.4) and might prevent a face-to-face (H-type) aggregate
formation. The helicity of the columnar stacks is transferred to the superstructures upon
further aggregation, as in SEM images of hydrogel samples and films of 4 twisted and helical
fibers can be observed (chapter 3.3.2).

The calculated core-core distance of the central benzenes in the geometry optimized
tetramer of 4 is about 0.328 nm, which is in the range of reported n-n-distances for similar

132,134,135,138,139,214
systems.

The performed XRD studies on wet and dried hydrogels of 4 (chapter
3.3.2.3) give a core-core-distance of about 0.347 nm that is slightly higher compared to the
calculated distance. This might be due to the fact that the used calculation technique
overestimates the m-m-interactions and therefore leads to lower core-core-distances.

Furthermore, also a bending of the side arms in the optimized geometry of the tetramer
can be observed due to m-m-interactions between the respective phenylene spacers in the
periphery of the molecule. However, one has to keep in mind that the overestimation of these
interactions is further pronounced as only aggregates with a few molecules are simulated. It is
reasonable to assume that in elongated aggregates with a much higher number of molecules
this bending effect of the side arms will play a minor role and occur only at the end of a stack.
Furthermore, it has to be noted that in bulk or hydrogel samples no isolated columns of
stacked molecules could be observed. This indicates that additionally “side-by-side”
interactions between columns occur in the samples, which further stabilize and rigidify the
side arms.

Similar to the monomeric form of 4 the HOMO in the tetramer is mainly located at the side
arm of one molecule, while the LUMO can be found at a central benzene core. The calculations
thereby indicate that the HOMO and the LUMO are located at different ends of the short
stack. In the literature for BTA self-assemblies charge transfer from the periphery to the
central core of one molecule® as well as along the columnar stack are reported.*®
Due to the location of the LUMO at the benzene core the energy levels of the excited states
are shielded from the solvent molecules. Therefore, environmental differences, such as the
presence of a solvent and the morphology of the superstructures, do not significantly influence

the PL behavior. This effect should be even more pronounced with increasing number of
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molecules in the molecular stack and therefore, clearly explains the similarity of the obtained
spectra from films and hydrogels of 4, despite the different morphologies and chemical
environments of the samples.

The energy values of the lowest excited states S; and T, for the monomer, the two possible
dimers, the trimer, and the tetramer form of 4 were calculated and are presented in Table 4.1.
The respective energy values decrease with increasing number of molecules in the aggregate
and also the singlet triplet splitting decreases. This red shift of the calculated excited states
might be explained by the formation of triple hydrogen bonds between the amide units as well
as m-m-interactions of the benzene cores in the formed anisotropic aggregates. Experimentally
this red shift could also be observed during the PL study upon gel formation with GdL (Figure
4.7, chapter 4.1.3). Thereby, the first observed peak at about 380 nm might be assigned to the
formation of “on-top” dimers. The second peak at about 450 nm that evolves with increasing
time and is then slightly red shifted might be assigned to the formation of columnar aggregates

with a higher number of molecules.

Table 4.1: Calculated energy values of the lowest excited singlet (S;) and triplet states (T;) of the
monomer and different aggregates of 4.

number of molecules (n) S, energy [eV] T, energy [eV]
monomer (2) 3.79 3.02
“side-by-side” dimer (2) 3.67 2.97
“on-top” dimer (2) 3.28 2.94
trimer (3) 2.65 2.63
tetramer (4) 2.45 2.44

As the energy values of the “side-by-side” dimer are similar to the calculated ones for the
monomeric form, it is unreasonable to assume that the observed red shift in the experiments
upon gel formation is due to “side-by-side” interactions and dimerization. This further
supports the assumption that the chemical environment and hydrogen bond formation
between lateral carboxylic acid moieties does not significantly influence the PL behavior.
However, dimerization of supramolecular columns of 4 lead to a rigidification and stabilization
of the whole aggregate, which results in an increased emission due to less non-radiative
energy loss.

The calculated energy levels describe the lowest excitation from the HOMO to the LUMO.

As the electrons are transferred from the side arms at one end of the stack to the benzene
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core of the molecule at the other end of the stack theses lowest excited states have a strong
charge transfer (CT) character. In the literature similar computational studies for other self-
assembly systems based on intermolecular hydrogen bonds are described that confirm such CT

148,357382 a5 the orbitals of the lowest excited

characteristics for supramolecular aggregates.
states show a poor overlap and therefore a low oscillator strength, it is assumed that
transitions of higher-lying excites states occur, e. g. from (HOMO — x) to (LUMO + y). Such
excitations still exhibit CT character, but posses a much larger oscillator strength.>**

The CT character in supramolecular assemblies of BTA derivatives is especially interesting,
as it is known from different studies that a macrodipole is present in the BTA columns due to
the rotation of the amide units out of the plane of the benzene core.’*>**%*! The calculations
presented here reveal that in the optimized geometry of the tetramer form of 4 all three
amide units of a BTA molecule point in one direction causing a macrodipole in the stack (Figure
4.9). A novel molecular dynamics simulation study concerning the self-assembly of BTA
derivatives in n-nonane as realistic solvent revealed that BTA aggregates are more stable, if
only two amide units point in the same direction, while the third is directed to the opposite.**°
Nevertheless, a macrodipole is present in such stacks although its total strength is weakened.

In the computed tetramer of 4 the CT is directed in the opposite direction of the
macrodipole. Therefore, it might be assumed that the macrodipole and the anisotropic
assembly into molecular columns are additionally stabilized by the CT. As already discussed
earlier, it is important to note that the aggregates in the investigated films and hydrogels of 4
consist of stacks that contain a significantly higher number of molecules than the tetramer
simulated here. Thus, the energy levels calculated from the experimentally determined
absorption and PL spectra might be even lower than the energy levels of the tetramer.*’
Furthermore, also defects and less ordered domains in the columnar assembly of 4 must be
considered as they might act as emitter for the radiation and therefore cause the observed red
shift. In order to fully determine the origin of the PL of hydrogels and films of 4, fluorescence
decay and lifetime measurements are necessary which are currently performed in an ongoing
study in cooperation with Prof. Anna Kéhler from Experimental Physics Il of the University of

Bayreuth.
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4.3 Considerations regarding the proposed structural model

Due to the pH-sensitivity of the gelator system of 4, by decreasing the pH value from alkaline
to acidic, molecules are slowly transferred from the sodium salt 4Na to the fully protonated
state of 4. This leads to the formation of a hydrogel with bright blue luminescence upon
irradiation with UV light at 366 nm.

Compound 4Na as well as compound 4 show no luminescence in the dissolved state, but
blue luminescence can be observed in films and hydrogels of 4. Thus, this system clearly shows
aggregation and gelation-induced emission. As the emission spectra of films and hydrogels of 4
are very similar, it is assumed that the chromophoric system, that forms during aggregation, is
rather independent of the environment. In accordance to the literature the emission is
assigned to either a m*-n or a m*-m-transition.”>%?% The comparison with the emission

1% indicates that a rigidification of the side arms in a more

spectra of the single crystal of 4
tightly and ordered structure leads to a blue shift of the emission. Furthermore, it has to be
noted that the BTA molecules are planar in the single crystal due to the formation of a layered
structure, while in the hydrogel columnar aggregates are present that are usually
characterized by a twist of the amide unit out of the molecular plane. Intense spectroscopic
studies about benzanilides showed that the angle of the amide unit in respect to the benzenes
can strongly influence the spectroscopic properties of such compounds.**®>%’

Time-dependent PL studies during gel formation showed the presence of an emission signal
at 380 nm during the first minutes of the experiments. In combination with TDDFT calculations
this signal was assigned to the emission of “on-top” dimers. With increasing gel formation a
second red shifted signal at about 450 nm evolves and increases, which was assigned to the
formation of enlarged stacks of 4. The structural model of the hydrogel proposed in chapter
3.4 was supported by the optimized geometries of short stacks of 4. The “on-top” aggregation
is favored by triple hydrogen bond formation between adjacent molecules, as proposed in
chapter 3.2.2.2 when discussing the infra-red spectroscopy results. Therefore, adjacent
molecules in the stack are rotated by 60° and the amide units are twisted out of the plane of
the benzene core leading to a macrodipole in the columnar aggregates. The calculated core-
core distance is about 0.33 nm. Considering the slight overestimation of m-m-interactions by
the calculation technique the calculated core-core distance is in good agreement with
experimental findings for hydrogels of 4. Interestingly, the benzene cores in the optimized
geometry of the tetramer of 4 are not arranged in a face-to-face mode, but slightly shifted
against each other, which might be the origin of the helicity in the self-assembled aggregates.

The distribution of the HOMO and LUMO in the optimized geometries of the tetramer of 4

indicates a charge transfer from the periphery of the molecule to a central benzene core of the
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stack. This might be the reason for the observed large Stokes shift. Due to the poor overlap of
the respective orbitals and the resulting low oscillator strength, it is reasonable to assume that
also transitions of higher excited states contribute to the emission.

Summarizing, the combination of time-dependent PL studies during gel formation and DFT
calculations are a very powerful tool to give insight in the formation of first aggregates and the
chromophoric system. Unfortunately, it is rather difficult and time-consuming to simulate
larger systems with many atoms. Therefore, only tetramers of 4 could be calculated.
Furthermore, one should keep in mind that the first aggregates are probably build up from
charged, partially charged and uncharged molecules as the three carboxylic acid moieties are
subsequently protonated. Due to the complexity of this problem, this situation could not be
simulated using DFT and TDDFT calculations. The recent publication of Balasubramanian and
co-workers highlights the importance of molecular dynamics (MD) simulations on BTA
molecules in realistic solvents to understand supramolecular polymerization mechanisms.**°
They furthermore propose that coarse grain models will be inevitable to extend the MD
simulations of single columnar aggregates to the self-assembly of fibers and other
superstructures.

Further spectroscopic investigations such as fluorescence decay and life-time
measurements are conducted in cooperation with Prof. Anna Kéhler from the department of
Experimental Physics Il of the University of Bayreuth. This current study shall help to evaluate
the origin of the luminescence and to better understand the energy transport processes for

this water-based, pH-sensitive BTA derivative.
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5 Dye adsorption and release studies: towards a pH-sensitive

supramolecular drug delivery system

In this chapter the pH-sensitive hydrogelator system 4/4Na is investigated regarding its
adsorption properties from aqueous rhodamine B solutions, which acts as model drug. The
adsorption data were analyzed according to the isothermal models developed by Langmuir
and Freundlich and with respect to the adsorption kinetics. Furthermore, the hydrogel was
loaded with the dye by “encapsulation”, i.e. gel formation in presence of rhodamine B. The
release behavior was investigated in water at different initial dye concentrations and
correlated to Fickian diffusion. Moreover, the release of the model compound in biologically
relevant media, such as phosphate buffered saline (PBS), simulated body fluid (SBF), simulated
gastric fluid (SGF) and simulated intestinal fluid (SIF) was studied in view of the application of

this hydrogel as controlled drug delivery system.

5.1 Requirements for controlled drug delivery systems

Although there are many advantages of so called “smart” supramolecular hydrogels for the
application in the field of controlled drug delivery, every hydrogelator system must fulfill
certain requirements for its successful development as state of the art medical product, such
as i) good biocompatibility and nontoxicity; ii) responsiveness of the hydrogel to an external
stimuli in a physiological relevant range; iii) sufficient stability against mechanical and thermal
stress; iv) high surface area and porosity; and v) a high loading efficiency through adsorption or
encapsulation of the drug molecules. In the following, it is shown that the hydrogelator 4
fulfills these basic criteria and is therefore an interesting candidate for controlled drug delivery

applications.

5.1.1 Biocompatibility and nontoxicity

Assays for antiproliferative and cytotoxic properties of the gelator 4 and the gelator sodium
salt 4Na were carried out by a CellTiter-Blue cell viability assay with HUVEC (human umbilical
vein endothelial), K-562 (human immortalized myelogenous leukaemia) and Hela (human
cervix carcinoma) cell lines, respectively. Both tested compounds did not show any
antiproliferative effect on HUVEC or K-562 cells (Gls, values > 50 ug mL™) or any cytotoxic

effect on Hela cells (CCsq values > 50 ug mL™).



112 5 Dye adsorption and release studies

Furthermore, antimicrobial properties were tested using a broadband screening via agar
diffusion assay with five different strains of bacteria and fungi. For compound 4 dimethyl
sulfoxide (DMSO) was used as solvent. The antimicrobial control experiments showed activity
of pure DMSO against escherichia coli (14 mm zone of growth inhibition), pseudomonas
aeruginosa (16 mm zone of growth inhibition) and penicillium notatum (14 mm zone of growth
inhibition). Therefore, the slight activity of compound 4 against escherichia coli (12 mm zone of
growth inhibition) is probably caused by the solvent DMSO. Interestingly, compound 4 in
DMSO showed no activity against the pseudomonas aeruginosa and penicillium notatum,
which might indicate a cytoprotective effect of compound 4 from the effect of the solvent
DMSO. The sodium salt 4Na was tested in aqueous solution and neither the solvent water nor
the compound did show any activity against the tested bacteria and fungi.

Summarizing, it can be stated that the gelator 4 and the gelator sodium salt 4Na could be

used for biomedical applications without undesirable side effects.

5.1.2 Responsiveness of hydrogels of 4

For biomedical application the hydrogels should be responsive to a physiological relevant
trigger. Hydrogels of 4 are formed by a change of pH from slightly basic to slightly acidic

values.0%%¢’

The sodium salt of the gelator 4Na can be dissolved in water and depending on
the amount of gelator salt this results in a pH value between 7 and 9. From the titration curves
shown in chapter 3.3.1.1 a sol-gel transition pH of about 6.2 can be deduced. Stable gels can
be formed when a final pH value of about 4 to 5 is realized. The hydrogel media then can be
exchanged to desalted water with a pH value of about 6 without gel destruction. An interesting
approach would be to use the different pH values in the gastrointestinal tract to deliver
bioactive molecules in a controlled manner to the intestine. Due to the low pH values present
in the stomach the gel should stay intact. When the pH increases in the intestinal tract the gel
should slowly dissolve and therefore release an adsorbed drug molecule. Thus, this responsive
hydrogel system is not only suitable for biomedical application due to its transition near
neutral pH value, but is especially interesting for the use as a controlled drug delivery system
with oral administration. For the detailed study regarding the gel stability and release of a
model compound in biologically relevant media see chapter 5.5.

Furthermore, the hydrogels are highly thermally stable. Down to a gelator concentration of

2 g L' the hydrogel shape is kept intact even when heating the sample to 100 °C.*%

This clearly
illustrates that the multiple non-covalent interactions strongly stabilize the formed nanofibers,

thus resulting in a stable network.
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5.1.3 Mechanical stability of hydrogels of 4

The mechanical characterization, as shown by rheological measurements in the literature,
confirms the gel state at acidic pH values with the storage modulus G’ (4000 Pa) being an order
of magnitude higher than the loss modulus G” (230 Pa).”®” In frequency sweep experiments
the storage modulus showed a plateau over a wide range of frequencies at a gelator
concentration of 10 gL™. Above the critical oscillatory torque (also “yield stress”) of about
1100 puNm the gel started to flow irreversibly. The indentation measurements discussed in
chapter 3.3.3.3 prove that the mechanical stability of the gel can be increased by increasing
the gelator concentration. Samples prepared with a gelator concentration of 10 gL rather
break than flow at a compression stress at break of 150 mN. Furthermore, the experiments
regarding the sample preparation (chapter 3.3.3) show that it is possible to handle small gel

samples using tweezers without destruction.

5.1.4  Specific surface area

While being sufficiently stable, the hydrogels at the same time need a high specific surface
area to ensure high adsorption capacities. This is often achieved by using very porous
structures. The specific surface area is usually determined by the adsorption method

developed by Brunauer, Emmett and Teller (BET measurement).>**

In general nitrogen gas is
used for this method. However, as the accuracy of the method can be enhanced by using
krypton, the latter gas was used here. BET measurements can only be performed on dried
systems. This is ensured by applying an outgas temperature of 150 °C on the sample prior to
the measurement. The specific surface area of a bulk sample of 4 after crystallization and of
the sodium salt 4Na were determined to be 14 m” g* and 17 m? g, respectively. As the
hydrogel is formed by solidifying the whole solvent volume at a concentration of 10 g L7, it is
expected that the specific surface area is much higher in the hydrogel state than in the bulk
samples. As the hydrogel cannot be measured in the wet state, it was dried by blotting the
excess of solvent with paper pulp and subsequent drying under high vacuum at r.t.. It is
known from literature that the porosity and gas adsorption properties in a metal organic
framework containing 4 as a ligand can be drastically decreased by removal of solvent
molecules via conventional vacuum drying due to the loss of the integrity of the structure.'®
By removing the solvent molecules under high vacuum, at least the macroscopic dimensions of
the gel samples of 4 remain intact, while air-dried samples are completely collapsed (Figure
5.1). This phenomenon might be explained by the conditions present under high vacuum that

lead to the sublimation of the water atr. t..
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Figure 5.1: Optical images of washed hydrogels of 4 prepared from 10 g L™ of 4Na and 4 eq. of glucono-
delta-lactone (GdL), respectively; a) dried under ambient conditions and b) dried under high vacuum
(4 x 10 mbar).

Unfortunately, the gel dried under high vacuum (xerogel) has also different properties
compared to the original wet hydrogel, indicated by the very brittle nature of the xerogel. In
SEM images of the dried gel nearly no pores can be detected, suggesting that the single fibers
and fiber bundles converge upon drying. This assumption can also be supported by the XRD
pattern of the xerogel compared to the wet gel (chapter 3.3.2). Upon drying the signal at 20 =
4.02° (~2.2 nm) in the wet hydrogel shifts to larger angles (20 = 5.92°) and smaller distances in
real space (~1.5 nm). This shift to smaller distances in the dried state might be caused by fibers
that are more closely connected than in the original wet state, thus leading to smaller or
closed pores and lower specific surface area values. Using an outgas temperature of 150 °C
prior to the measurement a specific surface area of ca. 17 m? g could be achieved for the
dried hydrogel, which is slightly higher than the specific surface area of the crystalline bulk
sample with 14 m? g*. This clearly shows that the specific surface area can indeed be increased
by forming a hydrogel compared to the original bulk compound after crystallization. By
increasing the outgas temperature to 250 °C, the value could nearly be doubled to about
30 m” g™. These values are in good agreement with other porous organic materials based on
the 1,3,5-benzene tricarboxamide core, which were reported to be between 14 and 34 m2g*,
dependent on the exact molecular structure of the compound.**®

The fact that the outgas temperature influences the measured specific surface area
indicates that some strongly bound water might remain at the surface of the xerogel and is not
completely removed even at 150 °C. This loss of water at temperatures above the boiling point
of free water can also be observed in thermal gravimetric analyses (TGA) of the bulk
compounds of 4 and 4Na as discussed in chapter 3.2.2. While the bulk samples show a weight
loss of 5.7 % (4) and 15.4 % (4Na), the dried hydrogel samples of 4 show a weight loss of 9.6 %
between 25°C and 300 °C. As this weight loss occurs before the decomposition of the
respective samples, it is associated with the loss of water adsorbed at the surface. The
molecular ratio of compound 4 as bulk material and water deduced from these TGA-
investigations is about 1 to 1.9. This is in good agreement with the values found in the

elemental analysis of compound 4 (4*1.5 H,0). To make sure that the amount of water
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detected in the elemental analysis was not due to insufficient drying after synthesis, the
sample was kept under reduced pressure at 100 °C for 24 h prior to the elemental analysis.

By performing experiments with a moisture analyzer it was shown that bulk samples of 4
could take up between 4.4 % and 8.7 % of water depending on the humidity during storage
(chapter 3.2.2). The water uptake of the sodium salt 4Na was even higher (9.4 %). The water
uptake is limited and reaches distinct saturation values for different levels of humidity. Thus,
the compounds do not show the typical hygroscopic behavior that leads to liquefaction, as it is
observed for sugar or salts such as NaCl. Hydrogels of 4 consist of fibers that are built by
entangled fibrils which are formed by the anisotropic alignment of the trigonal-shaped
molecules. Considering such a hierarchical structure of the hydrogel, it can be assumed that
the large surface area of the hydrogel fibers is highly decorated with carboxylic acid moieties.
With such a “polycarboxylic acid functionalization” of the fiber surface the hydrogel should be
able to form strong hydrogen bonds with solvent molecules such as water or other small
organic guest molecules, or might even act as an anchor group for metal ions. Hence, the high
uptake of water of compound 4 in bulk combined with the morphological structure and large
specific surface area of the hydrogel leads to the hypothesis that hydrogels of 4 have a high
adsorption potential either for waste water treatment applications or the adsorption of drug
molecules for drug delivery applications.

As hydrogels of 4 fulfill the basic requirements, such as biocompatibility, non-toxicity,
responsiveness in a physiological relevant range, high mechanical strength, thermal stability,
and high surface area, this system seems to be a promising candidate for the application in the

field of controlled drug delivery.

5.2 Adsorption of rhodamine B using pre-formed hydrogels

Adsorption is not only used for the loading of a carrier system with bioactive molecules or
drugs, but it is also important for waste water purification. Rhodamine B is a standard
compound used in textile industry and due to its good solubility in water and multiple
functional groups, it can act as a model compound for the adsorption onto a pre-formed

hydrogel (Scheme 5.1).
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Scheme 5.1: Chemical structure of rhodamine B.

Because of the unique combination of properties of hydrogels of 4, the adsorption capacity of
the system and the release behavior regarding rhodamine B as model compound were

investigated and the results are discussed in the following.

5.2.1 Sample preparation and experimental set up

When determining the adsorption capacity of a system, the results can vary depending on the
used method of evaluation and the chosen parameters, such as concentration of the dye
solution, mass and volume of the adsorbent and time. Therefore knowledge of the
experimental parameters is very important to be able to compare results. In the literature the
adsorption capacity is given as quotient of the mass of adsorbed dye in mg and the mass of the

for example see: 25,87,281,284,285 5\ ever, the ratio of the adsorbed

adsorbent or gelator in g (mg g™).
mass of dye to the initial mass of dye in solution in percent (%) is an important value to
characterize the system as well. As no consistent terminology for this value could be found in
the literature, in this work it is given at the adsorption equilibrium as the decolorization
efficiency d, of the system. Figure 5.2 gives a schematic overview of the adsorption process
and the used technical terms and variables.

With the gelator system investigated in this work it seemed furthermore to be useful to
give the ratio of the molar amount of dye in the supernatant solution to the molar amount of
gelator 4 in the hydrogel. This molar ratio directly gives the number of dye molecules that
might be adsorbed by one gelator molecule and is displayed with eq. (equivalents) as unit. This
molar ratio is especially interesting as the molar masses of the gelator 4 and the sodium salt
4Na are different, but the molar amount and therefore the number of gelator molecules are
constant. The concentrations of the dye solutions used for the generation of the calibration
curve and those used for the adsorption studies were chosen regarding the molar ratio in eq.
of dye and gelator. Nevertheless, for comparison reasons the adsorption capacity is also given
as mass ratio in mg g™. As for the gel preparation the gelator concentration of 10 g L™ refers to
the water soluble sodium salt 4Na, the amount of 4Na in the system is also used for the

calculation of the adsorption capacity.
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Figure 5.2: Schematic representation of the adsorption process.
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At low rhodamine B concentrations the respective maximum optical density (0.D.) at 553 nm

correlates linearly with the rhodamine concentration in aqueous solutions. Therefore UV-Vis

spectroscopy investigations are a very common method to determine the amount of dye

removed by an adsorbent.

for example see:67,83,115-117

A calibration curve was generated by

measuring 12 rhodamine B solutions with different concentrations prepared by a dilution

series and plotting the optical density at 553 nm (average of four measurements) versus the

concentration (Figure 5.3).

84 = ODa53mm
71— linearfity=2231Lg" *x
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Figure 5.3: Calibration graph showing the optical density (O.D.) at 553 nm of 12 different rhodamine B
concentrations. Each data point is the average of two measurements of two independently prepared

stock solutions and dilution series.
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The linear fit of the calibration curve was calculated with the intercept set to zero and can be

expressed by:
OD.,, =2231Lg" c, (5.1)

with 0.D.s553 nm being the optical density at 553 nm of four measurements and c,, being the dye
concentrations of the rhodamine B solutions.

It has to be noted that above a concentration of 10* M,* rhodamine B forms aggregates
due to intermolecular m-m-interactions.”’”” The dye concentrations for the calibration curve
were chosen in the range where optical densities at 553 nm obtained by UV-Vis measurements
increase linearly with concentration. This concentration range was also used for the

rhodamine B solutions applied in the adsorption studies.

5.2.1.2 Preparation of defined gel samples

To get defined gel samples with constant dimensions and geometries for the adsorption
experiments, polydimethylsiloxane (PDMS) molds were made by mixing a silicon elastomer
with a curing agent. Subsequently the mixture was filled in a Teflon mold (form D in Figure
5.4a) and left to stand at r.t. for 3 days for hardening. The resulting PDMS molds have 25
cylindrical wells with well defined dimensions (height: 0.5 cm, s: 0.5 cm) for the gel formation
(Figure 5.4b). Thus, each well comprises a volume of approx. 0.1 mL. As the PDMS molds are

flexible, it is easy to remove the gelated samples with a small spatula.

o [A]

B]

Figure 5.4: a) Teflon mold with four different geometries; b) PDMS mold formed in Teflon mold D with
25 defined wells for gel sample preparation.

All hydrogels were prepared from aqueous solutions of 4Na with a concentration of 10 g L™.
Addition of 4 eq. of glucono-delta-lactone (GdL) to the gelator sodium salt solution resulted in
the decrease of the pH value and thus gelation. The 4Na solution with freshly added GdL was
filled in each of the wells of the PDMS mold (Figure 5.5).

' This corresponds to a rhodamine B concentration of 0.047902 g L™
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Figure 5.5: Preparation of defined gel samples in the wells of a PDMS mold by addition of 4 eq. of
glucono-delta-lactone (GdL) to an aqueous solution of 4Na (c = 10 g L") and gelation overnight.

Preliminary tests regarding the influence of mechanical agitation on the adsorption kinetics
were performed with gel samples prepared from 0.10 mL of 4Na solution. However, after
gelation the removal of the samples was quite difficult. Thus, for all other performed tests gel
samples with a volume of 0.12 ml were prepared. These gels had a cylindrical shape with a
hemispherical cap due to the surface tension of water and could be removed easily (Figure

5.6).

Figure 5.6: Optical image showing the shape of a typical hydrogel sample prepared from 0.12 mL of a
4Na solution with a concentration of 10 g L and 4 eq. of GdL.

Thus, if not stated otherwise, one sample comprises 1.2 mg of the gelator sodium salt 4Na and
1.35 mg of GdL. After gelation overnight gel samples of 4 containing sodium gluconate were
obtained due to the hydrolysis of GdL.

Each gel sample was removed from the well using a spatula and put in 5 mL of desalted
water, respectively (Figure 5.7). The resulting sodium gluconate was removed from the gel
samples by a repeatedly applied washing process with desalted water. Size and shape of the

hydrogels were fully retained during this process.
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Figure 5.7: Washing procedure for freshly prepared hydrogels of 4 containing sodium gluconate.

5.2.1.3 Experimental concept and calculations

The gel samples, that were prepared as described above, were put into 5 mL of aqueous
rhodamine B solutions with distinct concentrations. The sample set up and the dye
concentrations were chosen in a way that the maximum amount of rhodamine B in the
supernatant solution was within the range of the calibration curve. If not stated otherwise,
each experiment was performed three times to be able to calculate reliable average and
standard deviation values. After certain time intervals approximately 0.3 mL of the
supernatant solution were removed for the UV-Vis measurements. Afterwards, the volume of
solution was put back into the sample. The loss of liquid due to residues in the syringe or the
cuvette was negligible compared to the total volume of the sample.

If not stated otherwise, adsorption experiments were performed with gel samples prepared
with 0.12 mL of a 4Na solution with a concentration of 10 g L. Thus, one typical gel sample
consists of 1.2 mg of 4Na, which corresponds to 0.00189 mmol of 4Na or 4, respectively. The
initial molar amount of rhodamine B is given as equivalents (eq.) in relation to this molar
amount of 4 in the gel. Figure 5.8 exemplarily shows the optical images and absorption spectra
of a dye solution with 0.05eqg. of rhodamine B, which corresponds to a rhodamine B
concentration of 0.00907 g L™ using a volume of 5mL. The images and the spectra were
recorded 6 h, 24 h, 48 h, 72 h and 240 h after the addition of a washed gel sample to the dye

solution.
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Figure 5.8: a) Optical images and b) absorption spectra of a rhodamine B solution with an initial dye
concentration of 0.00907 g L™ after the addition of a washed gel sample (c(4Na) =10 gL", V = 0.12 mL).

With increasing time the optical density decreases in the supernatant solution. This is in
accordance with the optically visible decolorization of the solution and the colorization of the
gel sample. Besides this change of color no visible changes of the hydrogel appearance during
the adsorption experiment, such as shrinkage or swelling behavior, were observed.

The concentration of rhodamine B in solution at distinct times t (c(t)=[g L']) can be
calculated by using the average value of the optical density at 553 nm at the time t

(0.D.553n0m(t)) and the slope of the calibration curve:

(1) = OD.,. (1)
223.1Lg™

As the volume of the supernatant solution is known to be 5 mL, the amount of dye in solution

(5.2)

in mg at time t can be calculated:

m,, (t)=c(t)- V.

ol (5.3)
The initial amount of dye in solution is known in mg (my(to) and mol (ng(t)). Thus, the
amount of rhodamine B adsorbed into the gel at time t (m,q(t) and n,g(t)) can be easily

calculated using equation 5.4 and the molar mass of rhodamine B (M = 479.02 g mol™).
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m,.(t)=mg, (t,)—m,(t) (5.4)

The adsorption capacity at time t (q; = [mg g™]) can be expressed as the amount of adsorbed
dye in mg at time t (m,qs(t)) per gram of gelator 4Na (m(4Na)) in the gel sample.
— madS(t)
Qt - (5.5)
m(4Na)
The decolorization efficiency d. can be given in percentage as ratio of the adsorbed mass of dye

to the initial amount of dye present in solution. This value is especially interesting at the

adsorption equilibrium for t = t.:

t
g = Mas(te) 56

©omy(t)

Furthermore, the ratio of the molar amount of adsorbed dye at t (n.(t)) and the molar
amount of compound 4 present in a gel sample (n(4 in gel)) gives the molar ratio of adsorbed

dye at tin eq..

5.2.14 Influence of mechanical agitation on the adsorption kinetics

It is known from the literature®**®®

that mechanical agitation yields higher adsorption rates
when the adsorption is a diffusion-controlled process. As in waste water treatment the
adsorption or decolorization time plays a crucial role and high adsorption rates must be
achieved, agitation of the sample might offer an advantage compared to static conditions. A
preliminary test was performed with four washed hydrogel samples, each prepared from a
solution of 10 g L™ of the gelator sodium salt 4Na at a volume of 0.10 mL.

Each of the four rhodamine B solutions had a volume of 5mL and a concentration of
0.00756 g L™ (0.05 eq. relative to the amount of 0.00157 mmol of 4 in the gel sample). While
two samples were mechanically agitated using an orbital shaker at 200 rpm, the other two
were left to stand without any disturbances. Absorbance spectra were recorded after 1d, 2 d,
3d, 4d, and 7 d and the data were processed as described above to calculate the adsorption
capacity q in mg g. Figure 5.9 shows the adsorption curve in dependence of the time. The
initial slope of the curve represents the adsorption rate. The steeper the curve evolves the
faster the adsorption takes place. It can be clearly seen that the mechanical agitation of the
hydrogels leads to a higher adsorption rate and faster adsorption compared to the undisturbed
samples. This indicates that the adsorption of rhodamine B from solution into hydrogels of 4 is

a diffusion-controlled process.*®®
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Figure 5.9: Absolute adsorption capacity g in mg of dye per g of 4Na versus time for mechanical agitated
(open squares) and undisturbed (filled square) rhodamine B solutions with an initial dye concentration
of 0.00756 g L™ (0.05 eq., 37.8 mg g") after addition of a washed hydrogel sample (c(4Na) = 10g L™, V =
0.10 mL).

Due to the enhanced adsorption rate, mechanically agitated samples reach the maximum
plateau value after approximately three days, while undisturbed samples reach this value only
after ca. seven days. This maximum adsorption capacity is also often described as the
adsorption capacity in equilibrium. As it is the same for both experiments, it can be stated that
agitation only influences the adsorption rate, but not the adsorption capacity (as long as the
mechanical integrity of the hydrogel samples is assured).

As the deviation of the two mechanically agitated samples was much greater than for the
undisturbed samples, further experiments in this study were carried out under static
conditions. Furthermore, it became clear that for a quantitative analysis of the initial
adsorption rate and to obtain reliable results with a high reproducibility, a higher resolution of
the data points within the first 24 h is necessary. Thus, in the following study also data points
within the first day were recorded. As already mentioned above, the removal of the gel
samples prepared with a volume of 0.10 mL was quite difficult. Thus, all other tests were

performed with gel samples prepared from 0.12 ml of 4Na solution.
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5.2.2 Time-dependent adsorption studies with different initial dye concentrations

To fully evaluate the adsorption potential of hydrogels of 4 regarding rhodamine B, a detailed
time-dependent study using dye solutions with six different concentrations were performed.
The received data sets were analyzed regarding the isothermal models from Langmuir and
Freundlich, and the adsorption kinetics were investigated regarding the pseudo first and

second order kinetic models.

5.2.2.1 Adsorption studies with different initial rhodamine B concentrations

The hydrogel samples were prepared, as described above with a concentration of 4Na of
10 g L'* and a volume of 0.12 mL, and washed three times prior to the experiments. The initial
rhodamine B concentrations of the supernatant solutions are displayed in Table 5.1. They were
chosen to achieve molar ratios of the dye in the supernatant solution to the gelator in the

hydrogel of 0.005 eq. to 0.200 eq..

Table 5.1: Initial rhodamine B contents in the supernatant solutions for the concentration dependent
adsorption studies.

initial molar ratio initial ratio of initial dye
dye/gelator® dye : gelator 4 concentration
[eq.] molecules Csallto) [g L]
0.200 1:5 0.03630
0.100 1:10 0.01815
0.050 1:20 0.00907
0.020 1:50 0.00363
0.010 1:100 0.00181
0.005 1:200 0.00091

?: calculated from a gelator (4Na) concentration of 10 g L™ at a gel volume of 0.12 mL
and a volume of 5 mL of the supernatant solution, which are the usual testing
conditions for the concentration dependent adsorption studies.

The rhodamine B solutions were prepared by a dilution series. For each concentration three
individual experiments were performed to get an average value and the respective standard
deviations of the adsorption capacity q and the decolorization efficiency d.. The absorbance
spectra were recorded 1h, 3h, 6h, 24 h, 48 h, 72 h, and 240 h after the addition of the
washed hydrogel samples to the dye solutions. The data were processed as described above to
get the adsorption capacity g in mg of adsorbed dye to one gram of gelator 4Na in dependence

of the time (Figure 5.10).



5 Dye adsorption and release studies 125

90
. ] initial molar initial weight d
80+ ratiodye/ (dye/gelator) e
| " . [%]
—_— gelator [mgg1]
o 70+ i
>
£, 60+ ® 0.200 eq. 138 62
ol 1 | |
2 50 ® 0.100 eq. 74 73
Q |
@ . ]
§ 40+ ® 0.050 eq. 39 83
i
(o) ] [
= 01 & - = 0.020 eq. 15 90
= 1 | |
o}
S 078 = = 0010eq. 8 90
10 B ] u
i = - n m ® 0.005 eq. 4 92
B H u |
0 //
T T T T T T T 7F T T T
0 24 48 72 96 216 240

time [h]

Figure 5.10: Adsorption capacity q in mg g'1 of hydrogels of 4 versus time and the decolorization
efficiency at equilibrium d. after 10 days.

With increasing time the adsorption capacity increases for all tested initial dye concentrations
until a saturation value is reached after ten days. This saturation value is highly dependent on
the initial concentration and gives the maximum adsorption capacity or adsorption capacity in

equilibrium for a distinct initial dye concentration (Table 5.2).

Table 5.2: Adsorption capacities g. and decolorization efficiencies d. at the adsorption equilibrium
(10 days after the addition of the hydrogel sample to solutions comprising different initial rhodamine B
concentrations).

initial molar ratio adsorption capacity decolorization

dye/gelator [eq.] q. [mg g] efficiency d. [%]
0.005 3.6+0.2 92
0.010 6.9+0.1 90
0.020 13.2+0.1 90
0.050 32505 83
0.100 53.7+0.9 73

0.200 85.5+1.5 62
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Below an initial rhodamine B concentration of 0.02 eq. at least 90 % of the dye is removed
from the solution. This is especially interesting for the application of this hydrogel system in
waste water treatment processes, as it is important to remove small amounts of a toxic dye
efficiently and reliable even in dilute solutions. In this dilute concentration regime it seems
that the adsorption capacity q after 10 days shows a linear dependency on the initial amount
of dye, although more data points are necessary in this regime to proof this dependency (Table
5.2).

For the highest initial concentration of 0.20 eq. (138 mg g*) an adsorption capacity ge of
85.5 mg g could be achieved, which correlates to a decolorization efficiency d. of 62 % of the
initial amount of dye. It should be noted that at or above an initial concentration of 0.05 eq.
the relative amount of removed dye, which is given as the decolorization efficiency d., slowly
decreases, while the amount of adsorbed dye and the adsorption capacity qe still increases.
This trend indicates that the adsorption capacity g. might be further enhanced by using higher
initial dye concentration. However, this will probably lead to lower decolorization efficiencies
and thus a higher concentration of remaining dye in the supernatant solution at the end of the
experiment. This is especially a disadvantage when the loading process is thought to be
transferred to the adsorption of expensive drug molecules. Nevertheless, an adsorption
capacity g. of 85.5mg g is extraordinary, as it correlates to a molar ratio of 0.113 eq.. This
means that one dye molecule is bound by approximately nine gelator molecules. That is
especially remarkable, as the observed fibers in the SEM images consist of multiple fibrils
(Figure 3.25, chapter 3.3.2.3). As a result many gelator molecules are enclosed inside the fibers
and are not in contact with the solution at all.

As the idea to use low molecular weight (Imw) hydrogels for the adsorption of toxic dyes is
rather new, there exist only a few examples in the literature. And most of these deal with the
adsorption of dyes onto native and dried hybrid hydrogels or metallo-xerogels (Table
5.3).25,83,123,124,275,287,292
Thus, studies regarding the adsorption capacities for true Imw hydrogelators that solely consist
of organic molecules are very rare. One example uses a slightly different adsorption concept as
discussed here, as the dye crystal violet is completely removed from the water phase by
addition of a toluene phase with subsequent gelation of the organic phase by change of pH

® Due to this phase selective gelation the dye is

and applying a temperature profile.
transferred to the organic solvent and completely removed from the water. The dried hydrogel
was able to remove 97 % of crystal violet from a 0.01 mM dye solution, which correlates to an

adsorption capacity of about 6.3 mg g™.



5 Dye adsorption and release studies

127

Table 5.3: Overview of adsorption studies using Imw hydrogelators and different dye solutions and the
respective reported and calculated” adsorption capacities q in mg g™

adsorption
hydrogelator based on dye capaci ty?mg ] reference
dried organic- | terpyridine and %, basic blue 41 141.0 287
inorganic Cu* ions crystal violet 115.7
:zz:lodgels bromocresol green 86.9
bolaamphiphilic crystal violet 63.0 83
phenylalanines and naphtol blue black 84.0
Mn(Il), Co(ll), Cu(ll) and pyrene 2.8
NI(Il) salts .
vitamin B12 ~17
Imw xerogels lithocholic acid and amido black 10B 202 123
C1,DMAQ?
carboxylic acid crystal violet ~6.3 70
dipeptides
hybrid polydopamine-coated rhodamine 6G ~ 150 124
hydrogels clay and Fe**
AAM-AMPSNa® and safranin-T 484.2 25
AAmM-AMPSNa/clay brilliant cresyl blue 494.2
composites
melamine and Ag(l) rose Bengal 18.6 275
eosin Y 19.6
methyl orange 19.8
organic Imw isophtalic acid ~ 450" 288
hydrogels bisaromates methylene blue
methyl violet 2B ~ 550"
pyrenemethylamine ~ 240"
C,-symmetric methylene blue 40-50 289
1,4-diamide benzene
hydrazide- methylene blue ~ 820 290
functionalized (pH=12)
dibenzylidene sorbitol
acid blue 25 (pH = ~ 700
2)
naphtol blue black ~ 1050
(pH =2)
N-terminally protected |reactive blue 4 9.8 87
tripeptides
direct red 80 10.6
rhodamine B 7.4
litocholate with methylene blue 1100 291
different monovalent
cations (e. g. CsCl)
rhodamine 6G 1350

? C1,DMAOQ: dodecyldimethylamine oxide; ® AAm: acrylamide, AMPSNa: 2-acrylamide-2-
methylpropanesulfonic acid sodium salts.

! The marked adsorption capacities were calculated from the results given in the respective publications.
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Rodriguez-Llansola et al. investigated the adsorption capacity of an isophthalic based
bisaromatic hydrogelator regarding methylene blue, methyl violet 2B and pyrenemethylamine

solutions.”®®

Under the used experimental conditions, efficiencies of 98 %, 97 % and 62 % could
be achieved, respectively. From these efficiencies and the given experimental data, adsorption
capacities of approx. 450 mg g, 540 mg g™, and 240 mg g”, respectively, could be calculated.
Interestingly, the adsorption capacity could be significantly enhanced to ca. 800 mg g™ for
methylene blue and methyl violet 2B by forming the pH-sensitive gel in presence of the
respective dye.

The most potent Imw hydrogelator in terms of dye adsorption over a broad range of pH
values was only found recently by Babatunde et al..”®® Depending on the pH value of the
solution either methylene blue, acid blue 25 or naphtol blue black was selectively adsorbed. At
the optimum pH value up to 700 to 1050 mg g of respective dye could be removed from the
solution due to strong dye-gelator interactions. This is in the range of a stoichiometric ratio
between gelator and dye molecules.

Also interesting is the work of Adhikari et al. regarding the adsorption properties of
N-terminally protected dipeptides, as in this study rhodamine B was used as model
compound.®” At an initial dye concentration of 0.479 gL™" only an adsorption capacity of
7.4 mg g" could be achieved. With the hydrogel system 4, that is investigated in the present
study, at the highest tested initial rhodamine B concentration (0.200 eq., 0.03630gL™) an
adsorption capacity of 85.5 mg g” could be realized, which is about 11 times higher than the
reported value in the literature.

Summarizing, this comparison of adsorption capacities with other hydrogel systems reveals
that the adsorption potential of hydrogels of 4 is sufficiently high for its use in waste water
treatments. Nevertheless, other dyes that are common as dyeing agents in textile industry
have to be tested regarding their adsorption onto preformed hydrogels of 4. A promising
indication that also other dyes might be adsorbed is the decolorization of a methylene red
solution as proof of concept. Furthermore, Noah Al Nakeeb investigated the adsorption
potential of hydrogels of 4 regarding aqueous iron salt solutions in his bachelor thesis.**®
Unfortunately, the qualitative analysis of the iron ions in solution was challenging, as staining
agents had to be used to enhance the optical density of the ions. Additionally, the oxidation
states of the iron ions in the test samples seemed to change due to oxidation and reduction
reactions with the gelator molecules. Therefore, no conclusive statement regarding the

adsorption of iron ions could be drawn yet.
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In the following, the adsorption data obtained from the concentration- and time-
dependent rhodamine B studies will be processed and evaluated in detail regarding the

adsorption isotherm models and adsorption kinetic models.

5.2.2.2 Isothermal models

For the mathematical representation of the adsorption process from a dye solution mainly two
isothermal models are used: the Langmuir model and the Freundlich isotherm.?>?’%276:286370
Both models provide fits for the equilibrium isotherm, that describes the adsorption capacity in
the equilibrium state g. in dependence of the dye concentration at equilibrium C. (Figure
5.11). As in this study the equilibrium state is reached after ten days, the corresponding data
are used to calculate the isothermal models. To evaluate which model describes the

adsorption of rhodamine B on hydrogels of 4 best, in the following both models are explained

in more detail.

100

6 8 10 12 14
C,[mg L™

o—
N
N

Figure 5.11: Equilibrium isotherm of the concentration dependent adsorption of rhodamine B onto
hydrogels of 4 after 10 days (q.: adsorption capacity at equilibrium; C.: final equilibrium concentration).

Langmuir model
The Langmuir isothermal method is based on the assumption that the free energy of
adsorption is independent of the surface coverage.’’”® From this assumption the following
predictions can be made. For low concentrations there should be a linear dependence of
adsorption and concentration, while for high concentrations a saturation of the surface with a
monolayer is expected. Thus, if adsorption of rhodamine B onto hydrogels of 4 follows the

Langmuir model, the curve in Figure 5.11 should show saturation for high concentrations. The
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saturation effect occurs when the equilibrium constant q. is equal to the Langmuir constant Q,
which is related to the maximum adsorption capacity of the system. It should be noted that
these assumptions are valid for high adsorbate concentrations near saturation. The Langmuir

model can mathematically be expressed as:

C 1 1

e

_:—+_.Ce
qe (QLb) QL

with C. being the final equilibrium concentration in [mg L], g. the adsorption capacity at

(5.7)

equilibrium in [mg g™], Q. the Langmuir constant of the adsorption capacity in [mg g], and b
the Langmuir constant related to the energy of adsorption in [L mg™].

By plotting the ratio of C./q. versus the final equilibrium concentration C,, the data points
should show a linear correlation (Figure 5.12). The data for the adsorption of rhodamine B

onto gels of 4 can be linearly fitted with a correlation coefficient r,” of 0.9664.

0.16
= CJ/q, A

0149 linear fity = 0.027 + 0.010 x

012 3 456 7 8 9 1011 12 13 14
-1
C, [mg L]

Figure 5.12: Langmuir isotherm for the adsorption of rhodamine B onto hydrogels of 4 (q.: adsorption
capacity at equilibrium; Ce: final equilibrium concentration).

From the slope of the linear fit the Langmuir constant regarding the maximum adsorption
capacity Q; can be calculated. The intercept, on the other hand, gives the Langmuir constant b
related to the energy of adsorption (Table 5.4). The correlation factor of the fit r.’> shows that

the adsorption data fit well to the Langmuir model.
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Table 5.4: Characteristic Langmuir constants calculated from the linear fit of the Langmuir isotherm.

constant description value
Q Langmuir constant related to 100
[mggl] the maximum adsorption capacity

b Langmuir constant related to 0.370
[L mg?] the energy of adsorption

RL separation factor 0.175
r2 correlation factor of the linear fit 0.9663

Using the Langmuir constant b and the highest initial dye concentration C, in [mg L] the

dimensionless separation factor can be calculated:

1

R =—— |
" 1+b-C, >4

This separation factor gives some information about the type of adsorption (Table 5.5).” With
the separation factor being 0.175, adsorption of rhodamine B onto hydrogels of 4 is favorable

and nearly irreversible.

Table 5.5: The separation factor R,.

separation factor R, type of adsorption
Ri>1 unfavorable
Ri=1 linear
O<R. <1 favorable
R, =0 irreversible

This means that there are strong interactions between the dye and the gelator molecules and
it might be expected that practically no adsorbed dye molecules will be released by a washing

procedure with desalted water."

! The removal of the dye into desalted water from gels loaded with dye by adsorption is investigated in
chapter 5.2.3 in dependence of the applied temperature.
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Freundlich model
The Freundlich model was developed as an empirical relationship and is based on the
assumption that the probability of the adsorption energy of a bond lying between AG and
AG + d AG is proportional to the exponent of (- AG/RT). This means that the adsorbent, which
is the hydrogel in this study, has different adsorption sites with several adsorption

271379 Erom this assumption several predictions can be made. The most important one

energies.
is that the surface can be infinitely covered with guest molecules. Thus, if adsorption follows
the Freundlich model, the equilibrium isotherm presented in Figure 5.11 should show an
increase of the adsorption capacity g with increasing final equilibrium concentration C.
without a saturation effect.

The following equation gives the mathematical expression of the Freundlich isotherm:

1
log(q,)=log(Ky) +—=-log(C,) (59)

F
with g. being the adsorption capacity at equilibrium in [mg g?], C. the final equilibrium

13/ g1 | " related to the capacity

concentration in [mg L], K¢ the Freundlich constant in [mg
of adsorption, and n; the Freundlich constant related to the adsorption intensity.

It is important to note that with n: equal to one the Freundlich isotherm is mathematically
equivalent to the Langmuir isotherm. While for n;<1 the bond energy increases with
increasing surface density, for n>1 the bond energy decreases with increasing surface
density. The latter case is the most common one and expresses that there is a decreasing
adsorbent-adsorbate (hydrogel-adsorbed dye) interaction with increasing surface density. This
model was found to be only valid for low concentrations and to be erratic at high
concentrations or near saturation.

By plotting the logarithm of g. versus the logarithm of the final equilibrium concentration
C. there should be a linear correlation of the data points, if the Freundlich isotherm is valid

(Figure 5.13). The slope is equal to the inverse Freundlich constant ng, while the Freundlich

constant related to the adsorption capacity K: can be calculated from the intercept.
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Figure 5.13: Freundlich isotherm for the adsorption of rhodamine B on hydrogels of 4 (g.: adsorption
capacity at equilibrium; Ce: final equilibrium concentration).

The adsorption data could be fitted very well according to the Freundlich model with a
correlation coefficient ri2of the linear fit of 0.9793. The Freundlich constants K and n; were
calculated and are depicted in Table 5.6.

These data show that the Freundlich isothermal model also fits the adsorption data
obtained from the concentration-dependent adsorption studies. The Freundlich constant n; is
higher than one. This indicates that with increasing surface density the adsorbent-adsorbate

interactions decrease.

Table 5.6: Characteristic Freundlich constants calculated from the linear fit of the Freundlich isotherm.

constant description value

Ke Freundlich constant related to 21
[mg*™"g*L"]  the adsorption capacity

ng Freundlich constant related to 1.6
the adsorption intensity

re correlation factor of the linear fit 0.9793

Comparison of both isothermal models
Summarizing, the adsorption data fit both the Langmuir and the Freundlich isothermal model.

The maximum adsorption capacity calculated with the Langmuir model (Q, =100 mgg™?)
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should be handled with care, as the Langmuir model is based on the assumption that a
saturation can be observed for high concentrations. This, however, is not true for the
Freundlich isotherm. Nevertheless, it can be stated that the adsorption of rhodamine B from
solution onto hydrogels of 4 is favorable, but that the adsorbent-adsorbate interactions
decrease with increasing surface density. Therefore, a less favorable adsorption is expected for

high concentrations.

5.2.2.3 Adsorption kinetics
The investigation of the adsorption kinetics is important, as the kinetics determines the uptake
rate of the dissolved guest molecule. Therefore, it influences the residence time that is
required for the completion of the adsorption reaction. If a suitable model is found for the
adsorption kinetics, it furthermore can help to predict the equilibrium adsorption capacity for
not-tested initial concentrations. Therefore a good understanding of the kinetics is important
for applications, such as waste water treatment and adsorption and delivery of drug
molecules.

The different kinetic models are either adsorption reaction models (based on chemical

31 The two most

reaction kinetics) or adsorption diffusion models (based on diffusion kinetics).
used models to describe liquid-solid adsorption are based on adsorption reaction models and
will be presented in more detail in the following: the pseudo 1% order and the pseudo 2™ order
model.>”* When dealing with pseudo kinetic models the reaction rate is calculated on basis of

|II

the adsorption capacity, while “real” or non-pseudo kinetics are based on the concentration of
the solution.

Pseudo first order kinetics
The pseudo 1% order kinetic model or Lagergren-plot was the first pseudo kinetic model that
has been developed.*”® The model can be mathematically expressed in a linear form as shown

in the following equation:

.t
2.303

with ge being the equilibrium adsorption capacity in [mg g*], g: the adsorption capacity at time

(5.10)

log(q. - q,)=log(q.)

t in [mg g1, K’ the rate constant for pseudo 1° order adsorption in [h], and t the time in
hours [h]. The boundary conditions for this equation aret=0tot =t. and g; = 0 to g; = Q..

This linearized pseudo 1* order equation clearly shows that the equilibrium adsorption
capacity g. must be known before the equation can be solved. The equilibrium adsorption
capacity can either be extrapolated from experimental data for t versus infinite, or be
evaluated by a trial and error process.”® For the adsorption study shown here the equilibrium

adsorption capacity was chosen to be equal to the adsorption capacity after ten days, as at this
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time the equilibrium state should have been reached. When the analyzed data are not
measured at the equilibrium, the pseudo 1* order kinetic model fails, as many examples in the

372 Furthermore, it has to be noted that the pseudo 1* order model is not valid

literature show.
for the whole range of adsorption. As the reaction rate changes with time, there is no linear
dependence of the adsorption capacity on the reaction time during the whole adsorption
process. Therefore, the model is limited to intervals of the reaction time. The data presented
here are limited to the first 72 h of the experiment, as with increasing time adsorption
becomes less favorable and is thus slower. The chosen limitation of the experimental data
might lead to an underestimation of the calculated adsorption capacities in equilibrium qes,
even when the data can be fitted linearly with a high correlation coefficient r,>. The graphical

presentation of the pseudo 1% order kinetic model of the time-dependent adsorption of

rhodamine B onto hydrogels of 4 is shown in Figure 5.14.
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Figure 5.14: Plot of the pseudo 1% order kinetic data for the first 72 h of the adsorption experiment with
increasing initial rhodamine B concentrations.

From the slope of the curves the rate constant K’ can be derived. The intercept gives the
calculated value for the adsorption capacity in equilibrium ge;. The results of all six initial
rhodamine B concentrations with the correlation coefficient of the linear fit r,> are given in
Table 5.7. The high correlation coefficient for all tested dye concentrations (r;> close to one)
shows that a linear fit of the data is reasonable. The average value of all six calculated rate
constants K’ is 0.030 + 0.003 h™'. The small value of the standard deviation clearly shows that
the adsorption rates are in the same range for all six different initial rhodamine B

concentrations. This indicates that the kinetics of the adsorption process is independent of the
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amount of dye in solution. Unfortunately, the calculated q.; values underestimate the
experimental data, especially for high initial rhodamine B concentrations. Thus, the pseudo 1*
order kinetic model is not suitable to describe the data set obtained by the adsorption study of

rhodamine B from aqueous solutions onto hydrogels of 4.

Table 5.7: Results of the pseudo 1% order kinetic model with the rate constant for adsorption K’, the
calculated value for the adsorption capacity at equilibrium ge;, and the correlation coefficient of the
linear fit r;” in dependence on the initial molar ratio of dye to gelator. For comparison reasons the
absolute adsorption capacities derived from the adsorption experiments after ten days q. are
additionally displayed.

initial molar ratio K* Oe1 2 de

dye/gelator [eq.] [h] [mgg™] " [mg g™
0.200 0.032 75.9 0.9895 855+1.5
0.100 0.030 47.4 0.9819 53.7+0.9
0.050 0.026 28.9 0.9798 32.5+0.5
0.020 0.027 12.1 0.9828 13.2+0.1
0.010 0.030 6.3 0.9855 6.9+0.1
0.005 0.035 3.7 0.9649 3.6+0.2

? experimental results from chapter 5.2.2.1, table 5.2.

Pseudo second order kinetics
For the pseudo 2™ order kinetic model no parameters must be known beforehand. Thus, good
results can be obtained for many different applications.®” The model is based on the
assumption that chemical adsorption is the rate limiting step and that adsorption can occur
onto two different adsorption sites at the surface. It might be envisioned that one of these
adsorption sites is a carboxylic acid group of the gelator 4 at the surface of the hydrogel fibers
(type 1), while the second type of adsorption site (type ll) might be another rhodamine B
molecule that is already bound to the gel via a type | adsorption site. As the mathematical
description of this situation is very complex, the differential equation of the pseudo 2" order
kinetic model can be solved by five different linearized forms.”’® The most used type of

linearization was firstly presented by Ho (see equation 5.11).27828%372

t 1 1
q—:W‘Fq—'t (5.11)
t 2 e2

with t being the time in [h], g the adsorption capacity at time t in [mg g™], K"’ the rate constant

for pseudo 2™ order adsorption in [g mg” h™], and ge;, the calculated adsorption capacity from

the pseudo 2™ order model in [mg g™].
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The initial adsorption rate h for g/t > 0in [mg g™ h™] can be calculated using equation 5.12.
h=K" qi (5.12)

This linearized form was used to investigate the kinetic data obtained in the study presented

here, as in the literature it has been proved to give reliable predictions for the calculated

374

adsorption capacities ge,,”’® to be independent of the underlying adsorption mechanism,*”* to

be usually valid for the whole range of the adsorption kinetics,>’> and to be suitable for many
different adsorption systems, such as activated carbon, brown seaweed, wood, peat, and

25,278,284-286,372

hydrogel-clay nanocomposites. The graphical presentation of equation 5.11 for

the different initial rhodamine B concentrations is presented in Figure 5.15.
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Figure 5.15: Plot of the pseudo 2" order kinetic data of the adsorption experiment with increasing initial
rhodamine B concentrations.

With increasing initial rhodamine B concentration the slope of the respective linear fit
decreases and the value for the intercept increases. While the slope of the graphs gives the
reciprocal calculated value for the adsorption capacity in equilibrium qe,, the rate constant for
the pseudo 2" order model can be calculated using the intercept and the calculated value for
ge2- The reciprocal value of the intercept gives the respective initial adsorption rate h for the
different initial rhodamine B concentrations. The characteristic values for the pseudo 2" order
model K”, ge2, h, and the correlation coefficients r,” of the linear fits are given in Table 5.8 for
the different initial rhodamine B concentrations.

As the correlation coefficient r,” is close to one for all tested rhodamine B concentrations,

the linear fit of the data according to the pseudo 2™ order kinetic model is reasonable. The
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correlation coefficients are even higher than the correlation coefficients r,> obtained from the
fits of the pseudo 1% order model. The determined ge., values slightly overestimate the
experimental determined values in equilibrium. This deviation could be due to rounding errors

and the linearization of the differential kinetic equation.

Table 5.8: Results of the pseudo 2" order kinetic model with the rate constant for adsorption K”, the
calculated value for the adsorption capacity at equilibrium qe,, the initial adsorption rate h, and the
correlation coefficient of the linear fit r,> in dependence of the initial molar ratio of dye to gelator. For
comparison reasons the absolute adsorption capacities derived from the adsorption experiments after
ten days g, are additionally displayed.

initial molar ratio K Je2 h 2 Qe

dye/gelator[eq.]  [gmg’h™]  [mgg’]l  [mgg'h] 2 [mgg™T’
0.200 0.0008 90.1 6.9 0.9995 855+1.5
0.100 0.0013 56.8 4.2 0.9991 53.7+0.9
0.050 0.0017 34.5 2.1 0.9989 32.5+0.5
0.020 0.0032 144 0.7 0.9987 13.2+0.1
0.010 0.0089 7.4 0.5 0.9987 6.9+0.1
0.005 0.0114 4.0 0.2 0.9970 3.6+0.2

? experimental results from chapter 5.2.2.1, table 5.2.

It is known from the literature that the adsorption rate of the pseudo 2™ order model K”
depends on the initial dye concentration.’””> An increase of the value for K" with decreasing
initial rhodamine B concentration is also observed for the data set presented here. In
consequence, the initial adsorption rate h is also dependent on the initial dye concentration.
Both adsorption rates are very slow compared to adsorption rates given in the literature, as
their values are both given in dependence of the time in hours. In the literature the adsorption
rates of the pseudo 1% as well as for the pseudo 2™ order model are usually given in

. 278,279,284,2 72
minutes,?’8279:284.2853

This clearly shows that adsorption and hence loading of the gels of 4
with rhodamine B is very slow and needs rather days than hours or minutes. Thus, for the
loading of the gels no “flow through” process, but only a “fixed bed” system can be used to
achieve complete loading of the sample. Nevertheless, it has to be noted here that most of the
adsorption takes place within the first 24 h. So if no equilibrium of adsorption is needed the
loading of the gel with sufficient high amounts of rhodamine B can be achieved in 24 h or less.
Comparison of both pseudo kinetic models
At a first glance it seems that the pseudo 1% as well as the pseudo 2™ kinetic model can be

applied, as the correlation coefficients of both are close to one. While the pseudo 1* order

model underestimates the adsorption capacities in equilibrium especially for high initial
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rhodamine B concentrations, the pseudo 2" order model slightly overestimates them.
However, the pseudo 2" order fits the experimental data better than the pseudo 1% order
model, as the correlation coefficients of the linear fits are closer to one and the calculated
adsorption capacities in equilibrium describe the experimental values better than the pseudo
1" order model. The more favorable pseudo 2" order kinetic model indicates that
chemisorption, i.e. the adsorption step of the dye rhodamine B onto hydrogels of 4, is the rate

23703712 Thys, the adsorption rate should be related to the number of

controlling step.
adsorption sites on the surface of the hydrogel, while film diffusion and intraparticle diffusion
processes should play a minor role.”® Furthermore, a very stable complex between the
rhodamine B and the gelator 4 should be formed. The adsorption rates K” and h are
dependent on the initial rhodamine B concentration and are in general very low. This slow
adsorption indicates that during chemisorption, which is considered to be the rate limiting
step, a stable dye-gelator complex is formed. Unfortunately, this hinders a fast and efficient
loading of the gel of 4 with rhodamine B. As the interactions between adsorbent and
adsorbate strongly influence the adsorption kinetics as well as the stability of the formed
complex, these finding are only valid for adsorption of rhodamine B onto hydrogels of 4, and
not for other dyes or small molecules.

In the following, the stability of the rhodamine B-gelator complex formed during adsorption
is investigated regarding the temperature of the surrounding accepting media. Furthermore,

another loading method, i.e. gelation in the presence of the dye, and the subsequent release

behavior of the dye is presented in detail in chapter 5.3.

5.2.3 Thermal stability of adsorbed dye-gel systems

To test the thermal stability of the dye-gelator complex after adsorption the release of
rhodamine B in water at r. t. and 40 °C was investigated.

For these experiments hydrogel samples of 4 were prepared as described above, with
10 g L™ of gelator sodium salt 4Na, 4 eq. of GdL in respect to the molar amount of 4Na and a
volume of 0.12 mL, and subsequently washed. Rhodamine B solutions with an initial
concentration of 0.05 eq. in respect to the molar amount of gelator 4 in a gel sample were
prepared by dilution of a stock solution. The washed gels were each put in 5mL of the
rhodamine B solution and left to stand at r. t. for 10 days. As already shown in Table 5.2
(chapter 5.2.2.1) the adsorption capacity and decolorization efficiency after 10 days were
32.5 mg g and 83 %, respectively.

Afterwards, each loaded gel sample was transferred to 5mL of desalted water,

respectively, and either left to stand at r. t. or 40 °C. Each experiment was performed in
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triplicate to get an average value for the residual adsorbed amount of rhodamine B in the gel.
The UV-Vis spectra measured at distinct times were treated as described above (chapter
5.2.1.3), to get the cumulative amount of released rhodamine B in dependence of the amount

of the gelator (cumulative release in [mg g']; Figure 5.16).
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Figure 5.16: a) Cumulative release of rhodamine B from a hydrogel of 4 loaded by adsorption (initial dye
concentration: 0.05 eq., adsorption time: 10 days) in water at r.t. (black squares) and at 40 °C (red

squares); b) The optical images show the slight color increase of the accepting media with increasing
time.

O

The cumulative release of rhodamine B versus the time can be described as the desorption
curve and the initial slope represents the desorption rate. A qualitative analysis reveals that
the dye is released much faster from gel samples stored at 40 °C compared to the samples at

r.t.. While the data points for the experiment at 40 °C already reach a saturation value after
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approximately 24 h, the control study at r. t. reaches a plateau only after 72 h.This indicates
that desorption rates increase with increasing temperatures. The fluctuation of the values for
samples stored at 40 °C is larger than the standard deviation of the average of the three
samples that were measured. These fluctuations lead to values of the cumulative release that
decrease and increase again. However, this should be impossible by using the above described
experimental set up, where the removed solution for the UV-Vis measurements is put back to
the sample afterwards. A possible explanation might lie in the fact that the samples were
removed from the heated water bath for the spectroscopic investigation. Although the
absorbance spectra should not be influenced by the temperature, the dye adsorption and
desorption is an equilibrium reaction and therefore temperature-dependent. Thus, the exact
temperature of the accepting media at which the sample for the UV-Vis measurement was
taken might influence the results. Nevertheless, these fluctuations are still small compared to
the total amount of released rhodamine B.

The experiments for both temperatures give saturation values for the cumulative release in
the same range, about 3.4 + 0.1 mg g™ for the samples at r. t. and about 2.9 + 0.1 mg g* for the
samples at 40 °C. It has to be noted that at the end of the adsorption process the fluid phase of
the gel also contains dissolved rhodamine B molecules. Thus, the concentration of dissolved
dye in the gel at the beginning of this release experiment should be the same as the
concentration of the supernatant solution in the adsorption process after 10 days. Using this
consideration, the amount can be calculated. In relation to the amount of the gelator in the
gel, it is about 0.15 mg g™. This is in the same order of magnitude as the standard deviation of
the cumulative release and therefore can be neglected.

Remarkably, only 9 % or less of the initially adsorbed amount of rhodamine B are released,
independent of the temperature of the accepting media. These results further support the
thesis that during the adsorption process a very stable complex between the dye and the
gelator is formed. The ability of the gel to form stable complexes with guest molecules even
above body temperature is promising for controlled drug delivery applications. In the literature
for adsorbed drug molecules often a “burst release” is described, which means that most of
the loaded drug molecules are released within the first minutes of the experiment.®’®

Summarizing, it can be stated that the dye-gelator-complex formed during adsorption is
very stable with over 90 % of the adsorbed dye remaining in the gel even at elevated
temperatures. The release kinetics can be enhanced by increasing the temperature of the
accepting media, while there is no influence on the cumulative released amount. Due to this

stability of the dye-gel-system, the release of the adsorbed dye can probably only be triggered
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by dissolution of the gel via change of the pH value. This might be interesting for the controlled
release of adsorbed drugs in the gastrointestinal tract with its different pH values.

Altogether, hydrogels of 4 show a high adsorption potential even at low rhodamine B
concentrations, and the formed host guest complexes are very stable regarding the release at
different temperatures of the accepting media. To overcome the disadvantage of the slow
adsorption within days, in the following, a study is presented that uses a different loading
method, i. e. the in situ adsorption and encapsulation, accomplished by gel formation in the

presence of the dye rhodamine B.

5.3 Hydrogel formation in the presence of rhodamine B with in situ
adsorption

Although hydrogels of 4 exhibited a high adsorption potential towards the dye rhodamine B in
the concentration- and time-dependent studies, the adsorption kinetics were very slow. Thus,
the maximum adsorption capacity for the different tested concentrations was only reached
after days. This time-consuming adsorption might be a disadvantage when trying to use this
hydrogel system in controlled drug delivery applications. For industrial uses the loading of the
gel should be achieved in a very simple and fast process with high loading capacities and a low
excess of guest molecules.

A common loading approach of responsive supramolecular hydrogels is the hydrogel

70,80,115,116,129,241,288,305,306
DI AS AL 88T Thus, the guest

formation in presence of a specific guest molecule.
molecules are not only adsorbed at the surface of the gel, but can also be entrapped in smaller
voids and pores of the gel or between gel fibers. This should lead to higher loading capacities
compared to the adsorption capacities of preformed hydrogels. Moreover, the loading of the
gel can be achieved as fast as the gelation of the gel.

In this chapter, the hydrogel formation of gels of 4 in presence of different amounts of the
model compound rhodamine B is investigated. The loading capacities in dependence of the
initial dye concentration were determined by studying the time-dependent release behavior of
loaded gels in desalted water. The kinetic data were fitted in accord with the generalized
Fickian diffusion model. Furthermore, the release behavior of gels, formed in the presence of

dye, was determined in biologically relevant media, such as phosphate buffered saline (PBS),

simulated body fluid (SBF), simulated gastric fluid (SGF), and simulated intestinal fluid (SIF).
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5.3.1 Sample preparation and experimental set up

It is known from the literature that the release behavior is influenced by many experimental
parameters such as the mesh size of the network, the ratio of the hydrogel surface to the
volume of the gel as well as to the volume of the accepting media, and the interactions
between the hydrogel matrix and the dye molecules.®® To be able to understand the obtained
results from the release studies, it is important to keep all experimental parameters but one
constant. Figure 5.17 gives a schematic overview of the release process and the used technical

terms and variables.

mass ratio of dye amount in gel

fort=tyand t=t,
> loading efficiency I, [%]
ratio of still encapsulated and adsorbed dye released amount
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Figure 5.17: Schematic representation of the release process.

In the following, the preparation of well defined gel samples in presence of different amounts
of rhodamine B yielding gel samples with encapsulated and in situ adsorbed amounts of the
dye as well as the experimental concept and set up for the release studies are presented in

detail.

5.3.1.1 Preparation of defined hydrogel samples in presence of distinct amounts of
rhodamine B

The preparation of the hydrogels for the experiments evaluating the release behavior was

performed similar to the one used in the adsorption studies, except that rhodamine B was

present in the gelator solution before gel formation was started. The amount of rhodamine B

in a gel sample is usually given as equivalents (eq.) to the molar amount of gelator molecules

present in the gel sample with a concentration of 10 g L' of 4Na and a volume of 0.12 mL. As



144 5 Dye adsorption and release studies

these amounts were so small that they could not be weighed in without a massive
experimental error, a dilution series of rhodamine B solutions with distinct concentrations was
prepared. Please note that when preparing the gel samples, the respective rhodamine B
solutions had higher concentrations (g L") than the solutions used for the adsorption studies,
although they have the same molar ratio of dye to gelator (eq.). This is due to the fact that for
the supernatant solutions used in the adsorption studies the respective amount of rhodamine
B was dissolved in 5 mL of desalted water, while in the release studies the same amount of
rhodamine B was dissolved in 0.12 mL (the volume of one gel sample). Therefore, the
concentrations of the solutions used to prepare the gels loaded with rhodamine B are much
higher than the solutions with the same equivalents used for the adsorption experiments. The

concentrations of the used rhodamine B solutions are given in Table 5.9.

Table 5.9: Concentrations of the rhodamine B solutions used for the preparation of hydrogels with
encapsulated and in situ adsorbed dye for the release studies.

initial molar ratio c(dye) initial weight
dye/gelator [eq.]* [g L] dye/gelator [mg g'J?

1.00 7.56207 756

0.50 3.78103 378

0.40 3.02483 302

0.30 2.26862 227

0.20 1.51241 151

0.10 0.75621 76

0.05 0.37810 38

? assuming a gelator (4Na) concentration of 10 g L™ at a gel volume of 0.12 mL,
which are the usual testing conditions for the concentration dependent release
studies.

To these aqueous dye solutions the gelator sodium salt 4Na and glucono-delta-lactone (GdL)
were added (Figure 5.18). All hydrogels were prepared with a concentration of 10 g L™ of 4Na
and 4 eq. of GdL in respect to the molar amount of the gelator sodium salt. The dye solution
with the gelator and GdL was then transferred to the wells of the PDMS-mold that were also

used for the preparation of the hydrogels for the adsorption experiments (chapter 5.2.1.2).
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Figure 5.18: Preparation of defined gel samples in presence of rhodamine B as guest molecule: a)
Preparation of solutions with different rhodamine B concentrations; b) Addition of the gelator sodium
salt 4Na, which resulted in a change of color of the solution; c) Addition of the glucono-delta-lactone
(GdL) to decrease the pH value; d) Filling of the wells of the PDMS-mold with 0.12 mL of the dye solution
with 4Na and GdL; e) Gel formation overnight; f) Transfer of each hydrogel into 5 mL of the accepting
media.

Each well was filled with 0.12 mL and left to stand at r. t. overnight. After the gel formation
was completed the hydrogels were transferred into 5mL of the accepting solution,
respectively. In contrast to the gel samples prepared for the adsorption studies, no washing
steps to remove the sodium gluconate were applied for hydrogels prepared in the presence of
dye, as this procedure would already have initiated the release of rhodamine B. By using
hydrogel samples, prepared as described above, with a constant volume and shape as well as a
constant volume of the accepting solution of 5 mL, the surface to volume ratio is kept constant
for all experiments. Thus, the influence of the initial rhodamine B concentration in the gel on
the release of dye in desalted water and the influence of the type of the accepting media at a
constant initial rhodamine B concentration can be investigated.*

Interestingly, upon addition of the gelator sodium salt to the rhodamine B solutions, a
change of color could be observed (Figure 5.19). This change of color corresponds to a red shift

of the absorbance maximum from 553 nm without 4Na to 558 nm with 4Na.

'The findings of these experiments can be found in chapter 5.3.2 and chapter 5.5, respectively.
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Figure 5.19: a) Rhodamine B solutions for the release studies with a concentration of 0.378 gL™
(0.05 eq.). Left: without the gelator sodium salt 4Na; and right: with a concentration of 10 g L™ of 4Na;
b) Absorbance spectra of the rhodamine B solutions shown in a) without (black line) and with 10 g L of
4Na (red line).

It is known from the literature that the solvent plays a crucial role on the molecular structure
of rhodamine B in solution and thus its absorbance spectrum. Not only the pH value of the
solvent can change the conformation of the rhodamine B structure, but also the dye
concentration as well as the viscosity, polarity, and polarizability of the solvent. Depending on
these factors rhodamine B can adopt three different structures, a lactone form in aprotic

solvents and a zwitterionic or a cationic form in protic solvents, such as water (Scheme 5.2).>”
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Scheme 5.2: Molecular structures of rhodamine B.

While the zwitterionic structure has its absorbance maximum at 552.5 nm, and is present in
aqueous solutions with a pH value above 3.1, the cationic form shows the highest optical
density around 557 nm and is present below pH values of 3.1.2”*? Due to the shift of the
absorbance maxima upon addition of the gelator sodium salt 4Na to the rhodamine B solution,
it might be assumed that the structure of rhodamine B changes from the zwitterionic to the
cationic form. As an aqueous gelator sodium solution itself is rather alkaline than acidic and
has its pK, value around 6.2, it is not reasonable to assume that the structural change results
from the pH value and the formation of a cationic structure of rhodamine B. It is therefore

suspected that either the sodium ions act as a bridge between the carboxylates of the gelator



5 Dye adsorption and release studies 147

sodium salt 4Na and the carboxylate moieties of the zwitterionic rhodamine B or more likely
that the carboxylate groups of 4Na interact with the positively charged amino moieties of the
rhodamine B via electrostatic forces. Thus, the change of color and the red shift in the
adsorption spectra ought to be induced by a complex formation between 4Na and rhodamine
B and the electrostatic interactions between those two molecules. For the dye methylene blue
a blue shift of the absorbance spectra was observed upon combined release with a
tetrapeptide-based hydrogelator, which was also explained by strong interactions between the
dye and the gelator resulting in complex formation.®

Upon gelation, the color of the rhodamine B, that is encapsulated in the gels, changes back
to its original color. Due to hydrolysis of the GdL and the formation of protons in the solution,
the sodium carboxylate moieties of the gelator 4Na get protonated below a pH value of 6.2 to
form the gelator 4. Thus, the complex between the gelator sodium salt 4Na and the rhodamine
B is destroyed as the salt 4Na is changed to the uncharged molecule 4. At complete hydrolysis
of GdL a final pH of around 4 is reached in the gel. This pH value is still above the pK, value of
rhodamine B, so that no formation of the cationic species is observed. Thus, the rhodamine B
molecules released from the gels in desalted water are still in their zwitterionic form and have
an absorption maximum at 553 nm. Therefore, the calibration curve developed for the
adsorption experiments is also valid for the concentration-dependent release studies into

desalted water.

5.3.1.2 Influence of the rhodamine B concentration on gel formation

Although the complex formation of the sodium salt 4Na with rhodamine B does not
completely prevent the gel formation, the rhodamine B content in the solution influences the
mechanical stability of the formed aggregates. A visual inspection of the gel samples suggested
that with increasing rhodamine B content in the initial solution the mechanical stability

decreases (Figure 5.20).
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Figure 5.20: Optical images of gels prepared with 10gL" of 4Na and 4 eq. of GdL in presence of
different amount of rhodamine B after 8 days in desalted water.
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Stable gels are formed in the presence of rhodamine B, only if the initial dye concentration is
0.50 eq. (c = 3.78103 g L™) or lower. This correlates to a molecular ratio of one dye molecule to
two gelator molecules. Above an initial dye concentration of 0.50 eq. the formed gels are
either destroyed at the attempt to remove them from the wells (0.60 eq.) or no gel formation
occurs but only the formation of a red precipitate (0.80 eq. and 1.0 eq.).

This influence of the initial rhodamine B concentration on the mechanical stability of the gel
samples indicates that strong non-covalent interactions, such as m-m-stacking between the
aromatic moieties and hydrogen bonding between the carboxylic acid moieties, are present
between the gelator 4 and the dye. The change of mechanical stability upon encapsulation of
guest molecules during gelation is known in the literature. It was suggested that the guest
molecules act as impurities within the fibrillar structures that can either enhance or weaken
the supramolecular interactions between the gelator molecules.''**® This leads to the
conclusion that rhodamine B molecules are not only adsorbed on the surface of the fibers, but
are also incorporated in between fibers and in the columnar stacks formed by the gelator.

Due to the instability of hydrogels formed in the presence of rhodamine B concentrations
higher than 0.50 eq. (c = 3.78103 g L™), release studies were performed with hydrogels loaded
with 0.05 eq. 0.10 eq. 0.20 eq., 0.30 eq., 0.40 eq., and 0.50 eq. of rhodamine B.

5.3.1.3 Experimental concept and calculations
The hydrogels formed in the presence of different amounts of rhodamine B were put in 5 mL
of desalted water each and absorption spectra of the accepting solutions were recorded after
1.5h, 3h, 6h, 24 h, 48h, 72 h, and 240 h. The spectra were processed similar to the data
obtained from the adsorption studies and the average maximum intensity at 553 nm of three
individually performed experiments was calculated. Using the calibration curve developed in
chapter 5.2.1.1, the rhodamine B concentration of the accepting solution in gL at time t
(cso(t) = [g L) can be obtained (equation 5.2, chapter 5.2.1.3). From this and from the fact
that the volume of the accepting media is known to be 5mL for all performed release
experiments, the amount of rhodamine B in the solution in mg (ms(t) =[mg]) can be
calculated (equation 5.3, chapter 5.2.1.3). The molar amount of rhodamine B in solution
(nsoi(t) = [mol]) is consequently calculated by dividing the mass of rhodamine B in the
supernatant solution by the molar mass of rhodamine B (M = 479.02 g mol™).

In the literature the cumulative release at time t (M,o(t) = [mg g™1) is usually given in mg of
dye per gram of gelator. As the mass of the gelator sodium salt in one gel sample is known to

be 1.2 mg the cumulative release at t (M.e(t) = [mg g"]) can be calculated using equation 5.13.
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M, (1) =Tt

- m,,(4Na) 513

The initially encapsulated amount of rhodamine B (m(ty) = [mg]) is known to be 0.4537 mg,
0.3630 mg, 0.2722 mg, 0.1815 mg, 0.0907 mg, and 0.0454 mg for 0.50 eq., 0.40 eq., 0.30 eq.,
0.02 eq., 0.01 eq., and 0.05 eq., respectively.

Therefore, the encapsulated amount of rhodamine B at time t (Mencaps(t) = [Mg]) can be
calculated for a distinct initial dye concentration by equation 5.14. This amount gives the mass

of rhodamine B that is still present in the gel after a certain time t.

mmcaps(t): m(tO)_msol(t) (5.14)

For comparison purposes the encapsulated amount of dye after a certain time t is often

expressed in mg of dye remaining encapsulated in the gel at time t per gram of gelator

(Mencaps(t) = [mg gl])

-3

The loading efficiency I(t) for a specific initial dye concentration in percent gives the relative

(5.15)

amount of encapsulated dye at a time t in relation to the initially encapsulated amount m(ty).

Often only the loading efficiency at the equilibrium state with t = t. is presented (l¢).

Mt
)

Similar concentration dependent release studies were performed in the bachelor thesis of

(5.16)

Noah Al Nakeeb using high-performance liquid chromatography (HPLC) as analytical tool to

detect the amount of rhodamine B present in the supernatant solutions.*®

Although the
analysis with HPLC is experimentally less elaborate, the method underestimates the released
amounts of rhodamine B in solutions and is thus less sensitive at low rhodamine B
concentrations than UV-Vis spectroscopy. Nevertheless, the obtained results showed the same

trends as the results presented here.

5.3.2 Release of rhodamine B in water atr. t.

The release behavior of hydrogels of 4 prepared in the presence of six different rhodamine B
concentrations was investigated dependent on the initial dye concentration and the time. The
cumulative release as well as the loading efficiency after ten days was determined in
dependence of the initial dye concentration and the generalized Fickian diffusion model was

used to analyze the kinetic data. Furthermore, the subsequent release in water after the
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equilibrium is reached after ten days is investigated by complete exchange of the accepting

media.

5.3.2.1 Release behavior at different initial rhodamine B concentrations in water

The hydrogels prepared in presence of rhodamine B had a dye content of 0.50 eq. (378 mg g?),
0.40eq. (302mgg™), 0.30eq. (227 mgg’), 0.20eq. (151 mgg™), 0.10eq. (76 mgg™), and
0.05 eq. (38 mg g?), respectively and were each put in 5 mL of desalted water as accepting
media at r. t.. From the UV-Vis absorbance spectra of the supernatant solution the cumulative
release was calculated as described above. The cumulative release for all six different
concentrations is plotted versus the time in Figure 5.21.

Figure 5.21 clearly shows that for all concentrations the amount of rhodamine B in the
solution increases with increasing time, showing a saturation effect after ten days. This
indicates that at the end of the experiment the equilibrium of desorption is reached.
Interestingly, the cumulative release after ten days is still very low compared to the initial
amount of encapsulated dye. This means that most of the dye content is not released in

desalted water, but is strongly bound to the gel fibers or encapsulated within the gel structure.
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Figure 5.21: Cumulative release M, versus time of hydrogels loaded with different initial amounts of
rhodamine B during gelation and the respective loading efficiency at equilibrium I, after 10 days.

The data for the cumulative release, the encapsulated amount of dye, and the loading

efficiency after 10 days (in equilibrium state) are given in Table 5.10.
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Table 5.10: Cumulative release M, and encapsulated amount Menc,ps Of rhodamine B as well as the
loading efficiency |, at the desorption equilibrium (after 10 days in desalted water) of hydrogels of 4
loaded with different initial amounts of rhodamine B.

initial molar ratio initial weight | cumulative release encapsulated amount loading efficiency
dye/gelator (dye/gelator) M,/(10 d) Mencaps(10 d) le
[eq.]’ [mg g”] [mgg™] [mg g”] [%]
0.50 378 114 +3 2643 70
0.40 302 87+3 215+3 71
0.30 227 59+3 168+ 3 74
0.20 151 27.0+£0.6 124.2 + 0.6 82
0.10 76 6.8+0.2 68.8+0.2 91
0.05 38 20+0.1 35.8+0.1 95

? calculated from a gelator (4Na) concentration of 10 g L™ at a gel volume of 0.12 mL, which are the usual
testing conditions for the concentration dependent release studies.

As expected, the cumulative release of dye in equilibrium increases with increasing initial
rhodamine B concentration. But also the encapsulated amounts increase, which means that by
loading the gel through gel formation in the presence of rhodamine B a very high dye
concentration can be reached in the gels even after washing them with desalted water. The
loading efficiency gives the relative amount of dye remaining encapsulated in the gel. With
increasing initial dye concentration the loading efficiency after ten days decreases. This means
that, although the absolute encapsulated amount of dye after ten days increases with initial
dye, it does not increase linearly. For small initial dye contents (< 0.10 eq.) over 90 % of the
rhodamine B is still attached to the gel after ten days in desalted water. However, for the
highest possible rhodamine B concentration in which stable gels could be formed, still 70 % of
the initial dye is bound to the gel. Thus, only an excess of dye of 30 % is needed to get an
encapsulated amount of 264 mgg™. This correlates to a molar ratio of dye and gelator of
0.35 eq. Thus, one dye molecule is bound by only three gelator molecules.

There are numerous examples in the literature where drug molecules, bioactive agents or
model compounds are encapsulated in a hydrogel scaffold and the release behavior is
investigated.or example see: 36,83,88,115-117,300,305,306 Tha most potent example is the encapsulation of
around 800 mgg™ of the dye 1-pyrenemethylamine by a pH-sensitive tripeptide-based
hydrogel. This dye concentration corresponds to a nearly equimolar ratio of dye and gelator.
While most publications show a proof of principle of the encapsulation of guest molecules,
only a few of these examples deal with the influence of the initial concentration of the guest

116,305

molecule on the encapsulation and release behavior. Depending on the interactions

between the guest and gelator molecules, with increasing guest molecule concentration the
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d**® or decreased.>® Friggeri et al.

released amount and the release rate can be either enhance
already showed in 2004 that the release behavior of quinoline derivatives, that are interesting
for their use as antimalarial and antileishmanial drugs, is mainly influenced by the interactions

between the gelator and the entrapped molecules.'*

In the study presented here, the
rhodamine B molecules weaken the gel network, as they seem to interact strongly with the
gelator molecules and disrupt the interactions between the gelator molecules.

The possibility to encapsulate guest molecules via a change of the pH value near neutral
conditions is promising for the further use of thermo-labile bioactive molecules or enzymes. In
the literature only a few pH-sensitive supramolecular hydrogelators have been proven to be
able to encapsulate’”® and also release guest molecules in a controlled manner.23%
Independent of the encapsulation method, many low molecular weight hydrogels release 50 %
or more of the encapsulated molecules into water within the first hours of the experiment
(“burst release”).>*¢78588117.129 A nantide-based hydrogel with encapsulated vitamin Bg and By,
showed release rates in plain water that were determined by the size of the bioactive
molecule and diffusion. Within the first three days 70 to 100 % of the respective vitamin were
released.®” A guanosine based hydrogel released 68 % of encapsulated rhodamine 6G even
within the first hours in water.’® Using supramolecular hydrogel capsules with a mechanical
toughness similar to that of polymer gels, hydrophilic dyes, such as fluorescein and rhodamine
110 were released completely after 60 min, while only 33 % of the hydrophobic dye pyrene
butyric acid were released.™? A ferrocenoyl phenylalanine-based hydrogelator releases 60 % of
the encapsulated model compounds methylene blue and rhodamine B within the first 12 h.>*

Summarizing, the release of only 5 to 30 % of the hydrophilic dye rhodamine B shown here
is very rare and highly interesting as it corresponds to loading capacities of 70 to 95 % even
after 10 days in water. The release behavior of a guest molecule can further be influenced by
the degradation of the gel.*”**’%”° Depending on the interactions between gelator and guest

molecules the release might be faster than or as fast as gel degradation.™ The release

behavior of hydrogels of 4 during gel degradation is addressed in chapter 5.5.

5.3.2.2 Release kinetics

In the literature there exist many different equations to describe the controlled release of a
drug. About 50 years ago Higuchi described the release of a drug from a thin ointment film in
the skin.?’® Despite the complex situation and many assumptions that had to be made to
describe the release conditions, the resulting equation was very simple. In combination with
Fick’s law of diffusion®’” this equation could be further developed to fit the conditions of drug
release from polymer films. Analogous to Higuchi, he described a one-dimensional drug

transport mechanism and found proportionality between the cumulative released amount of
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the drug and the square root of time (t*). Because of their mathematically simplicity, the
equations of Higuchi and Fick have been often misused to describe the release from polymers
that show swelling or dissolving behavior. Thus, a generalized expression of the Fickian

diffusion model was developed.?®*"

L=kt" (5.17)

where M, is the amount of released dye at time t in [mg], M, is the amount of released dye in
[mg] in equilibrium state, t is the time in [h], k is the rate constant relating to the properties of
the hydrogel matrix and the drug in [h™], and n is the dimensionless release exponent
characterizing the transport mechanism.®®

In this study, the data after 10 days are considered to be the equilibrium data. Due to the
boundary conditions, this equation is only valid for small times or for approximately the first

228837 0 the literature a peptide-saccharide based

60 % of the total drug release.
supramolecular hydrogel was used as carrier for controlled drug delivery that showed Fickian
diffusion behavior in the first two hours of the experiments, but slower release thereafter.® It
was assumed that the diffusion of drug molecules from deeper inside the gel medium needed
more time for the release or that hydrophobic interactions between the drug and the gel
matrix slowed the release after two hours. Therefore, it is important to choose a reasonable
time range for the calculations performed according to the Fickian model.

The double logarithmic presentation of equation 5.17 should give a linear correlation
between log(My/M.) and log(t), as shown in Figure 5.22. As time ranget=1.5h to t =24 h was
chosen. The intercept gives the logarithm of the rate constant k, while the slope gives the
release exponent n. The initial dye concentration should not influence k or n, as the rates of

16 The values

diffusion-controlled release only depends on the solute concentration difference.
for k and n as well as the correlation coefficients of the linear fits R* for all investigated initial
rhodamine B concentrations are given in Table 5.11. Due to the scattering of the data points in
the data sets for the different initial rhodamine B concentrations, the correlation coefficients
R? differ between 0.9413 and 0.9901. Despite these deviations, the correlation coefficients are

sufficiently high to state that the linear fits are reasonable.
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Figure 5.22: Double logarithmic presentation of the release kinetics of different amounts of
encapsulated rhodamine B from hydrogels of 4 in accordance with the generalized Fickian diffusion
model within the given time range of t=1.5htot=24h.

Although the initial dye concentration should not influence the values for k and n, Table 5.11
shows that the value for the rate constant k and the release exponent n vary between 0.13 h™*
and 0.22 h™ and 0.40 and 0.52, respectively. Interestingly, the deviations of both constants are
related, as the higher the k value, the lower the value for n. The average of both values gives

k=0.17 +0.03 h* and n = 0.48 + 0.04.

Table 5.11: Release characteristics of encapsulated rhodamine B from hydrogels of 4 with different
initial dye concentrations according to the generalized Fickian model.

dvelgeimorte) | I " ¥
0.50 0.17 0.48 0.9663
0.40 0.18 0.47 0.9567
0.30 0.16 0.50 0.9582
0.20 0.13 0.52 0.9413
0.10 0.22 0.40 0.9901
0.05 0.18 0.52 0.9879
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As already mentioned above, most release studies with low molecular weight hydrogelators
found an enhanced release of the encapsulated molecules within a few hours. Therefore,

usually higher values for the rate constant k are reported and thus given in min™.2>?%36858 T

e
slow release of rhodamine B in case of hydrogels of 4 might be due to two different reasons.
Either, it indicates that there is a strong interaction between the gelator and the dye
molecules, or that hydrogels of 4 are composed of a dense 3D-network with small pores, so
that the dye molecules that should be released from the network need to diffuse in a more zig-
zag like way.™®

The release exponent n gives information about the transport mechanism depending on
the geometry of the used release matrix. For the polymer films described by Fick the transport
is in accordance with the Fickian model, i. e. unhindered diffusion, if n <0.5. It is anomalous or
non-Fickian if n>0.5, and if n=1 it is a relaxation controlled transport (Case Il). In the
literature most release data of small guest molecules from supramolecular hydrogels are
investigated by this classification.?>®#>#811¢ peppas and co-workers transferred this principle
of the transport mechanism to other matrix geometries, such as cylinders and spheres.?®*”®

As the hydrogel samples used here are rather cylindrical than film-like or spherical, the

following assignment for n is valid:

n<0.45 Fickian diffusion
n>0.45  Anomalous or non-Fickian transport

n=0.85 Case Il (relaxation controlled transport)

With the average value and standard deviation of n being 0.48 + 0.04, it can be stated that the
release of rhodamine B from hydrogels of 4 is in accordance with the Fickian model in the
given time range for a cylindric geometry. Thus, the release of the dye is purely diffusion
controlled. In combination with the fact that the majority of the initial encapsulated amount of
rhodamine B is still in the gel after ten days, this suggests that only the rhodamine B molecules
that are dissolved in the aqueous phase of the gel and do not interact with the gel fibers are

released.

5.3.2.3 Anew release in water after reaching the equilibrium state after ten days

As shown previously, the cumulative release of encapsulated rhodamine B from hydrogels of 4
reaches a saturation value after ten days in desalted water at r. t.. This saturation is considered
to be the equilibrium state. To test if this release is due to dissolved dye molecules in the
aqueous phase of the hydrogel that do not interact with the gel matrix or if also dye molecules
that are adsorbed at the surface of the hydrogel are dissolved and released from the gel, the

following experiment was carried out. Analogous to the previously performed release studies,
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a hydrogel of 4 was prepared in the presence of 0.05 eq. (38 mg g*) of rhodamine B. This initial
rhodamine B concentration was chosen exemplarily as it was also used to test the stability of
the hydrogel loaded via adsorption (chapter 5.2.5). After monitoring the cumulative release at
r.t.after2 h,4h,6h,24 h,48 h, 72 h, and 240 h in desalted water (first release sequence), the
accepting media was completely exchanged by 5 mL of fresh desalted water, and again the
release behavior was monitored (second release sequence). The experiment was performed in
triplicate to obtain an average value and a standard deviation for the cumulative release and
the loading efficiency. The UV-Vis spectroscopic measurements and calculations were carried
out as described above. The cumulative release in dependence of the time and optical images

of a sample are presented in Figure 5.23.
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Figure 5.23: a) Cumulative release of a hydrogel of 4, loaded with 0.05 eq. of rhodamine B during
gelation, for 10 days in desalted water (black squares) and for another 10 days after complete exchange
of the accepting media with fresh desalted water (red squares); b) optical images of the respective
sample during the two release sequences.
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By changing the accepting media after ten days an anew release can be observed. Due to the
low absolute amounts of released dye (ca. 0.73 + 0.06 mg g™ within the first release sequence
and ca. 1.18 + 0.10 mg g within the second release sequence) the fluctuations of the average
values are very high, but they lie within the standard deviation of the average value. It has to
be noted that dissolved rhodamine B molecules are present in the fluid phase of the gel after
the first ten days. The concentration of dissolved dye in the gel at the beginning of the second
sequence should be same as the concentration of the accepting solution after the first ten
days. To derive its influence on the cumulative release of the second sequence, the amount is
calculated in relation to the amount of the gelator in the gel. The obtained value is about
0.02 mg g”, which is negligible in comparison to the standard deviation of the cumulative
release.

The overall release after 20 days is 1.9 + 0.1 mg g*. The cumulative releases correspond to
loading capacities of 98 % and 95 % after the first and the second release sequence,
respectively. In the concentration dependent study described in chapter 5.3.2.1 a loading
efficiency of 95 % was determined already after the first 10 days. Thus, it must be assumed
that the experimental fluctuations are higher than the standard deviation of three
measurements. Nevertheless, it can be said that upon changing the accepting media, an anew
release can be observed. As the influence of the dissolved dye molecules in the gel after ten
days is negligible, it must be assumed that the release in the second release sequence is mainly
due to desorption of dye molecules from the surface of the hydrogel. Consequently, the
equilibrium of bound dye molecules can indeed be shifted in favor of the release due to
change of the solvent. This might be interesting for flow-through systems where low but
continuous release of a specific guest molecule is needed.

As already known from the adsorption studies the initial amount of 0.05 eq. of rhodamine B
was adsorbed up to an adsorption capacity of 83 % (32.5mgg"). Subsequent release in
desalted water at r. t. gave a cumulative release of 3.4 mgg™ (see chapter 5.2.2.1 and 5.2.3).
This release was attributed to the sensitive balance of adsorption and desorption onto the
hydrogel surface. For the hydrogel samples prepared in the presence of rhodamine B this
equilibrium can also be observed. However, the overall cumulative release is still lower after
20 days than the released 3.4 mg g™’ of dye in ten days during the adsorption study. This is
attributed to the fact that, when preparing the hydrogel in presence of the dye, the dye
molecules are encapsulated in closed pores of the gel, between gel fibers, or maybe even be
incorporated in columnar stacks formed by the BTA-based gelator.

This makes the loading method via hydrogel formation in presence of the dye very

interesting, as not only high loading capacities can be achieved, but also very stable hydrogel-
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rhodamine B systems are obtained. In the following chapter, a comparison of these results
with the results from the adsorption studies is presented to evaluate the differences and

advantages of each method.

5.4 Comparison of the different loading techniques

In the previous chapters the results of the adsorption and release studies regarding rhodamine
B in desalted water at r. t. were discussed in detail. The advantages and disadvantages of both
loading methods are pointed out in the following. For the investigation of the adsorption
behavior preformed hydrogels with a volume of 0.12 mL and a gelator concentration of 10 g L™
of 4Na were stored for ten days in 5mL of a rhodamine B solution with a distinct dye
concentration, respectively (Figure 5.2, chapter 5.2.1). The decolorization efficiency d. in
percent gives the amount of adsorbed rhodamine B after 10 days in respect to the initial
amount of dye, while the adsorption capacity g. gives the amount of adsorbed dye after 10
days in mg per gram of gelator 4Na. For the release studies hydrogels with a volume of
0.12 mL and a gelator concentration of 10 g L™ of 4Na were formed in presence of distinct
amounts of rhodamine B (Figure 5.17, chapter 5.3.1). The loading efficiency I, in percent gives
the amount of still adsorbed and encapsulated dye after 10 days in respect to the initial
amount of dye and is comparable to d. from the adsorption studies. The amount of dye, that is
still encapsulated in the gel after ten days (Mencaps(10d)), is given in mg per gram of the gelator
4Na. This value is comparable to the adsorption capacity g. from the adsorption studies. The
tested amounts of dye that were used for both experiments were initially 0.05 eq., 0.10 eq.,

and 0.20 eq. of rhodamine B. The results of both loading methods are compared in Table 5.12.

Table 5.12: Comparison of the results from the adsorption of rhodamine B onto preformed hydrogels of
4 after 10 days and the release of rhodamine B from hydrogels prepared in the presence of the dye after
ten days. The initial molar ratio of dye to gelator were 0.20 eq., 0.10 eq., and 0.05 eq., respectively.

initial molar adsorption study release study
ratio  |decolorization adsorption d er-atI:Iaotfor 4| loading encaan:)cs,t:jl:tted p er.atlec:aotfor 4
dye/gelator| efficiency d, capacityq. ' - & efficiency I, ve:s
[eq.] (%] [mg g] molecules %] Mencaps(10 d)  molecules
0 e after 10d ? [mgg] after 10 d
0.20 62 86 1:9 82 124 1:6
0.10 73 54 1:14 91 69 1:11
0.05 83 32 1:23 95 36 1:21




5 Dye adsorption and release studies 159

From this comparison it is obvious that despite the same initial molar ratio of dye to gelator,
the decolorization efficiency d. via adsorption is for all concentrations lower than the loading
efficiency |, obtained in the release experiments. Consequently, this trend is also observed for
the adsorption capacity g. and the encapsulated amount Mencaps, respectively. The molar ratio
of dye to gelator after ten days shows that in case of the loading by forming the hydrogels in
presence of rhodamine B, one dye molecule can be bound by less gelator molecules compared
to preformed hydrogels that adsorb the dye.

From the adsorption studies it was derived that for low initial rhodamine B concentrations
there is a linear dependence between the initial dye concentration and the adsorbed amount
of dye after ten days, while for higher initial dye concentrations a saturation value is
approached. As the adsorption data fit well both Langmuir and Freundlich isotherm model, it
can be stated that the adsorption is favorable, but a maximum adsorption capacity of
100 mg g was predicted due to decreasing dye-gelator interactions with increasing surface
density. This clearly states that the adsorption capacity is limited, even when the initial dye
concentration is significantly enhanced. Furthermore, the adsorption kinetics follows the
pseudo 2" order model for all tested initial concentrations with a low initial adsorption rate h
and a very low adsorption rate K“, which means adsorption is completed in the range of
several days. Thus, an application in flow-through systems is probably not suitable, while the
application in fixed-bed systems is interesting. The adsorption of rhodamine B with subsequent
release in water at r. t. and 40 °C showed that the desorption rate, but not the amount of
maximum desorbed dye, is dependent on the temperature. The adsorbed rhodamine B
molecules are thought to be bound strongly to the gel surface, as 90 % of the dye remains in
the gel within ten days.

The hydrogels formed in presence of different amounts of initial rhodamine B can
encapsulate high amounts of dye within the time of gelation, which is around 8 h. This is very
fast compared to the time that the adsorption process needs for the loading of preformed
hydrogels. Furthermore, a much higher loading can be achieved for the same amount of initial
dye. This can be attributed to the incorporation of dye molecules in the gel network and not
only on the hydrogel surface. The only limitation is the mechanical stability of the gels formed
in presence of rhodamine B, as above an initial concentration of 0.5 eq. (378 mg g*) no self-
supporting networks can be obtained. Nevertheless, this maximum encapsulated amount of
264 mg g corresponds to a dye to gelator ratio of 1 : 3 with a loading efficiency of still 70 %.

In summary, hydrogels of 4 have a high adsorption potential regarding rhodamine B, even
at very low dye concentrations. However, a higher absolute encapsulated amount of dye and

higher loading efficiencies can be achieved in less time by forming hydrogels in the presence of
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rhodamine B. Thus, further release studies in biologically relevant media were performed with

hydrogels prepared in the presence of rhodamine B.

5.5 Release of in situ adsorbed rhodamine B in biologically relevant media

Gels of 4 might be interesting for the application in controlled drug delivery, as they are highly
stable in different organic solvents as well as in aqueous sodium chloride solution or aqueous
solutions with a pH value lower than 6.2 (chapter 3.3.3.4). Especially the pH-responsiveness
might be promising for the oral administration of drugs. For the controlled drug release it is
important to test the stability of loaded hydrogels in different biologically relevant media. As
mentioned above, the hydrogel formation in presence of the model compound rhodamine B
led to higher loading capacities in shorter time than hydrogels loaded via adsorption of the dye
from solution. Hence, hydrogels prepared in presence of 0.05 eq. (37.8 mg g™) of rhodamine B
were exemplarily used for the release studies in biologically relevant media.

In the literature only a few examples of supramolecular hydrogels are known that were
loaded with a guest molecule to study its subsequent release in biologically relevant media. In
these few examples mainly phosphate buffered saline (PBS) is used as the accepting
media .3,36,305,306

In the following a stability and release study of hydrogels of 4 formed in the presence of
rhodamine B is presented in phosphate buffered saline (PBS) and simulated body fluid (SBF),
both with a pH value of 7.4. Additionally, the stability and the release behavior is tested in
fasted-state simulated gastric fluid (SGF) and fasted-state simulated intestinal fluid (SIF) at

body temperature.

5.5.1 Release of rhodamine B upon dissolution in PBS (pH =7.4) atr. t.

Phosphate buffered saline (PBS) is a salt solution with a pH value of 7.4, that consists of
sodium chloride, potassium chloride, dibasic sodium phosphate (Na,HPQO,), and monobasic
potassium phosphate (KH,PO,). It is isotonic and non-toxic, and therefore used as a standard
buffer in biochemistry to rinse cell cultures, to treat immobilized proteins or enzymes, or to
conduct immuno-histochemical assays.”?**® Mixing PBS with hyaluronic acid yields simulated
synovial fluid, which simulates joint fluid.**’

As PBS has a pH value above 6.2, which leads to a slow dissolution of gel samples of 4, it
was chosen as accepting media to investigate the release behavior upon dissolution. The

hydrogels with a volume of 0.12 mL and a gelator concentration of 10gL™" of 4Na were
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prepared in presence of a rhodamine B amount of 0.05 eq. (37.8 mg g'). The dissolution tests
were performed in 5 mL of PBS atr. t. in triplicate.

In chapter 3.3.3.4 it was already shown that pure hydrogels of 4 with a volume of 0.3 mL
and a gelator concentration of 10 g L" dissolved within 3 days in 3 mL of PBS at r.t.. It is
expected that the surface area to volume ratio of the hydrogel sample as well as the volume of
the dissolution media might influence the dissolution behavior. Therefore, dissolution of pure
hydrogels with only a volume of 0.12mL in 5 mL of PBS should dissolve much faster than the
previous tested samples. As the pure hydrogels were prepared as described above but without
addition of the dye, additionally the potential influence of the dye on the dissolution process
can be evaluated in this study.

Figure 5.24 shows the pure hydrogel directly after the addition to PBS, as well as after 2 h, 4 h,
6 h, and 24 h. Within the first 6 h of the dissolution test the shape of the hydrogel slowly
changes and the volume decreases. After 24 h no traces of the hydrogel sample can be found
in the solution. Due to the pH value of 7.4 of the buffer solution, it is assumed that the gelator
molecules 4 are deprotonated and transferred into their respective sodium salts 4Na, which

show good solubility in aqueous solutions.

Figure 5.24: Optical images of a pure hydrogel of 4 (prepared with 0.12 mL of a 4Na solution with a
concentration of 10gL" and 4 eq. of GdL) after the addition to 5 mL of PBS at r. t. (small hydrogel
samples are indicated by an arrow for clarity).

The UV-Vis spectra of the pure PBS showed no absorbance in the measured range between
200 nm and 700 nm. Upon dissolution of the hydrogel it is expected to find an absorbance
maximum around 280 nm, similar to the one obtained for the concentration series of 4Na in
water (chapter 4.1.1). Upon complete dissolution of the hydrogel sample the concentration of
4Na is about 0.234 g L™, which corresponds to a molar concentration of 3.70 - 10 mol L™.
However, this concentration exceeds the detection limit of the used spectrometer. Therefore,
a detailed analysis of the dissolution of the pure hydrogels via UV-Vis spectroscopy could not
be performed. The optical images of a hydrogel of 4, loaded with 0.05 eq. of dye, shortly after
the addition to PBS atr. t. and after 2 h, 4 h, 6 h, and 24 h are shown in Figure 5.25.
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Figure 5.25: Optical images of a hydrogel of 4 prepared in the presence of 0.05 eq. of rhodamine B (with
0.12 mL of a 4Na solution with a concentration of 10 g L' and 4 eq. of GdL) after the addition to 5 mL of
PBS atr. t..

These images show that the dye is released when the gel dissolves. Within the first 6 h the
shape of the hydrogel blurs and the rhodamine B diffuses into the solution. After 24 h the
hydrogel samples is completely dissolved, but due to the slow diffusion process a dye gradient
in the solution still can be found at this time. Therefore the samples used for the UV-Vis
investigations were shortly stirred prior to the sampling to ensure homogenous distribution of
the dye within the buffer solution. The UV-Vis spectroscopic measurements were performed in
triplicate at r. t. to determine the time-dependent release 2 h, 4 h, 6 h, and 24 h after the
addition to the PBS solution. The absorbance spectra for one sample are exemplarily shown in

Figure 5.26.
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Figure 5.26: UV-Vis absorbance spectra of a hydrogel of 4 formed in the presence of 0.05eq. of
rhodamine Bin 5 mL of PBS atr. t..
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The optical density increases with increasing time, indicating a higher rhodamine B
concentration in the solution. Interestingly, also a red shift of the absorbance maxima from
556.0 nm after 2 h to 557.0 nm after 4 h, 557.5 nm after 6 h and 559.5 nm after 24 h can be
observed. To exclude any influence of the pH or the salt content of the buffer solution on the
optical properties of rhodamine B, a calibration curve of rhodamine B in PBS was developed,
similar to that prepared for rhodamine B in water (chapter 5.2.1.1). Rhodamine B solutions
with six different concentrations (0.03630gL", 0.01815gL", 0.00907gL", 0.00363gL",
0.00181 gL™, 0.00091gL") were prepared in triplicate by a dilution series in PBS. The
absorbance spectra were set to zero at 625 nm as manual baseline correction. The resulting

spectra of one concentration series are exemplarily shown in Figure 5.27.
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Figure 5.27: Absorbance spectra of six different rhodamine B concentrations in PBS at . t..

These absorbance spectra also show that with increasing rhodamine B concentration the
optical density increases. Furthermore, as the absorbance maximum is constantly at 553 nm
for every measured concentration, any influence of the solvent PBS on the molecular and
electronic structure of the dye can be excluded. The calibration curve obtained from these
spectra has a good linear correlation with a coefficient r* of 0.9973 and a regression equation
of y=(198.8 + 1.5) - x (for the calibration graph see chapter 9.4.10).

As the pK, value of rhodamine B is around 3.1, the rhodamine B molecules should be
present in their zwitterionic form with a maximum optical densities at 552.5 nm during the
whole experiment in PBS. However, due to the slightly basic pH value of 7.4 of PBS, compound

4 is deprotonated and the gelator sodium salt 4Na is formed during dissolution The red shift



164 5 Dye adsorption and release studies

observed in Figure 5.27 might therefore be explained by the complex formation of rhodamine
B with the gelator sodium salt 4Na. As already discussed in chapter 5.3.1.1, when describing
the gel formation in presence of rhodamine B, this complex formation can be detected by a
slight red shift of the absorbance maxima to 559 nm. A similar behavior could be observed
during the combined release of methylene blue and a tetrapeptide-based hydrogelator, where
the interactions between the dye and the gelator molecules caused a blue shift compared to
the spectrum of the “free” dye.*

To prove that the red shift indeed occurs due to the complete transformation of 4 to 4Na
during dissolution and the subsequent complex formation with rhodamine B, reference
solutions were prepared. Therefore, it was calculated which amounts should be present in the
solutions obtained from the release study after 24 h. One dissolved gel sample consists of
1.2 mg of 4Na, 4 eq. of hydrolyzed GdL (1.35 mg of GdL), 0.05 eq. of rhodamine B (0.045 mg),
and 0.12 mL of water. These amounts are dissolved in 5 mL of PBS during the experiment.
Three reference samples were prepared containing these amounts of the gelator sodium salt
4Na, of hydrolyzed GdL, of rhodamine B, desalted water, and 5 mL of PBS. Additionally, three
reference samples were prepared with only 0.05 eq. of rhodamine B (0.045 mg) in 5 mL of PBS
(c(dye) = 0.00907 g L™%). A typical absorbance spectrum from the samples of the release study

at 24 h and from the two types of reference samples are presented in Figure 5.28, respectively.

1.8 F——release study at 24 h
1—— reference sample with
16+ rhodamine B in PBS
1 4 J— reference sample with
] rhodamine B,
1.2 4Na, and GdL in PBS
o 1.0—_
O 08
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Figure 5.28: A typical absorbance spectrum from a solution obtained from the release study in PBS at
24 h (black), from rhodamine B solutions in PBS with a dye concentration of 0.00907 g L™ (blue), and
from the reference solutions in PBS containing rhodamine B, 4Na, and GdL (red), respectively.
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The reference sample with only rhodamine B has its absorbance maximum at 553 nm and has
a higher optical density than the spectrum obtained from the release study at 24 h. However,
the spectrum of the second set of reference samples, that also considers the amount of
gelator sodium salt 4Na and GdL, agrees very well with the spectra obtained from the release
experiment in terms of the wavelength and the optical density of the absorbance maxima. It
therefore can be stated that during the dissolution of the gel sample the gelator 4 is
transferred into the water soluble sodium salt 4Na, which interacts with the dissolved
rhodamine B molecules resulting in a red shift of the absorbance maxima to 559 nm.

Altogether, it can be stated that under the same testing conditions the hydrogels prepared
in the presence of rhodamine B dissolve qualitatively as fast as the pure hydrogels (within
24 h). Upon dissolution, the rhodamine B concentration in solution increases. A quantitative
time-dependent analysis via UV-Vis spectroscopy is difficult, as the absorbance maxima shift
from 553 nm (solely rhodamine B in PBS) to 559 nm at complete dissolution of the gel. This
leads to the conclusion that the observed red shift of the absorbance maximum is due the
dissolution of the hydrogel and the involved formation of gelator sodium salt molecules 4Na,
which are able to form a complex with the dye molecules. The increasing red shift with
increasing time is accounted to the increasing number of deprotonated gelator molecules
upon dissolution of the gel.

In the literature few examples of supramolecular hydrogels deal with the release of a guest
molecule in PBS. Naskar et al. showed that tetrapeptide-based hydrogels could release the
anti-cancer drug doxorubicin in PBS buffer solutions with a pH value of either 7.4 or 6.5.>° The
gels were stable in both buffer solutions. Dependent on the exact structure of the gelator, they
released 85 % to 90 % of the model compound within 45 h at pH 7.4. In the buffer with the
lower pH value the release rates were slightly slower. In another study, ciprofloxacin was
encapsulated into a tripeptide-based hydrogelator via change of pH.*®> The encapsulation of
the drug led to more stable hydrogels. These released the antibiotic agent within 2 to 3 days,
while the pure hydrogel without drug disintegrated completely in PBS at 37 °C. The release
rate could thus be tuned by the amount of encapsulated drug. This publication is also one of
the rare examples that investigated the cytotoxicity and the activity of the hydrogel-drug
system. For docetaxel-loaded peptide-polysaccharide hybrid hydrogels the release rate in PBS
at 37 °C was tuned by the fraction of polysaccharide present in the gel.** While the pure
peptide hydrogel completely precipitated within two days, the addition of the polysaccharide
led to stable gels with a release of around 34 % in the first 52 h. In a taxol-derived hydrogelator
with sustained activity of the drug, the release was triggered via enzymatic cleavage in PBS,

resulting in release rates of 0.13 % to 0.046 % per hour.?
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5.5.2 Release of rhodamine B upon dissolution in SBF (pH = 7.4) at 37 °C

For the parenteral application route drug delivery systems are injected intramuscularly,
intravenously or subcutaneously. To be able to test the release behavior in vitro, the
properties of human blood plasma must be simulated. In the literature for this purpose
simulated body fluid (SBF) with a pH value of 7.4 is usually used.”” The composition of the SBF,

381 1t consists of

used in this study, is an improved version of the composition published in 2003.
sodium chloride, sodium bicarbonate, potassium chloride, potassium phosphate dibasic
trihydrate, magnesium chloride hexahydrate, calcium chloride, sodium sulfate, and
tris(hydroxymethyl) aminomethane. Originally, it was used to investigate the surface changes
of glass-ceramic implants for potential use as artificial vertebrae, ileum, tooth roots or the
middle-ear bone. It is now also the standard fluid for the in vitro investigation of the apatite-
forming ability of implant materials.”’

In this study washed hydrogels of 4 with a volume of 0.12 mL and a gelator concentration of
10 g L™ of 4Na were tested regarding their dissolution behavior in 5 mL of SBF at r. t. and at
37 °C. Furthermore, the release of encapsulated rhodamine B from such hydrogels was
monitored at 37 °C via optical images and UV-Vis spectroscopy. In Figure 5.29 optical images of

the pure hydrogels are shown directly after the addition to SBF at r.t. and 37 °C, as well as
after2h,4h,6h,and 8 h.

Figure 5.29: Optical images of a pure hydrogel of 4 (prepared with 0.12 mL of a 4Na solution with a
concentration of 10 g L™ and 4 eq. of GdL) after the addition to 5 mL of SBF a) at r. t. and b) at 37 °C
(small hydrogel samples are indicated by an arrow for clarity).
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The dissolution behavior of the gel in SBF at r. t. is similar to that in PBS and completed within
8 h. As the pH value of the SBF buffer is 7.4, like the pH value of PBS, this is not surprising. The
increase of the solution temperature to body temperature results in a faster dissolution of the
pure hydrogel. Within 4 h to 6 h the hydrogel has completely vanished. This low stability of the
gel in SBF at 37 °C makes it obvious that the gel is not suitable as template for apatite-
formation in implant research. As this furthermore indicates the great importance of the
temperature regarding the dissolution and release behavior, further tests were only
performed at 37 °C to simulate the body temperature.

The optical images of a hydrogel of 4 loaded with 0.05 eq. of rhodamine B shortly after the
addition to SBF at 37 °C and after 2 h, 4 h, 6 h, 8 h, and 24 h are shown in Figure 5.30.

Figure 5.30: Optical images of a hydrogel of 4 prepared in the presence of 0.05 eq. of rhodamine B (with
0.12 mL of a 4Na solution with a concentration of 10 g L and 4 eq. of GdL) after the addition to 5 mL of
SBF at 37 °C (small hydrogel samples are indicated by an arrow for clarity).

The hydrogel also dissolves within 4 h to 6 h releasing all the encapsulated rhodamine B. For
the UV-Vis spectroscopic measurements three identical samples were prepared and measured
after the same time intervals to investigate the quantitative release (Figure 5.31).

The respective maxima of the optical density in the different spectra increase with
increasing time until a maximum is reached after 4 h. This indicates that the hydrogel is
already completely dissolved at 4 h. This might be explained by the fact that the samples
prepared for the spectroscopic analysis were shortly stirred prior to each measurement to
ensure a homogenous distribution of the dye in the solution. Obviously, this mechanical
agitation led to a faster dissolution of the gel and a faster release of the dye, compared to the
samples prepared for the optical analysis, that were left to stand without such agitation and

dissolved within 4 h to 6 h.
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Figure 5.31: UV-Vis absorbance spectra of a hydrogel of 4 formed in the presence of 0.05 eq. of
rhodamine B in 5 mL of SBF at 37 °C.

The respective absorbance maxima in the spectra recorded after 2 h, 4 h, 6 h, and 8 h can be
found at 558.5 nm, while the spectra after 24 h have their maxima at 559.5 nm. As the
accuracy of the spectrometer is around 0.5 nm, and the determination of the exact position of
the maxima is furthermore affected by the signal to noise ratio of the spectra, a detailed
analysis of this shift between 8 h to 24 h is not reasonable. As already discussed for the
samples dissolved in PBS, the red shift of all obtained spectra in SBF compared to the spectra
of rhodamine B in water (Anax = 553 nm) might be explained by the interaction of rhodamine B
with molecules of 4Na that are formed during dissolution.

To confirm this assumption, a reference sample was prepared containing the same amount
of rhodamine B in SBF that was encapsulated in the hydrogels. Furthermore, a rhodamine B
solution including also 1.2 mg of 4Na was compiled. The amount of hydrolyzed GdL in the
solution had no influence on the absorbance spectrum in the relevant wavelength range. It
was therefore neglected to keep the reference solution as simple as possible. The comparison

of the spectra from the release study and of the reference samples is displayed in Figure 5.32.
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Figure 5.32: A typical absorbance spectrum from a solution obtained from the release study in SBF at
24 h (black), from the rhodamine B solution in SBF with a dye concentration of 0.00907 g L™ (blue), and
from the reference solution in SBF containing rhodamine B and 4Na (red), respectively.

The adsorption maximum of the sample with only rhodamine B in SBF can be found at
552.5 nm. Therefore, a calibration curve with only varying the concentration of rhodamine B in
SBF would not allow for a quantitative analysis of the obtained data. The spectra of the
reference sample, that also contains 4Na, matches the spectra obtained from the release
study at 24 h within their deviations. Therefore, it can be stated that the whole amount of
encapsulated rhodamine is released during the dissolution of the gel in SBF. The released dye
molecules form a complex with 4Na molecules, which causes a red shift of the absorbance

maximum.

5.5.3 Release of rhodamine B in simulated gastric fluid containing pepsin (pH =

1.6) at 37 °C

The simulation of the conditions in the gastro-intestinal tract is very complicated, as it is one of
the largest organs in the human body and has very different milieus. When simulating the
conditions in the stomach, it is very important to differentiate between the fasted and the fed
state, as the ingestion of food can drastically change the conditions in the stomach minutely.
To be able to neglect the type and amount of ingested food as well as the progression of
digestion, the studies performed here concentrate on the fasted state. At the fasted state the
pH value in the stomach is about 1.6, which indicates that the hydrogels of 4 should be stable.

However, the stomach also produces large amounts of pepsin, an enzyme that is able to
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hydrolyze most peptide linkages such as amide bonds. As the hydrogelator 4 consists of three
amide bonds between the core and the phenylene side arms, the hydrogel might as well
dissolve due to enzymatic bond cleavage.

Thus, at first it was tested if gels of 4 are stable in the milieu of the stomach, so that they
might act as a protective matrix for acid labile drugs. Washed hydrogels, analogous to those
used in the adsorption studies, were prepared and put in 5 mL of simulated gastric fluid

containing pepsin (SGF) at 37 °C (Figure 5.33).

SGF

g | _om

Figure 5.33: Optical images of a pure hydrogel of 4 (prepared with 0.12 mL of a 4Na solution with a
gelator concentration of 10 g L™ and 4 eq. of GdL) after the addition to 5 mL of SGF at 37 °C.

These pictures clearly show that no dissolution, shrinking or swelling of the gel samples within
ten days at 37 °C can be observed. This is promising, as now it can be stated that the pepsin in
the stomach does not hydrolyze the amide bonds of the gelator. It seems that the formation of
fibers, as well as the steric hindrance of the phenylenes in the side arms, protects the
hydrogen bonds from enzymatic cleavage.

Furthermore, the stability and release behavior of hydrogels of 4, formed in the presence of
0.05 eq. of rhodamine B, was tested in 5 mL of SGF at body temperature. The optical images

show a slight colorization of the supernatant solution during the first days (Figure 5.34).

Figure 5.34: Optical images of a hydrogel of 4 prepared in the presence of 0.05 eq. of rhodamine B (with
0.12 mL of a 4Na solution with a concentration of 10 g L' and 4 eq. of GdL) after the addition to 5 mL of
SGF at 37 °C.

This indicates that the hydrogels, that encapsulate rhodamine B, are also stable in SGF and
only release small amounts of the dye. To investigate this release more quantitatively, UV-Vis

spectra were recorded analogous to the measurements performed in water, PBS, and SBF.
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As expected, with increasing time an increase of the respective absorbance maximum can be
observed (Figure 5.35). However, no shift of the maxima occurs, probably because no gelator
sodium salt 4Na is formed during the experiment. One also has to keep in mind that only very
low amounts of dye are released during this experiment. This leads to a low signal to noise
ratio in the time-dependent spectra making the analysis of the data difficult. Nevertheless, it
can be seen that the respective absorbance maxima of the spectra are at 556 nm, while in
water they could be found at 553 nm. This is explained by the low pH value of 1.6 in SGF.
According to the pK, value of rhodamine B (pK, = 3.1) the rhodamine B molecules should be
present in their cationic state at that pH value, which leads to this red shift. In the literature
values of the absorbance maxima in acidic agueous media of 557 nm and 558 nm are
mentioned.””**”” In our experiments the maximum was found at 556 nm. Such deviations
might occur when different spectrometers and experimental parameters, such as response
time and data interval, are used. To obtain comparable and coherent results, in this study the
same spectrometer and experimental parameters were used for all performed adsorption and

release experiments.
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Figure 5.35: UV-Vis absorbance spectra of a hydrogel of 4 formed in the presence of 0.05eq. of
rhodamine B in 5 mL of SGF at 37 °C.

A calibration curve of rhodamine B in SGF with six different concentrations was developed. The
UV-Vis spectra of three independently prepared dilution series were measured and the
respective maximum of the optical density at 556 nm was plotted versus the concentration

(Figure 5.36).
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Figure 5.36: Calibration graph with 6 different rhodamine B concentrations in SGF. Each data point is the
average obtained from three independently prepared dilution series.

A linear fit with the intercept set to zero resulted in a regression curve with a correlation

coefficient of r* = 0.99967 and a regression equation of

oD 170.7+4.0)Lg™ ¢, (5.18)

*556nm :(
with 0.D.ss56,m representing the average optical density at 556 nm and c,, the concentration of
rhodamine Bin SGFingL™.

This calibration equation was used to calculate the cumulative release of rhodamine B in
mg g, the encapsulated amount of dye in mg g*, and the loading efficiency in % for the time-
dependent release study in SGF. The data were processed and calculated analog to the data
obtained from the release study in water. The cumulative release versus time for hydrogels of
4, prepared in the presence of 0.05 eq. of rhodamine B, in SGF at 37 °C and in water at r. t. is
shown in Figure 5.37.

As expected, the cumulative release increases with increasing time until it reaches a
saturation value after 10 days. It is assumed that at this time the equilibrium state has been
reached. Interestingly, although the study in SGF was performed at a higher temperatures
compared to the study in water, the desorption rate in water is slightly higher leading to
saturation already after 24 h. Usually an increase in temperature leads to higher desorption
rates, as the diffusion process is enhanced. This leads to the conclusion that in these
experiments the pH value and the salt concentration of the solution have a much higher

influence on the release behavior than the temperature.
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Figure 5.37: Cumulative release versus time of hydrogels formed in the presence of 0.05 eq. in desalted
water with a pH value of 5 to 6 at r. t. (black) and in SGF with a pH value of 1.6 at 37 °C (red).

Furthermore, despite the same initial rhodamine B amount, that was encapsulated in the
hydrogels, the cumulative release after 10 days is higher in SGF than in water. This suggests
that the lower pH value and the higher temperature slightly favor the release of rhodamine B
in SGF compared to the release in water. Despite this enhanced release in SGF, the loading
efficiency after ten days is still above 90 % (Table 5.13). This means that the vast majority of

the encapsulated model compound is protected from dissolution in the milieu of the stomach.

Table 5.13: Results of the release studies of hydrogels of 4 prepared in the presence of 0.05 eq. of
rhodamine B after 10 days in water at r. t. and SGF at 37 °C, respectively.

cumulative release encapsulated loading efficiency
(10d) amount (10 d) (10d)
[mgg™] [mgg™] [%]
H,O (r. t.) 0.7 37.1 98
SGF (37 °C) 3.2 34.6 91

However, when simulating the conditions in the stomach not only the composition of the
gastric acid and the physical properties, such as the pH value, the osmotic pressure, the buffer
capacity and the surface tension, must be adapted but also the residence times, the volume,

and the hydrodynamics must be considered.””**®
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The residence times in the stomach are strongly dependent on the amount of ingested food
and can vary between a few minutes in the fasted state to half a day for a big meal. One has to
keep in mind that even when the medicine is taken in fasted state, it is usually administered
with a glass of water, that as well changes the composition, condition and residence time in
the gastro-intestinal tract. The residence time in the stomach can be best decreased by
administering the drug delivery system without food, but with a sufficient amount of liquid.
Knowing this, it is expected that the amount of the released molecules in the stomach would
be even lower than 9 %, as the hydrogel is probably passed to the upper small intestinal within
half a hour. In the fasted state the volume of the gastric acid is about 50 mL, and might extend
to around 300 mL due to the dilution when administering the drug system with a glass of
water. Thus, it might be interesting to repeat this release studies under standard testing
conditions that also take into account the volume of the gastric acid and the hydrodynamics
present in the stomach. Nevertheless, the findings of the study presented here clearly show
that the hydrogels of 4 are stable in fasted state SGF at body temperature over ten days, which
exceeds the expected residence time in the stomach manifold. Furthermore, only small
amounts of the model compound rhodamine B are released in that time making this system a
promising candidate for a stable transport matrix in acidic media.

In the following, the system is investigated regarding its dissolution and release properties
in simulated intestinal fluid (SIF) in the fasted state at 37 °C. The aim is to verify that the gel
system is able to selectively release the encapsulated model compound under the conditions

of the intestinal tract and is thus suitable for the use of oral administration of drug molecules.

5.5.4 Release of rhodamine B in simulated intestinal fluid (pH = 6.5) at 37 °C

While it is widely known that there is an acidic milieu in the stomach, people often think that
the intestine is alkaline. This is only partially true as the intestine can be divided in several
sections. The upper small intestine or duodenum as well as the jejunum have a slightly acidic
pH value in the fasted state between 4.9 and 6.4. The proximal small intestine or ileum has a
slightly alkaline pH in the fasted state between 6.8 and 8.0.3"*® In the fed state the pH value in
the upper small intestine is about 5.2 and gradually increases to 7.5 in the ileum. Obviously the
pH value in the upper small intestine is also dependent on the type and amount of ingested
food as well as the time after ingestion of the food. The large intestine and the colon have a
more alkaline milieu — with pH values between 7.8 and 8.0 — that is rather independent of the
food intake. As the transition pH value between gel and sol of hydrogels of 4 is about 6.2, the

gels should get dissolved even in the upper small intestine. For simplicity and to be able to
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neglect food ingestion, the following experiments were carried out in fasted state simulated
intestinal fluid with a pH value of 6.5.

The optical images of pure hydrogels of 4 in SIF at 37 °C show that the gels slowly dissolve
within 72 h (Figure 5.38).

Figure 5.38: Optical images of a pure hydrogel of 4 (prepared with 0.12 mL of a 4Na solution with a
concentration of 10 g L™ and 4 eq. of GdL) after the addition to 5 mL of SIF at 37 °C (small hydrogel
samples are indicated by an arrow for clarity).

At this time the gels are rarely seen in the solution as they turn transparent before they
completely dissolve. This might be due to two different reasons: i) The transparency of the gel
might be caused by a match of the refractive index of the gel and the SIF upon diffusion of the
fluid into the gel. ii) At first, the superstructures of the gel, such as fiber bundles, are
disassembled. This leads to a weak a transparent gel that is then thought to be disintegrated
into single molecules. In the literature it is known from different crosslinked polymer networks
with an azo-aromatic moiety that they either dissolve via a surface erosion process, where the
polymer network diminishes in size from the surface to the core, or by a process where a
colorless dissolution front moves through the polymer network.® These different types of
dissolution processes are explained to be related to the crosslink density and the additional
entanglement of the polymer chains. The entanglement leads to a stabilization of the polymer
network even after all azo cross-links have been cleaved.

The hydrogels of 4 prepared in the presence of rhodamine B are dissolved within 72 h, just
like the pure gel samples, and the encapsulated rhodamine B is released. After 48 h the gel in
the solution can be hardly recognized as the gel has the same color as the solution, indicating
that the dye concentration in the gel and the solution is the same (Figure 5.39). This might be
explained by the fact that at this time the superstructure of the gel is already completely
dissolved, and only weakly connected fibrils are present that are not able to bind large

amounts of the dye.
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Figure 5.39: Optical images of a hydrogel of 4 prepared in the presence of 0.05 eq. of rhodamine B (with
0.12 mL of a 4Na solution with a concentration of 10 g L' and 4 eq. of GdL) after the addition to 5 mL of
SIF at 37 °C (small hydrogel samples are indicated by an arrow for clarity).

This dissolution and release pattern is also supported by the obtained UV-Vis spectra of the

solutions (Figure 5.40).
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Figure 5.40: UV-Vis absorbance spectra of a hydrogel of 4 formed in the presence of 0.05eq. of
rhodamine B in 5 mL of SIF at 37 °C.

With increasing time the intensity of the optical density increases until the maximum is
reached after 48 h. As already discussed for the release of rhodamine B in PBS and SBF, a slight
red shift of the absorbance maxima can be observed from 554.5 nm after 2 h to 559 nm after
240 h. This again indicates an interaction between the dye molecules and the gelator sodium
salt 4Na, that is formed during the dissolution process.

Similar to the results obtained from UV-Vis measurements of pure rhodamine B in PBS
(Figure 5.27, chapter 5.5.1), the pure dye in SIF showed no red shift. Instead, a linear
correlation between the respective absorbance maxima at 553 nm and the dye concentration
of the solution was found. In the presence of 1.2 mg of 4Na in 5 mL of SIF with the same

rhodamine B concentrations also a linear correlation between the rhodamine B concentration
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and the respective maximum optical density of the different spectra could be observed. The
respective absorbance maximum however had shifted from 553 nm to 559 nm due to the
interactions between the dye and the sodium salt 4Na. Both calibration curves are presented

in Figure 5.41 with their respective linear correlation equations.
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Figure 5.41: Calibration graph with 6 different rhodamine B concentrations in SIF a) without and b) in
presence of 1.2 mg of 4Na. The correlation coefficient r’ is 0.9994 for both linear fits.

With the calibration curve in presence of 4Na, the amount of rhodamine B after 240 h in SIF
can be calculated, proving that all dye is released. As during the release of rhodamine B upon
dissolution of the gel, the rhodamine B concentration as well as the gelator sodium salt
concentration changes, a detailed analysis of the time-dependent spectroscopic data would
require a 3D-calibration curve that changes the amount of dye and 4Na independently.
However, this time-consuming work would highly exceed the benefit of the analysis. A
quantitative comparison of the results obtained in SIF with the release data in SBF (chapter
5.5.2), that was also performed at 37 °C, clearly shows that the dissolution of gels of 4 is faster
in SBF (~ 24h) than in SIF (48 - 72 h). This can be explained by the slightly lower pH value of SIF
that leads to a slower dissolution of the gels.

The bioabsorption of nutrition and drug molecules, administered via the oral route, mainly
takes place in the small intestine, as in the large intestine or colon there is usually not enough
water present. While the overall residence time of ingested food in the gastro-intestinal tract
can vary from 2 to 6 h for gases and up to 80 h for high density materials, it is mainly constant
for liquids and solids in the small intestine and ranges from 1 to 3 h. Thus, usually
pharmaceuticals are digested and adsorbed within the first three hours after ingestion.
Therefore, dissolution should take place in the upper small intestine within the first hour.
Usually this cannot be achieved and a dissolution rate of 85 % within the first 30 min is
considered sufficient.”®”?%

It was shown that a Fmoc-FF-peptide-based hydrogel is stable in 10 mM PBS-HCI buffer

with pepsin at a pH value of 2.0, that was used as simplified SGF, and in 10 mM PBS with
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trypsin at a pH value of 7.4, that was used as simplified SIF.*® In both buffers less than 1.5 % of
degradation occurred after 24 h of incubation, which indicated their resistance to enzymatic
digestion. It was furthermore shown that the presence of B-mannose promotes the release of
the encapsulated drug docetaxel, which might make this system suitable for targeting the
colon, as the mannose exists there. This is one of the rare examples in the literature that
considers the stability and release of a supramolecular hydrogel in milieus that are similar to
those in the gastro-intestinal tract.

For the hydrogel system presented here, it could be shown that the gel dissolves in SIF
within 72 h, but that the main amount of the dye is already released within the first 24 h. For a
successful oral drug delivery system this is still too slow, but the general behavior, i. e. the
stability in SGF and the dissolution in SIF, is promising. The dissolution and release rate can
also be influenced by the volume and the hydrodynamics that were not considered in this
study. As the volume of the fluid in the upper small intestine is greater than the 5 mL used for
the studies here, it is expected that the dissolution rate is slightly increased by increasing the
volume of the accepting media. Also the hydrodynamics of the gastro-intestinal tract are
known to influence the mixing of the components and the effective boundary thickness which
leads to an increased dissolution and biosorption rate. Furthermore, it can also be influenced
by the size of the administered hydrogel or probably by the gelator concentration. Therefore,
it is possible to tune the release rate for hydrogels of 4 to fit the required conditions.

For the bioabsorption in the gastro-intestinal tract not only the dissolution behavior is
important but many other factors, such as the hydrophobicity of the drug molecules that
affects the transport through the intestinal membrane. Therefore, further tests with an actual
drug using standard dissolution and release conditions should be performed. This should give
further details on the possible application of hydrogels of 4 as controlled drug delivery system

through oral administration. The results obtained in this study are, however, very encouraging.
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5.6 Achievements and further investigations towards a pH-sensitive drug
delivery system

Summarizing, hydrogels of 4 show a good potential for the application as a new controlled
drug delivery system, especially for the oral administration of drugs. The gels fulfill the basic
requirements for a successful drug delivery system, such as: i) good biocompatibility and
nontoxicity; ii) responsiveness of the hydrogel to a change of the pH value in a physiological
relevant region; iii) sufficient stability against mechanical and thermal stress; iv) high surface
area and porosity; and v) a high loading efficiency due to adsorption and/or encapsulation of
the drug molecules.

The detailed studies regarding the adsorption capacity of hydrogels of 4 with regard to the
model compound rhodamine B showed that the adsorbed amount of dye is strongly
dependent on the initial dye concentration. While for low initial dye concentration a linear
dependence on the adsorption capacity can be found, for higher initial concentrations a
saturation effect can be observed. At most, an absolute amount of 86 mg g™ of rhodamine B
were adsorbed from an aqueous solution with an initial dye amount of 138 mg g, which was
the highest initial dye concentration tested in this study. The adsorption data fit well both the
Langmuir and the Freundlich isotherm model. These models predict that although the
adsorption is favorable, a maximum adsorption capacity of Q. = 100 mg g™ is reached for high
initial dye concentrations. This saturation effect with increasing surface density is ascribed to
decreasing adsorbent-adsorbate interactions, i.e. with increasing amount of adsorbed
molecules the adsorption becomes less favorable. The adsorption kinetics follows the pseudo-
second order model for all tested initial concentrations, which indicates chemisorption as the
rate limiting step. The initial adsorption rate h and the adsorption rate K” are very slow with
complete adsorption within ten days. Although agitation of the hydrogel samples in the dye
solutions increases the adsorption rate, it still takes up to three days to achieve the equilibrium
state of adsorption. Thus, the application of the hydrogels regarding their adsorption potential
is mainly interesting for fixed-bed systems. As the adsorption capacity at low initial
concentrations is very high (over 90 %), the system might be interesting for filtration
applications.

The adsorption of rhodamine B with subsequent release in water at r. t. and 40 °C shows
that adsorbed dye molecules are strongly bound at the hydrogel surface at both temperatures,
as 90 % of dye remains in the gel. The desorption rate, but not the maximum amount of
desorbed dye is dependent on the temperature of the solution. Although the adsorption

potential of hydrogels of 4 is very promising, the limited maximum adsorption capacity for high
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initial dye concentrations and especially the adsorption rate is a great disadvantage for the
industrial use of this system.

Therefore, the loading of the hydrogel by preparing it in presence of distinct amounts of the
model compound rhodamine B was investigated. It could be shown that the loading via
encapsulation of the guest molecules has several advantages over the loading method via
adsorption onto a preformed hydrogel. First, the loading can be achieved within the time of
gelation, which is 8 h for the gelation method used here. Second, higher loading capacities can
be achieved, when using the same initial amount of the dye for the adsorption experiments, as
the dye is not only adsorbed at the surface of the preformed gel fibers, but can also be
incorporated into the gel fibers and in between the gelator molecules. Third, the overall
maximum loading capacity is only limited by the mechanical stability of the gel, that decreases
upon encapsulation of high amounts of rhodamine B. The influence of the dye on the
mechanical stability of the gel samples proves that the guest molecules are incorporated in the
gel structure as some kind of impurity. This furthermore suggests that the bondage between
dye and gel is very strong. For the formation of stable gels the highest possible molar ratio of
dye molecules to gelator molecules is 1:2 (0.5 eq., 378 mg g*). This is very promising as only
one example was found in the literature that describes a nearly equimolar encapsulation of a
guest molecule, namely 1-pyrenemethylamine, in a low molecular weight hydrogelator.?®® The
time-dependent release study in water at r. t. of gels with different encapsulated amounts of
rhodamine B showed that even after ten days a maximum remaining encapsulated amount of
264 mg g could be achieved, which corresponds to a dye to gelator ratio of 1 : 3 and a loading
efficiency of still 70 %. The release kinetics is in accordance with the generalized Fickian
diffusion model and shows a non-hindered diffusion of the dye molecules.

The release studies in biologically relevant media were performed with hydrogels of 4
formed in the presence of a distinct amount of rhodamine B (0.05 eq., 38 mg g*). In phosphate
buffered saline (PBS) with a pH value of 7.4 — a standard fluid in biochemistry for e. g. rinsing
cell cultures — all the dye is released at r. t. within 24 h upon dissolution of the gel sample. To
simulate the condition of the human blood plasma and to test the surface changes of potential
implant materials in vitro, simulated body fluid (SBF) with a pH value of 7.4 is used. The pure
hydrogel samples of 4 dissolve within 8 h at r. t. and within 6 h at 37 °C in SBF, showing that an
increase in temperature increases the dissolution and thus release rate. Due to this fast
dissolution all encapsulated dye is release within 6 h at body temperature, making this
material unsuitable as template for the growth of tissue or bone material.

Far more promising is the use of this hydrogel system as controlled drug delivery matrix for

the oral administration of drugs. Hydrogels of 4 have been proven to be stable in fasted state
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simulated gastric fluid (SGF) at a pH value of 1.6 at 37 °C over days, even though pepsin was
present which is able to hydrolyze amide bonds. It seems that the amide bonds of the gelator
are protected against enzymatic hydrolysis due to steric hindrance by the fiber formation and
the bulky phenyl units in the side arms of the gelator. Furthermore, only about 9 % of the
encapsulated model compound rhodamine B was released in SGF at 37 °C over ten days,
indicating that it is possible to protect an encapsulated molecule from the acidic milieu of the
stomach.

Contrary to the stability of the gel in fasted state SGF, it slowly dissolves in fasted state
simulated intestinal fluid (SIF) at 37 °C. Although it is often stated that the complete intestinal
tract is alkaline, the milieu of the upper small intestine, which is simulated here, has a pH value
of 6.5 at the fasted state. Nevertheless, hydrogels of 4 dissolve within 72 h. Interestingly, the
release of the encapsulated model compound is already completed within 48 h, supposedly
because the superstructure of the gel is already dissolved at that time. Although this release
rate is still too slow for a successful oral drug delivery system, the general dissolution and
release behavior of gels of 4 in simulated gastro-intestinal fluids is promising. The release rate
will probably be enhanced by the larger volume of SIF that is present in the gastro-intestinal
tract, as well as the hydrodynamics of the digestive system. Furthermore, the increasing pH
value in the proximal small intestine and the large intestine will additionally promote the
dissolution of the gels. Moreover, by changing the volume, shape, and gelator concentration of
the administered gel the dissolution and release behavior can be adjusted to fit the
requirements of oral drug administration.

Concluding, the hydrogel system presented here showed promising results as a controllable
drug delivery system for oral administration. Therefore, further tests should be conducted to
promote the realization of a successful medical product. First of all, further release studies
should be conducted with pharmaceutical active compounds under standard testing
conditions that also simulate the hydrodynamics of the gastro-intestinal tract and the
respective volumes of the fluids. Furthermore, it also would be interesting to test the gel
stability and release behavior under fed-state conditions, as the administration of especially
hydrophobic drugs in combination with food usually leads to higher resorption rates in the
small intestine.

In chapter 3.3.3.4 it was shown that hydrogels of 4 are stable in most organic solvents and
can therefore be transferred into organogels. This quality might be especially interesting for
poorly water soluble drugs, as the drug can be dissolved in an organic solvent and

subsequently be adsorbed at the gel surface. By exchanging the organic solvent again with
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water, the gel is transferred back to a hydrogel and can be used as a drug delivery system in
biological systems without the negative effect of an organic co-solvent.

Furthermore, it might be interesting to use hydrogels of 4 as template for the preparation
of metal nanoparticles or clusters, as the gel itself consists of polycarboxylate-coated fibers. As
carboxylate moieties are known to act as anchoring groups and to complex metal oxides and
metal ions, the growth of nanoparticles within the gel network should be possible. Especially
the incorporation of silver clusters is of interest, as they possess anti-inflammatory and
antibacterial properties and are thought to be promising in applications, such as wound
treatment, sensoring, and catalytic nanoreactors.’®? In the literature only few low molecular
weight hydrogelators are known that enable the formation of nanoparticles within the gel

network.%%338
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6 “Electrogelation” — controlled formation of hydrogel films on

conductive substrates

Electrochemistry is a useful tool for the application of multiple coatings on various substrates.
In this chapter “electrogelation” processes, namely hydrogel film formation on conductive
substrates via the electrolysis of water, and the resulting films are investigated in detail.
Therefore, solutions of the pH-sensitive gelator sodium salt 4Na are used. By the proton
formation at the anode molecules of 4Na are transformed to the carboxylic acid derivative 4

(Scheme 6.1).
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Scheme 6.1: Transformation of the gelator sodium salt 4Na to the carboxylic acid derivative 4.

Using a 9-voltbattery as power supply, an indium tin oxide (ITO)-covered glass substrate as
anode and a stainless steel slide as counterelectrode, it can be shown in principle that
hydrogel films of this hydrogelator system can be produced via electrogelation at a 4Na

concentration of only 1 g L™* (Figure 6.1).

stainless steel slide as
counter electrode

Figure 6.1: Optical image of the proof-of-principle experiment of the electrogelation process with a
9-volt battery.
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In the following, the parameters that might influence the controlled formation of hydrogel
films are discussed. These are in particular the distance between the working and the counter
electrode, the applied voltage, the gelator 4Na concentration, the concentration of sodium
chloride (NaCl), which acted as background electrolyte, and the time for gelation. For the
optimization of the electrogelation parameters a more defined set up was used, which is

explained in detail in the following together with the underlying concept of this study.

6.1 Concept and set up

Using the electrolysis of water the pH value can be varied in the vicinity of the electrodes.
While hydroxide ions (OH’) are formed at the cathode, protons (H*) are produced at the anode.
As a consequence, the pH value in the aqueous solution close to the anode is reduced. This
decrease of the pH value leads to a transfer of the gelator sodium salt 4Na to the carboxylic
acid derivative 4 that forms the actual hydrogel film.

In chapter 3.3.3.1 it was shown that the critical gelation concentration (cgc) of this system
for the preparation of bulk gel samples is very low (2 g L™). As for the electrogelation process
the cgc might be even lower, the conductivity of a 4Na solution is expected to be very low and
to even decrease upon the transformation to the uncharged gelator molecule. To exclude any
influence that might arise due to such a variation of the conductivity during the experiments,
NaCl is added to the gelator solution as background electrolyte. However, it should be noted
d.313

that chloride ions in solution might be oxidized to chlorine when an electrical field is applie

electrolysis (6.1)
2NaCl+2H,0 > 2NaOH +H, +Cl, '

As chlorine is partially soluble in water, this leads to the in situ formation of hydrochloric acid

and hypochlorous acid.

Cl, +H,0 > HCIl +HCIO (6.2)
As hypochlorous acid (HCIO) can act as an oxidizing agent, it might affect the surface of the
electrodes. Therefore, the requirements for the substrate should not only include conductivity,
but also sufficient stability against electrochemical and chemical oxidation.

For the optimization study of the electrogelation parameters, which is described in the
following, a standard potentiostat was employed and set to potential-controlled mode for all
performed experiments. While for the technical applications of the electrolysis of water, which
are mainly to gain oxygen and hydrogen, usually a potential of 1.9 V is used, the formation of

protons already occurs at a lower potential of about 1.2 V.
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A three-electrode set up with a silver wire as pseudo-reference electrode is used for the
experiments (Figure 6.2). Thus, a constant potential can be adjusted, which induces a

controlled electrical field and a constant proton formation at the anode.

pseudo-reference
< — electrode:

working Q silver wire
electrode: ™
conductive ~—_ counter electrode:
substrate graphite wire

e gelator solution with
background electrolyte

—>
distinct distance between electrodes

Figure 6.2: Schematic representation of the three-electrode set up for the electrogelation process with
the hydrogelator system of 4.

While a graphite wire is chosen as cathode or counter electrode, in principle every conductive
substrate exhibiting enough stability might be used as anode or working electrode. Suitable
materials might be oxidized ceramics, noble metals or any other material with a sufficiently
high conductivity and oxidation potential. In this study the anode materials were chosen
regarding the following aspects: i) stability in aqueous solutions with a pH range from slightly
alkaline to basic; ii) stability against electrochemical oxidation at the applied potentials; iii)
stability against chemical oxidation due to the in situ formation of chlorine and hypochlorous
acid from the background electrolyte NaCl; and iv) the type of material. The surface roughness,
the functionalization of the surface, and the presence of surface charges might alter the
interactions between the gelator molecules and the surface. Thus, the type of material might
promote or hinder the anchoring of molecules of 4 on the substrate.

Considering this, indium tin oxide (ITO)-covered as well as gold (Au)-covered glass slides
seemed perfectly suitable for the hydrogel film formation via electrogelation. The ITO-covered
substrates have the advantage of easy handling, strong attachment of the ITO-cover on the
underlying glass slide, and transparency, which allows for characterization of the films via
transmission UV-Vis and fluorescence spectroscopy. Furthermore, the functionalization of the
surface with oxide moieties might be a good anchor for the carboxylic acid groups of the
gelator. On the contrary, Au-covered substrates exhibit a lower surface roughness compared
to ITO surfaces, which is especially important for atomic force microscopy (AFM)

investigations. Taking these considerations into account, ITO-covered glass slides were used
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for the screening of the electrogelation parameters of the dried films and Au-covered slides
were used for more advanced AFM investigations. A rectangular chamber for thin layer
chromatography (TLC) was employed in the electrogelation set up, as the working electrode

could be easily fixed in a defined distance to the counter electrode (Figure 6.3).

pseudo-reference electrode:
silver wire working electrode:

ITO-covered glass slide

counter electrode:
graphite wire

Figure 6.3: Custom-made three-electrode set up in a conventional TLC-chamber.

6.2 Hydrogel film formation and characterization of the dried films

Various parameters of the electrogelation process were systematically varied and their
influence on the resulting hydrogel films was investigated. Besides finding the optimum
distance between the working and the counter electrode, the influence of the applied
potential, the concentration of the gelator sodium salt 4Na and the background electrolyte
NaCl as well as the gelation time were considered. For all performed experiments the
three-electrode set up with 25 x 25 mm ITO-covered glass substrates as working electrode
were used.

The characterization of the wet films is rather difficult, as the gel films dry quickly after the
removal from the gelator solutions. Therefore, the thickness of the films could not be
evaluated in wet state using a standard profilometer for height determination. To investigate
the influences of the various parameters on the growth rate of the gel films, the thickness of
the respective gel films was measured in dried state. However, the presence of NaCl in the
gelation medium as background electrolyte leads to the formation of small salt crystals upon
drying. To avoid the formation of these sodium chloride crystals, the substrates were dipped
into desalted water directly after the gelation process, washing away the sodium and chloride
ions. Besides determining the film thickness in dried state, UV-Vis and fluorescence
spectroscopic measurements as well as scanning electron microscopy (SEM) studies were

performed.
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6.2.1 Influence of the distance between working and counter electrode

To evaluate the influence of the distance between the working and the counter electrode a
solution of 4Na (1gL™) with the background electrolyte NaCl (10 mM) was prepared. The
potential was set to 2.0 V for 10 min for three different films and the distances between the
working electrodes were varied to be 1 cm, 2 cm, and 3 cm, respectively.

The evaluation of the influence of the distance between the electrodes is especially
important as a graphite wire and not a graphite plate or sheet was used as counter electrode.
Between two parallel orientated electrodes a homogeneous electrical field is present, that
varies only in its strength depending on the distance between the two electrodes. However, if
the counter electrode is rather a point or one-dimensional source, the homogeneity of the
electrical field is also strongly influenced by the distance between the electrodes. The ITO-
covered glass substrates were only partially submerged into the gelator solution so that a
sharp edge between the hydrogel film and the uncovered substrate occurred at the liquid-air-
interface. The optical images presented in Figure 6.4a-c show the front view of the obtained
films in the wet state with the hydrogel films at the lower half of the substrate. At an electrode
distance of 1cm the submerged part of the substrate is only partially covered with the
hydrogel film, while the samples obtained with an electrode distance of 2 cm and 3 cm seem
to be equally homogeneous. This indicates that only above a certain distance of the electrodes
a sufficient homogeneous electrical field is obtained that again results in a homogeneous
formation of protons at the submerged substrate surface. To achieve a homogeneous hydrogel
film formation, the distance between the working and the counter electrode was set to 3 cm

for further experiments.

Figure 6.4: Optical images showing the front (a-c) and side view (d-f) of hydrogel films on ITO-covered
glass substrates in the wet state, prepared via electrogelation using a distance between the counter and
the working electrode of 1 cm (a and d), 2 cm (b and e), and 3 cm (c and f), an applied potential of 2.0V,
a 4Na concentration of 1 g L™, a NaCl concentration of 10 mM, and a gelation time of 10 min.
(*: The average thickness of the dried film was calculated from n = 9 measurements per film.)
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The side view images of the wet hydrogel films on the glass substrates in Figure 6.4d-f show no
film delamination under gravitational stress when inverting the samples reveal. Thus, the
hydrogels are self-supporting and strongly bound to the substrate surface. The thicknesses of
the wet films were estimated to be around 1.5 mm to 2.0 mm. The exact measurement of the
film thicknesses in wet state using a standard profilometer was not possible as drying of the
samples occurred very fast and falsified the results. Therefore, the hydrogel films were washed
with desalted water and dried under ambient conditions before determining the film
thicknesses at nine spots that were evenly distributed over the film. The calculated average
thicknesses of the dried films as well as the respective standard deviations are given as inset in
Figure 6.4d-f. For the hydrogel film prepared with an electrode distance of 1 cm the standard
deviation is extremely high (817 + 540 nm) due to the inhomogeneity of the film. This renders
a comparison with the other films unreasonable. The average thicknesses of the dried films
prepared with an electrode distance of either 2cm or 3 cm are comparable within their
standard deviations (902 + 66 nm and 945 + 67 nm, respectively). This leads to the assumption
that the distance between the electrodes has only a negligible influence on the film thickness
as long as a homogeneous electrical field is present in the solution which ensures
homogeneous proton and hence film formation. However, it is important to note that the
average thickness of the dried films is significantly lower than the estimated thickness in wet
state. The loss of water upon drying the films is accompanied by a collapse of the network,
which reduces the thickness by about three orders of magnitude.

It should be noted that in all three films small gas bubbles can be detected independent of
the electrode distance (Figure 6.4). This might be explained by the applied potential of 2.0 V. In
technical applications usually a potential of 1.9V or higher is used to obtain oxygen and
hydrogen from the electrolysis of water. Besides the formation of oxygen at the anode, the
above mentioned electrochemical decomposition of the background electrolyte NaCl might
additionally result in the formation of hydrogen (H;) and chlorine (Cl,). These gases are only
soluble in water at low concentrations. It seems that at the applied potential of 2.0V, the
growth of the hydrogel film and the formation of gas is so accelerated that gas bubbles are
trapped inside the gel film.

In the following,experiments with different applied potentials are presented to evaluate the

influence of the potential on the hydrogel film formation via the electrolysis of water.

6.2.2 Influence of the applied potential

Three hydrogel film samples were prepared via electrogelation by applying potentials of

1.25V, 1.5V, and 2.0V, respectively. Apart from that, the electrogelation parameters were
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analogous to the ones described above with a 4Na solution (1 g L") containing NaCl (10 mM), a
gelation time of 10 min, and an electrode distance of 3 cm.

As electrolysis of water and thus proton formation occurs above a potential of 1.2V,
electrogelation should in principle be observed for all three chosen applied potentials. This is
confirmed by the optical images presented in Figure 6.5. While for the sample prepared with
1.25 V the film is barely visible (Figure 6.5a), at 1.5 V and 2.0 V significant film formation can be
observed (Figure 6.5b and c). For films prepared with 1.25V, 1.5V, and 2.0 V a film thickness in
dried state of 14 + 6 nm, 284 + 76 nm, and 947 + 65 nm were obtained, respectively (see insets
in Figure 6.5). The measurement of the film thicknesses in dried state confirmed that with
increasing applied potential a significant increase of the film thickness can be realized,

probably resulting from an increased proton formation rate.

Figure 6.5: Optical images showing hydrogel films on ITO-covered glass substrates in the wet state,
prepared via electrogelation using an applied potential of 1.25V (a), 1.5V (b), and 2.0V (c), a 4Na
concentration of 1 g L'l, a NaCl concentration of 10 mM, a gelation time of 10 min, and an electrode
distance of 3 cm.

(*: The average thickness of the dried film was calculated from n=9 and **: n =4 measurements per
film.)

When using a potential of 1.25V, the thickness of the dried film could only be measured at
four different spots with a standard profilometer due to the limited resolution of the used
method and the morphology respectively surface roughness of the film. The average
thicknesses for the dried films obtained by applying a potential of 1.5V and 2.0V were
calculated using nine measured values. At an applied potential of 2.0V gas bubbles are
enclosed in the hydrogel film. This is not the case for films prepared with lower applied
potentials which is assigned to be a combination of two complementary reasons: i) Only low
amounts of gas are produced at the surface of the anode which are still completely soluble in
the aqueous solution; and ii) the formation of the hydrogel network is too slow to entrap the
produced gas.

To exclude any influence of the potential on the morphology of the hydrogel network a

scanning electron microscopy (SEM) study was performed on the dried films. Typical SEM
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images of the film prepared with an applied potential of 1.25V are presented in Figure 6.6
showing a persistent, but very thin fiber network. It has to be noted that although a coherent
network is formed, the substrate is not completely covered with gel fibers so that the
underlying ITO cover is visible. The diameters of what seems to be single fibers range from
about 20 nm to 30 nm, while they grow several microns in length scale. However, as these
fibers intertwine, twist and converge to form larger bundles with diameter of about 70 nm and
higher, it is difficult to determine the actual diameter and length of the underlying structures.
Nevertheless, the measured thickness of the dried film of about 14+ 6 nm seems to

correspond to the diameter of a single fiber. These findings are in good accordance with the

morphologies observed for bulk gel samples presented in chapter 3.3.2.

Figure 6.6: Typical SEM images of a dried hydrogel film on a ITO-covered glass substrate, prepared via
electrogelation using an applied potential of 1.25 V, a 4Na concentration of 1 g L™, a NaCl concentration
of 10 mM, a gelation time of 10 min, and an electrode distance of 3 cm. Note: The black rectangle in a)
marks the magnified region which is shown in b).

(*: The average thickness of the dried film was calculated from n = 4 measurements per film.)

The SEM images of gel films prepared by applying a potential of 1.5V show a dense fiber
network (Figure 6.7).

Single fibers in the range of 20nm to 30nm can be found that entangle to form
superstructures similar to those observed in films prepared with 1.25V. Although no gas
bubbles could be observed on a macroscopic scale, in the SEM images small circular holes with
diameters in the range of 100 nm to 150 nm can be observed (indicated by black arrows in
Figure 6.7). These pores might be the result of gas transport processes from the anode to the

interface of the hydrogel and the gelator solution.
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&l 15V 284+ 76 nm* &l 1.5V

Figure 6.7: Typical SEM images of a dried hydrogel film on a ITO-covered glass substrate, prepared via
electrogelation using an applied potential of 1.5V, a 4Na concentration of 1 g L™, a NaCl concentration
of 10 mM, a gelation time of 10 min, and an electron distance of 3 cm. Note: The black rectangle in a)
marks the magnified region which is shown in b), while the arrows indicate circular channels.
(*: The average thickness of the dried film was calculated from n = 9 measurements per film.)

SEM images of films prepared with an applied potential of 2.0 V show a fiber network very
similar to the one obtained from films prepared with 1.5 V in respect to the diameters of single

fibers and the formation of fiber bundles (Figure 6.8).

#500,nm,/

Figure 6.8: Typical SEM images of a dried hydrogel film on a ITO-covered glass substrate, prepared via
electrogelation using an applied potential of 2.0 V, a 4Na concentration of 1 g L™, a NaCl concentration
of 10 mM, a gelation time of 10 min, and an electrode distance of 3 cm. Note: The black rectangle in a)
marks the magnified region which is shown in b), while the arrows indicate circular channels.
(*: The average thickness of the dried film was calculated from n = 9 measurements per film.)

However, the hydrogel film prepared with 2.0 V seems to be more porous due to the presence
of more circular holes in the range of 50 nm to 150 nm. Since the gas formation is highly
increased during electrogelation at a potential of 2.0 V, these findings support the assumption
that the pores arise from the gas transport through the film and act as some kind of gas
channel. Nevertheless, one should keep in mind that the hydrogel film collapses upon drying
due to the loss of water. This leads to a significant decrease of the film thickness and might

also influence the morphology and especially the porosity of the fiber network.
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The UV-Vis and photoluminescence (PL) spectra obtained from the dried hydrogel films
prepared with increasing applied potentials show an increase in optical density (O.D.) and PL
intensity, respectively (Figure 6.9a and b). The respective maximum of the O.D. of the films can
be found at about 310 nm. This is within the range of the absorbance maximum of about
306 nm found for the films of 4 prepared from DMSO (chapter 4.1.1). At an applied potential
of 2.0V the limit of the UV-Vis set up led to an erratic spectra at high optical densities which
makes the evaluation of the maximum difficult. However, a red shift of the tail of the

absorbance spectra with increasing applied voltage during film preparation can be observed.
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Figure 6.9: a) UV-Vis spectra and b) PL spectra of dried hydrogel films prepared via electrogelation using
an applied potential of 1.25V, 1.5V, and 2.0V, respectively, a 4Na concentration of 1g L'l, a NacCl
concentration of 10 mM, a gelation time of 10 min, and an electrode distance of 3 cm.

To avoid the presence of a harmonic overtone in the PL spectra of the films, as observed for
films of 4 in chapter 4.1.2, the dried hydrogel films were excited at A¢,c = 320 nm. Due to the
low absorbance observed for films prepared with 1.25V, no PL intensity could be detected
with the used PL set up. For the two other films an increase in PL intensity can be observed
with increasing applied potential, which probably correlates to the increased optical densities
of the films. The respective maxima of the PL intensity were found at about 450 nm and
455 nm for films prepared with 1.5V and 2.0 V, respectively. As already discussed in chapter 4,
a more rigid and ordered arrangement of molecules of 4 might lead to a blueshift of the
respective PL spectrum. The blue shift of the respective PL maxima with decreasing applied
potential might therefore indicate that at a lower applied potential the formation of the
chromophore is more ordered and molecules are stronger rigidified. This is very reasonable, as
lower applied potential results in a lower proton formation rate at the anode and thus slower

gel formation. This should give the molecules more time to align in a higher ordered fashion.
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Further tests were carried out using an applied potential of 1.5 V to avoid the inclusion of gas
bubbles within the gel film during electrogelation, while simultaneously obtaining a sufficiently

coverage of the substrate within 10 min.

6.2.3 Influence of the gelator concentration

In chapter 3.3.3.1, the critical gelation concentration (cgc) of bulk gel samples was determined
to be 2.0 g L. Above this concentration of 4Na in solution, a stable and self-supporting fiber
network, which is able to resist gravitational flow upon inversion of the test tube, is formed
within the whole volume of the sample.

The hydrogel film samples prepared via electrogelation were prepared with a 4Na
concentration of only 1 gL'as described above. This clearly lies below the cgc of bulk gel
samples of 4. It can be explained by the fact that for the hydrogel film preparation not the
whole volume of the gelator solution is solidified. The transfer from the water soluble sodium
salt 4Na to the gelator molecule 4 only occurs in the vicinity of the anode leading to a
deposition of 4 on the substrate. Due to diffusion processes, the supply of 4Na molecules at
the anode from the solution is assured. The effective 4Na concentration at the anode is
therefore not only dependent on the initial 4Na concentration in solution, but also on the
diffusion of 4Na. Thus, it might be assumed that there is no cgc for the electrogelation process,
as long as the diffusion rate of 4Na is high enough.

To test this hypothesis and to evaluate how the gelator concentration influences hydrogel
film formation, samples with four different initial gelator concentrations were prepared using
an applied potential of 1.5V, a NaCl concentration of 10 mM, a gelation time of 10 min, and a
distance between the working and the counter electrode of 3 cm, respectively.

In Figure 6.10 the optical images for the films prepared with an initial 4Na concentration of

0.1gL%05gL" 1.0gL? and 2.5 g L'are presented.
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Figure 6.10: Optical images showing hydrogel films on ITO-covered glass substrates in the wet state,
prepared via electrogelation using a 4Na concentration of 0.1gL” (a), 0.5gL" (b), 1.0gL™ (c), and
25¢g L™ (d), an applied potential of 1.5V, a NaCl concentration of 10 mM, a gelation time of 10 min, and
an electrode distance of 3 cm.

(*: The average thickness of the dried film was calculated from n =9 and **: n =5 measurements per
film.)
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The inclusion of gas bubbles in the gel layer could not be observed for any of the samples
indicating that the gas formation of the anode is indeed mainly dependent on the applied
potential.

At a 4Na concentration of 0.1 g L™" no film formation could be observed macroscopically
(Figure 6.10a). Consequently, also the measurement of the film thickness in dried state gave
no results. This leads to the conclusion that under the applied conditions no gel film is formed
and that there is a cgc for the electrogelation process using the described set up. By increasing
the initial 4Naconcentration to 0.5 g L™ hydrogel films are formed on the substrate. However,
the obtained film is barely visible in the optical images in the wet state (Figure 6.10b). The
average thickness of the dried sample was determined to be 124 + 110 nm. As the standard
deviation is nearly as high as the average value itself, it seems that the dried hydrogel film is
rather inhomogeneously distributed on the substrate with thick and thin parts. Moreover, it
should be noted that the thickness could only be measured at five different spots, which is
probably due to this high height deviation.

For the samples prepared with a 4Na concentration of 1.0 g L™ and 2.5 g L™, respectively,
no significant differences between the wet hydrogel films could be observed in the optical
images (Figure 6.10c and d). The average thicknesses of the dried films calculated from nine
measured values are given as inset in the optical images and show a significant increase of the
film thickness in dried state with increasing 4Na concentration. Comparing the samples
obtained using 0.5 g L" and 1.0 g L™, there seems to be a linear dependence of the dried film
thickness and the gelator concentration. However, this assumption is not supported when also
considering the sample prepared with 2.5gL". If a linear dependence would be valid, an
average thickness of about 680 nm in dried state would be expected.

SEM studies on the dried hydrogel films prepared with different initial 4Na concentrations
were performed to give further insight into the influence of the gelator concentration on the
morphology of the resulting dried films. For the sample prepared with a 4Na concentration of
only 0.1 g L' most SEM images show only the bare substrate surface and no fiber network or
film formation. Only in a few SEM images a partial coverage of the submerged substrate with

organic material can be observed (Figure 6.11).
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Figure 6.11: SEM image of a dried ITO-covered glass substrate treated with the electrogelation process
using a 4Na concentration of 0.1 g L™, an applied potential of 1.5V, a NaCl concentration of 10 mM, a
gelation time of 10 min, and an electrode distance of 3 cm. Note: A typical SEM image would only
display the ITO-covered substrate surface and is therefore not shown here.

This also supports the assumption that there is a cgc for the electrogelation process under the
applied conditions. The few deposited aggregates are in the range of several hundreds of
nanometers and no obvious anisotropy of the structures can be observed. For samples
prepared using a 4Na concentration of 1 g L™* at a rather low applied voltage of 1.25 V, single
fibers and fiber bundles could be observed on the substrate surface (Figure 6.6, chapter 6.2.2).
The resulting morphology at a 4Na concentration of 0.1 g L'* and an applied potential of 1.5 V
does not resemble that morphology of single fibers and fiber bundles at all, as only rather large
clusters can be observed. These findings indicate that a low proton formation rate (1.25V,
1gL™ of 4Na) still enables the formation of a fiber network, while at a low gelator
concentration (1.5V, 0.1 g L™ of 4Na) the limited diffusion of 4Na to the surface of the anode
hinders the formation of ordered aggregates. As the diffusion of protons is much faster in
aqueous media than the diffusion of organic molecules, such as 4Na or 4, it might be even
possible that the observed aggregates were formed in the solution and deposited on the
substrate, when removing the substrate from the solution.

SEM imaging of dried hydrogel films prepared with a 4Na concentration of 0.5 g L™ revealed
that there is no characteristic SEM image for the sample due to a rather inhomogeneous
distribution of the hydrogel fibers. While some parts of the submerged substrate are covered
with a network of fibers that consists of several layers (Figure 6.12a), only single fiber strands

are deposited on other parts of the substrate (Figure 6.12b).
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Figure 6.12: SEM images of a dried hydrogel film on an ITO-covered glass substrate, prepared via
electrogelation with a 4Na concentration of 0.5 g LY, an applied potential of 1.5V, a NaCl concentration
of 10 mM, a gelation time of 10 min, and an electrode distance of 3 cm.

(*: The average thickness of the dried film was calculated from n = 5 measurements per film.)

This lateral inhomogeneity of the fiber deposition clearly explains the difficulties when
measuring the thicknesses of the dried film and the large resulting deviation of the average
thickness. Both fiber networks consist of twisted and entangled fibers that form bundles and
superstructures in the range of 50 nm to about 120 nm, whereas the diameters of the
underlying anisotropic structures are in the range of 20 nm to 30 nm. Thus, apart from the
inhomogeneities, the hydrogel network is built up similar to the networks produced using a
4Na concentration of 1 g L™ as already discussed in chapter 6.2.2 (Figure 6.7).

It was shown that using a 4Na concentration of 1 gL" and an applied potential of 1.5V
homogeneous hydrogel films can be prepared over the whole submerged substrate surface. It
thus can be stated that for the electrogelation process 1gL" is the critical gelation
concentration of the gelator sodium salt 4Na. However, one has to keep in mind that this cgc is
only valid for the described conditions, such as the three-electrode set up, the applied
potential of 1.5V, the NaCl concentration of 10 mM, the gelation time of 10 min, and the
electrode distance of 3 cm. As shown in chapter 6.2.2, the applied potential significantly
influences the growth rate of the gel film.This makes it reasonable to assume that at a higher
applied potential the cgc for electrogelation might be lower than 1.0 g L.

Further increase of the 4Na concentration to 2.5 g L™ results in a dense network of fibers
with morphologies comparable to the one obtained for samples with 1.0 g L™ (Figure 6.13).
Solely the average thickness of the dried gel film is increased compared to the samples with
lower initial gelator sodium salt concentrations. This can be explained by the fact that at a
higher initial 4Na concentration, diffusion processes are less significant and thus are not rate-

limiting.
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Figure 6.13: Typical SEM images of a dried hydrogel film on a ITO-covered glass substrate, prepared via
electrogelation with a 4Na concentration of 2.5 g L™, an applied potential of 1.5 V, a NaCl concentration
of 10 mM, a gelation time of 10 min, and an electrode distance of 3 cm. Note: The black rectangle in a)
marks the magnified region which is shown in b).

(*: The average thickness of the dried film was calculated from n = 9 measurements per film.)

The increasing average thickness of the dried hydrogel films with increasing initial 4Na
concentration can also be detected using UV-Vis and PL spectroscopy (Figure 6.14a and b). For
samples prepared with 0.1 g L™ of 4Na, no absorbance between 260 nm and 450 nm can be
detected with a standard UV-Vis spectrometer. Therefore, no PL can be measured upon
excitation with Aexe = 320 nm. Samples prepared with 0.5 g L' of 4Na show slight absorbance
with a maximum at about 303 nm. However, the respective absorbance is too low to enable PL

that is detectable with a standard photometer upon excitation with A = 320 nm.
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Figure 6.14: a) UV-Vis spectra and b) PL spectra of dried hydrogel films prepared via electrogelation
using a 4Na concentration of 0.1g ™%, 0.5gL", 1gL", and 2.5 g L", respectively, an applied potential of
1.5V, a NaCl concentration of 10 mM, a gelation time of 10 min, and an electrode distance of 3 cm.

With increasing initial 4Na concentration, the respective O.D. of the dried films as well as the
PL intensity increases. While for the absorbance spectra a red shift of the respective maxima

from about 303 nm to about 308 nm and 318 nm can be observed with increasing 4Na
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concentration, the respective maxima of the PL spectra of the different films can all be found
at a wavelength of about 450 nm.

These findings are in good agreement with the results obtained from the spectroscopic
studies of the bulk hydrogel samples discussed in chapter 4 and of the hydrogel films prepared
via the electrogelation process using different applied potentials (chapter 6.2.2).

For the further optimization of the electrogelation parameters a 4Na concentration of
1gL™ was chosen as standard, as this is the lowest concentration at which homogeneous

hydrogel films are formed under the applied condition.

6.2.4 Influence of the concentration of the background electrolyte

As shown above, only low amounts of the gelator sodium salt 4Na are necessary for the
electrogelation process. Already an initial 4Na concentration of 1 g L™ leads to the formation of
homogeneous hydrogel films under the applied conditions. It must be noted that this
concentration is further reduced during electrogelation due to the transformation of 4Na into
its protonated form 4, which is then deposited on the anode as hydrogel network. Due to
these facts, the conductivity of the initial 4Na solution is very low and should further decrease
during the gelation process. Therefore, sodium chloride was added to the gelator sodium salt
solution as background electrolyte. In the electrogelation experiments described above, the
NaCl content was set to 10 mM to ensure a stable conductivity in the gelator solution during
the whole electrogelation process. To evaluate the influence of the sodium chloride content on
the electrogelation process, hydrogel films were prepared via electrogelation using a NacCl
concentration of 10 mM, 100 mM, 250 mM, and 500 mM, respectively.
The hydrogel films were prepared applying the standard gelation parameters, such as a 4Na
concentration of 1 g L™, an applied voltage of 1.5 V, a gelation time of 10 min, and an electrode
distance of 3 cm. The gel films were immediately washed with desalted water after gelation to
remove the NaCl ions before drying and to prevent NaCl crystal formation. The optical images
of the wet hydrogel films prepared using NaCl concentrations of 100 mM, 250 mM, and
500 mM did not significantly differ from the sample prepared in the presence of 10 mM of
NaCl (Figure 6.10c, chapter 6.2.3). Therefore, they are not shown here.

The respective average thicknesses of the obtained gel films were determined in dried state
using nine measurement spots per film. The average values as well as the respective standard

deviations are displayed in Table 6.1.
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Table 6.1: Thickness of the dried films in dependence of the NaCl concentration

NaCl concentration [mM] thickness of dried film® [nm]
10 284 + 76
100 647 +221
250 525 + 66
500 682 +231

1
average of 9 measurements

With increasing amount of the background electrolyte in the gelator solution from 10 mM to
100 mM, the average thickness of the dried film as well as the standard deviation increases
significantly. Interestingly, these values are in good accordance with the average thickness and
standard deviation of films prepared with a NaCl content of 500 mM, while the values slightly
decrease for samples prepared with 250 mM of NaCl. It seems that the NaCl content in the
initial gelator solution has only a minor effect on the dried film thickness, if the concentration
is 100 mM or higher.

The rather large fluctuations of the standard deviations in dependence of the background

electrolyte concentration might indicate differences in the roughness of the hydrogel film
surface. Therefore, SEM studies of gel films prepared via electrogelation were conducted to
further evaluate the influence of the background electrolyte on the morphology.
A typical SEM image of a dried hydrogel film prepared with a NaCl concentration of 10 mM
was discussed earlier in this work (Figure 6.7, chapter 6.2.2). It shows a dense network formed
by twisted and entangled fibers. The underlying anisotropic structures have diameters in the
range of 20 nm to 30 nm.

In a typical SEM image of a dried gel film prepared using a background electrolyte
concentration of 100 mM also underlying structures with diameters in the range of 20 nm to
30 nm are observed (Figure 6.15). These fibers entangle and intertwine as well, which leads to
the formation of bundles with diameters in the range of 50 nm to 120 nm. However, the
resulting morphology of this superstructure is quite different and much more porous
compared to the morphology obtained using a NaCl content of 10 mM. Instead of a dense
network, pores in the range of several hundreds of nanometers are also present. It might be
suspected that this porosity originates from the enhanced conductivity of the gelator solution

and thus the faster proton transport from the anode into the gelator solution.
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Figure 6.15: Typical SEM images of a dried hydrogel film on a ITO-covered glass substrate, prepared via
electrogelation with a NaCl concentration of 100 mM, an applied potential of 1.5 V, a 4Na concentration
of 1gL", a gelation time of 10 min, and an electrode distance of 3 cm. Note: The black rectangle in a)
marks the magnified region which is shown in b).

(*: The average thickness of the dried film was calculated from n = 9 measurements per film.)

For the washed and dried samples prepared with an even higher amount of the background
electrolyte, such as 250 mM and 500 mM, also porous morphologies can be observed (Figure
6.16 and Figure 6.17). A direct correlation between the amount of background electrolyte and
the pore size in dried state could not be found. While the pore size significantly increases with
increasing the amount of NaCl from 10 mM to 100 mM, which is an increase by an order of
magnitude, the change in the pore size is rather negligible, when changing the NaCl content

from 100 mM to 250 mM or 500 mM.

e 250 mM 525+ 66 nm*

Figure 6.16: Typical SEM images of a dried hydrogel film on a ITO-covered glass substrate, prepared via
electrogelation with a NaCl concentration of 250 mM, an applied potential of 1.5 V, a 4Na concentration
oflg LY, a gelation time of 10 min, and an electrode distance of 3 cm. Note: The black rectangle in a)
marks the magnified region which is shown in b).

(*: The average thickness of the dried film was calculated from n = 9 measurements per film.)

Although the porosity as well as the determined average thickness is not significantly
influenced when the NaCl content is 100 mM or higher, slight differences in the morphology of

the different films as well as the respective standard deviations can be determined.
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Figure 6.17: Typical SEM images of a dried hydrogel film on a ITO-covered glass substrate, prepared via
electrogelation with a NaCl concentration of 500 mM, an applied potential of 1.5 V, a 4Na concentration
oflg LY a gelation time of 10 min, and a distance between the working and the counter electrode of
3 cm. Note: The black rectangle in a) marks the magnified region which is shown in b).

(*: The average thickness of the dried film was calculated from n = 9 measurements per film.)

These differences might arise from the washing procedure and the subsequent drying step
after electrogelation. One might imagine that if the gel film partially dried before the washing
step, the formation of NaCl crystals in the pores of the hydrogels prevents a complete collapse
of the gel fibers and therefore, the formation of a dense network. However, if the gel is
thoroughly washed before any drying might have occurred, the gel fibers collapse as also
observed for bulk samples leading to a thinner and denser hydrogel film. The investigated gel
films in the study presented here were immediately washed after gelation preventing partial
drying of the film and thus NaCl crystal formation.

However, to fully eliminate any artifacts in the SEM images due to partial drying of the
respective films before the washing procedure, further tests varying the time between the
removal of the substrate from the gelator solution and the washing procedure should be
performed.

As the spectroscopic studies (UV-Vis and PL spectroscopy) of the dried films prepared with
different initial NaCl concentrations did not show any significant influence of the background
electrolyte on the respective spectra, they are not displayed in this work.

Summarizing, the formation of the fiber network itself as well as the found diameters of the
underlying structures and the fiber bundles seem not to be influenced by the amount of NaCl
present in the gelator solution. The pore size significantly increases for samples prepared with

a NaCl concentration of 100 mM or higher compared to the sample prepared with only 10 mM.

6.2.5 Influence of the gelation time

In this chapter, the influence of the gelation time on the hydrogel films prepared via the
electrolysis of water is investigated. For these experiments the optimized parameters found

previously in this study, such as an applied potential of 1.5V, a gelator sodium salt
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concentration of 1 g L' of 4Na, a NaCl background electrolyte concentration of 10 mM, and a
distance of the electrodes of 3 cm, were used.

The optical images of wet hydrogel samples obtained with gelation times of 1 min, 2 min,
5 min, and 10 min indicate an increase in the film thickness with increasing gelation time

(Figure 6.18). The calculated average film thicknesses in the dried state given in Figure 6.18

support this observation.

Figure 6.18: Optical images showing hydrogel films on ITO-covered glass substrates in the wet state,
prepared via electrogelation using a gelation time of 1 min (a), 2 min (b), 5 min (c), and 10 min (d), an
applied potential of 1.5V, a 4Na concentration of lgL'l, a NaCl concentration of 10 mM, and an
electrode distance of 3 cm.

(*: The average thickness of the dried film was calculated from n = 9 measurements per film.)

With increasing gelation time not only the calculated average thickness in dried state, but also
the respective standard deviations increase significantly. In Figure 6.19, the average

thicknesses in dried state are plotted versus the gelation time.
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Figure 6.19: Thickness of the dried films (average of nine measurements) plotted versus the gelation
time with a linear regression curve with a correlation constant of r* = 0.9983.
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The data can be fitted well to a linear regression curve with the intercept set to zero. The
resulting regression equation is y = 28.4 x with a correlation constant of r’ = 0.9983. However,
it is important to note that this equation only describes the relation between the gelation time
and the film thickness in dried state. It is known that the gel network collapses upon drying by
about three orders of magnitude (see chapter 6.2.1), but there are no indications that this
collapse proceeds linearly. Therefore, no conclusions can be drawn regarding the growth rate
in the hydrated or wet state.

Considering, that the electrogelation method is dependent on the diffusion of the formed

protons and the gelator sodium salt molecules 4Na, one would expect that with increasing film
thickness the film growth is hindered. The formation of a thick and dense fiber network at the
anode should limit the transport of the protons from the anode surface to the interface of the
film with the gelator solution. Furthermore, with proceeding gelation the 4Na concentration in
the gelator sodium salt solution decreases resulting in a lower film growth rate with increasing
gelation time.
However, the linear fit describes the found data very well. This might be explained by the fact
that the collapse of the films upon drying counteracts the expected non-linear film growth.
Furthermore, at gelation times of 10 min or less the 4Na concentration might be still
sufficiently high and the respective film thicknesses might not be high enough to hinder the
diffusion.

To exclude any influence of the drying process and the corresponding collapse of the gel
network, the thickness of gel films is determined in situ in cooperation with the group of Prof.
Georg Papastavrou from the department of Physical Chemistry Il of the University of Bayreuth.
The combination of an electrochemical atomic force microscopy (AFM) cell and colloidal probe
AFM techniques additionally enables the in situ determination of the mechanical properties of
the films on Au-covered substrates without any artifacts from transferring or drying the
samples. A manuscript including these results is currently prepared for publication.

Typical SEM images of the washed and dried hydrogel films after an applied gelation time
of 1 min and 2 min, respectively, are displayed in Figure 6.20. While after only 1 min the
surface of the substrate is only partially covered with fibers, after 2 min already a dense fiber
network similar to the one observed after 10 min can be seen (compare with Figure 6.7). The
respective diameters of underlying fibers are in the range of about 20 nm to 30 nm for both

samples.
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Figure 6.20: Typical SEM images of a dried hydrogel film on a ITO-covered glass substrate, prepared via
electrogelation using a gelation time of 1 min (a) and 2 min (b), an applied potential of 1.5V, a 4Na
concentrationof 1 g L'l, a NaCl concentration of 10 mM, and an electrode distance of 3 cm.

(*: The average thickness of the dried film was calculated from n = 9 measurements per film.)

The washed and dried hydrogel samples were also investigated using UV-Vis and PL

spectroscopy (Figure 6.21a and b).

Ay =320 NM
- gelation time
] elation time 20
a) 25 9 b) —— 10 min
—— 5min
> 154 —— 2min
g, —— 1min
o
£ 104
|
o
54
0

360 400 440 480 520 560 600

260 280 300 320 340 360 380 400 420 440
wavelength [nm] wavelength [nm]

Figure 6.21: a) UV-Vis spectra and b) PL spectra of dried hydrogel films, prepared via electrogelation
using a gelation time of 1 min, 2 min, 5 min, and 10 min, respectively, an applied potential of 1.5V, a
4Na concentrationof 1 g L'l, a NaCl concentration of 10 mM, and an electrode distance of 3 cm.

While for the samples with a gelation time of 1 min and 2 min, the respective spectra were
very similar, for longer gelation times an increase of the respective intensities with gelation
time could be observed. This corresponds very well to the findings presented earlier that
indicate an increasing absorbance and PL intensity with increasing film thickness. However, it
seems that the resolution of these spectroscopic investigations is too low to distinguish
between the thickness of the film after 1 min (about 32 nm) and after 2 min (about 67 nm).
The respective maxima of the absorbance spectra are between wavelengths of about 300 nm
to 310 nm, which is in good accordance with the results from dried hydrogel films of 4
prepared via electrogelation with different initial 4Na concentrations (Figure 6.14) and

prepared by drying a DMSO solution of 4 (chapter 4). With increasing gelation time, a slight
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redshift of the maximum and the tail at higher wavelength occurs. These properties are similar
to the ones for films prepared with different applied potentials (Figure 6.9, chapter 6.2.2).

The PL spectra were recorded using an excitation wavelength of Ae =320 nm and show a
maximum at about 450 nm, respectively. The intensities of the spectra coincide very well with
the intensities of the respective absorbance spectra. Thus, these findings are in good
agreement with the luminescence properties of dried hydrogel films of 4 discussed earlier.

Summarizing, the gelation time is an excellent parameter to precisely control the thickness

of the gel film without changing the morphology and porosity of the fiber network.

6.3 Tunable gel film properties via electrogelation and possible fields of
application

In the previous chapters, it could be shown that several external parameters influence the
formation of hydrogel films of 4 on conductive substrates using the change of the pH value via
the electrolysis of water. Thus, the gel film properties can be precisely controlled by tuning
theses parameters.

The average thickness of the dried gel films is thereby influenced by the applied potential,
the gelator 4Na concentration, and the gelation time.
As long as the applied potential exceeds the minimum potential for the electrolysis of water of
about 1.2V, it directly influences the proton formation rate and thus the “speed” of gelation.
The higher the applied potential, the faster the gelation proceeds. This, however, leads to
undesirable side-effects, such as the inclusion of gas bubbles within the gel film at applied
potentials of about 2.0 V.
As the electrogelation can only proceed as long as gelator molecules diffuse to the interface
between the anode with the gel film and the solution, the gelator sodium salt (4Na)
concentration determines the growth rate of the hydrogel film as well. Above the critical
gelation concentration (cgc) of 0.5 g L' continuous and homogeneous hydrogel networks can
be obtained. This is remarkable considering the cgc of bulk gel samples of 2 g L™. Above 1 gL,
with increasing 4Na concentration the influence of the gelator concentration on the thickness
in dried state slightly decreases.
For the gelation time a linear dependence on the dried film thickness was found. However, this
might be different for thicknesses in wet state or for gelation times higher than 10 min. using

the applied conditions.
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The morphology of the samples can be evaluated regarding two major criteria: the formation
of a fiber network with underlying anisotropic structures, and the porosity of the dried films.
Apart from the sample with a very low 4Na concentration (0.1 g L"), the arrangement of the
fiber network was not significantly altered by any of the applied parameters. Even the
diameters of the underlying structures were found to be in the range of 20 nm to 30 nm for all
prepared samples. These findings are very reasonable considering that the molecular structure
of the gelator molecule is the same and thus also the functional moieties responsible for
spontaneous self-assembly into supramolecular aggregates.

The analysis of the porosity of the films is rather difficult as only dried samples can be
investigated by SEM studies. Due to drying effects and the collapse of the gel network upon
the loss of water, it is not possible to deduce any reliable information about the porosity in the
wet state from the images in the dried state. Nevertheless, porous films in dried state can be
obtained either by increasing the applied potential or by increasing the concentration of the
background electrolyte. When using a potential of 2.0 V, few pores are formed probably due to
the gas formation upon the electrolysis of water and the electrochemical decomposition of
NaCl to hydrogen and chlorine gas. Highly porous films can be obtained by increasing the NaCl
concentration in the gelator solution above 100 mM. However, it is not clear why these pores
are formed, as there seems to be no direct correlation between the number and size of the
pores and the NaCl concentration. As the pores are not circular as observed for the ones
obtained by applying an enhanced potential, it is reasonable to assume that the formation of
gas from the electrochemical decomposition of NaCl plays a negligible role. It is suspected that
either the enhanced conductivity of the solution leads to a faster proton transport and thus
the formation of a more porous network or that drying effects occur. It might be possible that
the formation of NaCl crystals upon drying prevents the complete collapse of the gel. However,
as all samples were washed immediately in desalted water after the removal from the gelator
solution, this should not be the case in the study presented here.

While parameters, such as the applied potential, the 4Na concentration, the concentration
of the background electrolyte, and the gelation time influence the formation of the gel
network significantly, the distance between the electrodes has a rather negligible influence on
the thickness of the gel film. Due to the application of a wire as counter electrode, solely for
low distances the homogeneity of the electrical field and thus the gel formation is influenced.

The spectroscopic investigations, i. e. UV-Vis and photoluminescence (PL) spectroscopy
show a dependence of the respective maximum intensity with the film thickness. The
absorbance maxima of the films can be found at about 300 nm to 310 nm, which is consistent

with the findings of films of 4 prepared from a DMSO solution (chapter 4.1.1, Figure 4.4).
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Furthermore, a redshift of the maxima and the tails at higher wavelength can be observed with
increasing film thickness.

The analysis of the PL spectra shows that the maxima of the dried films are located between
450 nm and 455 nm. The blueshift of the PL maxima is associated with a decrease of the
applied potential and thus slower gel formation. Moreover, it indicates a more ordered
structure of the underlying chromophore. These results are in good accordance with the
findings of the PL study on wet bulk hydrogel samples and the corresponding theoretical

calculations presented in chapter 4.

In the study presented here, only the properties in dried state were investigated. In
cooperation with the group of Prof. Georg Papastavrou (Physical Chemistry Il) of the University
of Bayreuth, also in situ studies regarding the thickness of the wet gel films and the respective
mechanical properties were performed using AFM techniques. The combination of an
electrochemical cell with the AFM set up enabled to interrupt the electrogelation process at
distinct times and to evaluate the thickness and the Young’s modulus without any drying
effects or transfer of the sample out of the gelator solution. As standard conditions for these
experiments Au-covered glass substrates, applied potentials of 1.25 V, 4Na concentrations of
1gL" and background electrolyte concentration of 10 mM were used. By adjusting the
gelation time the hydrogel film thickness in wet state can be precisely controlled down to the
nm-level. These in situ tests for gelation times up to 2 min seem to indicate that in wet state
no linear dependence between the film thickness and gelation time is valid, but a decrease of
the growth rate occurs for longer gelation times. Independent of the gelation time or
respectively the thickness of the gel film, the Young’s modulus for wet gel films prepared by
electrogelation was found to be about 640 kPa, which is in the range of Young’'s moduli
determined for polymer and multi-layered polyelectrolyte films. These findings are even more
remarkable considering that solely so-called “weak” and non-covalent interactions are present
in the formed gel network of 4. Upon drying, the Young’s modulus increases four orders of
magnitude to about 7 GPa. Compared to the mechanical properties of bulk gel samples
prepared via the diffusion of HCI vapor, gelator concentration of about 50 g L™ are necessary
to achieve such high mechanical stability in wet state. The results of these investigations are
currently summarized as full paper planned for publication.

Summarizing, many parameters can be adjusted to precisely control the formation of thin
hydrogel films of 4 via the electrogelation method and thus tune the properties of the
resulting films. This makes this technique in combination with the hydrogel system ideal for
several fields of applications. As hydrogel films are only formed on the conductive substrates,

patterned hydrogel films can be easily prepared by using patterned substrates. The
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photoluminescence properties of the gelator system presented in chapter 4 and the
biocompatibility and high adsorption potential discussed in chapter 5 additionally open up
possible applications in sensoring and biomedical active coatings. The unique combination of
possible processing techniques and gel properties encourages further studies in various

scientific fields.
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7 Summary

In this thesis the pH-sensitive aggregation behavior of low molecular weight (Imw) compounds
based on the 1,3,5-benzene tricarboxamide (BTA) self-assembly motif is investigated in
aqueous systems to elucidate their potential to form supramolecular hydrogels.

The content of this thesis covers four main subjects, which are illustrated in Figure 7.1: the
investigation of the self-assembly behavior of pH-sensitive BTAs in aqueous solutions to
identify new Imw hydrogelators (highlighted in green); the spectroscopic and theoretical study’
of a supramolecular chromophore formed via the self-assembly of a BTA derivative
(highlighted in yellow); the investigation of the adsorption and release behavior of a
supramolecular hydrogel for the application in controlled drug delivery (highlighted in red);
and the study of the “electrogelation” method for the formation of defined supramolecular

hydrogel films on conductive substrates (highlighted in blue).

R =NH,, NMe,, OH, COOH, COOMe
Self-assembly behavior
of pH-sensitive 1,3,5-benzene tri-
carboxamides in aqueous systems

R=Coon

——
QCOD” pH-sensitive
o

hydrogelformation

’ »Electrogelation”

controlled forma-
tion of hydrogel films on
conductive substrates

Dye adsorption
and release studies:
towards a pH-sensi-
tive drug delivery system

..'.. r B4 1 5 .
- adsorption of |
S rhodamine B on hydrogel film on
gelation-induced a supramolecular ITO-covered glass slide
-

photoluminescence hydrogel matrix

Figure 7.1: lllustration of the four different chapters of this thesis.

! The theoretical calculations were performed in cooperation with Rodrigo Q. Albuquerque and are
published in Soft Matter.'”
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Self-assembly behavior of pH-sensitive 1,3,5-benzene tricarboxamides in agueous solutions

In the first subject of this thesis a structural concept was developed that enables the pH-
sensitive aggregation of BTA derivatives (1,3,5-benzene tricarboxamides) in aqueous media.
This concept includes the hydrophobic shielding of the BTA core with the amino moieties from
water molecules and the introduction of pH-sensitive groups in the periphery of each side arm
that can either act as Bronsted bases or acids (Figure 7.2). Four BTA derivatives with pH-
sensitive peripheral substituents and a non pH-sensitive reference compound were selected

and studied in this thesis.

R lateral functional moiety (electrostatic interactions
HNO depending on the pH value)

H phenylene unit (spacer for hydrophobic shielding)
07 "NH amide unit (intracolumnar hydrogen bonding)

benzene core (symmetry, -ni-stacking)

R
compound 1 2 3 4 5
R= -NH, -NMe, -OH -COOH -COOMe
— —
increasing basicity increasing acidity reference compound

Figure 7.2: Structural concept and chemical structures of the BTA-based compounds investigated
regarding their pH-sensitive aggregation in aqueous solutions.

In case of the amino derivative 1, no pH-sensitive self-assembly could be observed.
Compounds 2, 3, and 4 showed pH-sensitive aggregation and dissolution behavior at different
pH values. Their pH-sensitive aggregation behavior was investigated in detail revealing that
compounds 2 and 3 do form superstructures but do not form stable gels. However, compound
4 forms stable supramolecular hydrogels by transforming the respective sodium salt 4Na into
the carboxylic acid derivative 4. The reference compound 5, which cannot be charged by
protonation or deprotonation of the lateral groups, did consequently not show any pH-
sensitivity.

As compound 4 shows supramolecular hydrogel formation upon change of pH, this thesis
focuses on this BTA derivative. Different gelation methods were tested for compound 4 and

the properties of the resulting gels were compared. These preparation methods include: i) gel
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formation by addition of acidic acid solutions; ii) diffusion of hydrochloric acid gas; and iii) the
addition of glucono-delta-lactone (GdL), a slow proton donating agent.

Upon addition of aqueous acid solutions only inhomogeneous gels are obtained. Thus, this
method was not further used in this thesis. The diffusion of hydrochloric acid gas or the
addition of GdL to 4Na solutions leads to macroscopically homogenous hydrogels. For both
gelation methods, stable gels can be obtained above a critical gelation concentration (cgc) of
2 gL Even at this low gelator concentration the hydrogels are thermal stable up to the
boiling point of water without any signs of gel destruction or melting. The mechanical stability
of the gels was investigated using indentation measurements revealing that gels prepared by
diffusion of hydrochloric acid gas show a gradient of the mechanical stability with a more
stable layer at the gel/air interface. Gels prepared using the hydrolysis of GdL show a
homogeneous mechanical stability. The mechanical stability increased with increasing gelator
concentration. Thus, the addition of GdL is a highly potent gelation method for the preparation
of homogeneous and stable gels of 4. These gels are also stable against dissolution in different
aqueous acidic solutions and in various organic solvents miscible with water. In addition by a
complete exchange of the solvent, the hydrogel can be transformed to a stable organogel.

Electron microscopy techniques were performed at different stages of the gel formation as
well as on dried hydrogels to propose a structural model for the pH-sensitive formation of the
supramolecular hydrogel of 4. While the negatively charged molecules of the gelator salt 4Na
are molecularly dissolved due to electrostatic repulsion, upon decrease of the pH value the
anisotropic aggregation is assumed to occur stepwise. It is proposed that at the beginning of
the gelation process partially charged molecules aggregate to form supramolecular stacks with
evenly distributed surface charges which seem to form helical superstructures upon further

protonation.

Formation of a supramolecular chromophore: a spectroscopic and theoretical study

In the second section of this thesis the spectroscopic properties of the hydrogelator system
4/4Na are discussed in detail revealing that aggregation-induced emission enhancement (AIEE)
in water occurs. In combination with theoretical calculations performed by Prof. Rodrigo Q.
Albuquerque these findings were used to verify the proposed columnar aggregation model.
The major results of this chapter are published in Soft Matter.**

Neither the carboxylic acid derivative 4 nor the respective sodium salt 4Na show
photoluminescence in solution, while films and supramolecular hydrogels of 4 show a blue
luminescence upon irradiation with UV-light. Thus, this system clearly shows aggregation and
gelation-induced emission enhancement. As the photoluminescence (PL) spectra of the drop-

casted, dried film and the wet hydrogel prepared with GdL are very similar, it is assumed that
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the chromophoric system in both samples is the same. The emission in the bulk and gel state is
assigned to a t*-n or mt*-n-transition with a charge transfer (CT) character.

Time-dependent PL studies during gel formation with GdL showed that a red shift of the PL
maxima can be observed with increasing gelation time. In combination with theoretical
calculations it could be shown that at the beginning of the gelation the maximum of the PL
spectrum can be assigned to stacked dimers. The red shift of the PL maxima with increasing
gelation time can thus be explained by the growth of molecular stacks. The theoretical
calculations and optimized geometries of tetrameric stacks of 4 complement the experimental

findings very well and support the proposed structural model at the early stage of aggregation.

Dye adsorption and release studies: towards a pH-sensitive supramolecular drug delivery

system

While the first and the second section of this work mainly deal with fundamental studies
regarding the supramolecular self-assembly and hydrogel formation, the third section focuses
on the possible application of the pH-sensitive hydrogelator 4. Detailed adsorption and release
studies elucidate the potential of this hydrogel system for the application as biomaterial in
controlled drug delivery, particularly using oral administration. Furthermore, the possible use
of the hydrogels as adsorption material for dyes in waste water treatment is discussed.

It is demonstrated that hydrogels of 4 fulfill the basic requirements for matrix materials in
drug release applications, such as biocompatibility and non-toxicity,! responsiveness in a
physiological relevant pH range, sufficient mechanical and thermal stability, and a high specific
surface area.

The concentration and time-dependent adsorption of the model dye rhodamine B on
preformed hydrogels of 4 was intensely studied. The dye solutions are effectively decolorized
demonstrating that the hydrogel has a high adsorption potential even at very low rhodamine B
concentrations. This renders this system particularly interesting for applications in waste water
treatment. The adsorption data fit both the Langmuir and the Freundlich isothermal model
indicating that the adsorption is favorable, but at high dye concentrations a less favorable
adsorption can be expected. The adsorption rates are dependent on the initial rhodamine B
concentration and are very low with complete adsorption within several days. Thus, for the
application of the hydrogel in waste water treatment fixed-bed systems should be used, which
allow longer adsorption times. The adsorption kinetics can be described with the pseudo 2™
order kinetic model indicating that chemisorption, i.e. the actual adsorption step, is the rate

limiting process.

! The biocompatibility and non-toxicity tests were performed by the Hans-Knéll Insitute in Jena.
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The stability of the formed dye-gelator complexes was tested at different temperatures
revealing that the dye molecules are strongly bound to the gel surface. Although the release
kinetics is enhanced at elevated temperatures, over 90 % of the adsorbed rhodamine B
remains in the gel independent of the applied temperature.

Besides the adsorption of a dye after gelation, also the in situ adsorption during the
formation of the gel is an interesting loading technique. Hydrogels of 4 can be formed in the
presence of rhodamine B as guest molecules. Strong interactions between the dye and the
gelator molecules enable the preparation of stable hydrogels if the dye to gelator ratio is 0.5 or
below. This suggests that rhodamine B is not only adsorbed on the gel surface, but is also
incorporated between the fibers. Thus, the loading of the hydrogels with rhodamine B is more
efficient and faster when preparing the gels in presence of the dye instead of adsorbing the
dye on preformed gels. Dependent on the initial amount of encapsulated rhodamine B, 70 % to
95 % of the dye remains in the gel even after 10 days in water. The release is very slow and
follows the generalized Fickian model within the given boundary conditions. This suggests that
only dye molecules that are still dissolved in the aqueous phase are washed out of the gel,
while molecules that are adsorbed or incorporated remain within the gel network.

For the application of a matrix material in controlled drug delivery systems, the release of
the model compound must be triggered by specific physiological conditions. Therefore, the
dissolution and release behavior of pure hydrogels of 4 and hydrogels formed in the presence
of rhodamine B were monitored in biologically relevant media. For these tests buffer solutions
with different pH values and compositions were chosen, such as phosphate buffered saline
(PBS, pH =7.4), simulated body fluid (SBF, pH = 7.4), fasted state simulated gastric fluid (SGF,
pH = 1.6), and fasted state simulated intestinal fluid (SIF, pH = 6.5).

PBS and SBF are important biological fluids for cell culturing and tissue engineering. At
room temperature their slightly alkaline pH value causes hydrogel dissolution and
consequently complete release of the dye, for PBS within 24 h and for SBF within 8 h. By
increasing the temperature of SBF to body temperature (37 °C), the dissolution of the gel and
the release of the encapsulated dye can be completed within 6 h. For an application of the gel
as scaffold material in tissue engineering the dissolution is too fast, as stabilities in the range of
several weeks are required. Thus, further stabilization of the gel would be required.

Interestingly, the hydrogels do not dissolve in SGF at 37 °C, although pepsin, an enzyme
that can hydrolyze amide units and might destroy the gelator molecule, was present. Only low
amounts of the dye are released within 10 days supporting the assumption that this hydrogel
system might be used to protect labile drugs from the acidic milieu in the stomach. The pH-

sensitivity of the hydrogelator allows for stable gels in strong acidic solutions, while they
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dissolve above a pH value of 6.2. Thus, dissolution of the gels can be observed in fasted state
SIF within 72 h at body temperature. The dye is already completely released within 48 h,
probably due to the dissolution of the entire superstructures in the gel. The stability of the gels
in SGF in combination with their release behavior in SIF renders this hydrogelator a promising

matrix material for controlled drug delivery applications with oral administration.

Electrogelation — controlled formation of hydrogel films on conductive substrates

The fourth section of this thesis focuses on the use of a unique gelation method, called
“electrogelation”, to prepare defined hydrogel films of 4 on conductive substrates. This
gelation technique utilizes the decrease of the pH value in the vicinity of an anode due to the
electrolysis of water.

For the systematic screening of the electrogelation parameters, an experimental set up was
developed consisting of three-electrodes. Indium tin oxide (ITO)-covered glass substrates were
used as working electrode, while a graphene wire acted as counter electrode, and a silver wire
as pseudo-reference electrode.

For the used set up important parameters to control the electrogelation process were
selected and systematically varied: i) electrode distance; ii) applied potential; iii) gelator
concentration; iv) concentration of the background electrolyte; and v) gelation time. The
influence of these parameters on the gel properties in dried state, such as the dried film
thickness, the morphology and the spectroscopic properties, was investigated in detail. This
study revealed that changing one gelation parameter can influence several properties and that
one specific property, such as the film thickness in dried state, is controlled by several
parameters. Thus, using the findings of this study, the electrogelation technique provides a
simple method to prepare defined gel films by optimizing these parameters.

The gelation technique has not only potential for the controlled preparation of hydrogel
coatings of compound 4, but might also be transferred to other pH-sensitive Imw
hydrogelators. In cooperation with Prof. Georg Papastavrou and his group (Physical
Chemistry Il, University of Bayreuth) the mechanical properties of hydrogel films prepared by

electrogelation are currently investigated in situ by atomic force microscopy techniques.

Summarizing, the results of the four sections of this thesis reveal that particularly the BTA
derivative 4 is a highly interesting Imw compound for the self-assembly in aqueous media and
the formation of supramolecular hydrogels. Due to the unique combination of properties, the
presented pH-sensitive hydrogelator is not only interesting for fundamental research studies,
but might also find application in sensors based on the photoluminescence effects, as an
adsorption material, as a matrix material for the controlled delivery of drugs, and for the

preparation of functional coatings on conductive substrates.



8 Zusammenfassung 215

8 Zusammenfassung

Der Fokus dieser Arbeit liegt auf der Untersuchung von pH-sensitiven, niedermolekularen
1,3,5-Benzoltricarboxamiden (BTAs) und ihrer Fahigkeit supramolekulare Hydrogele zu bilden.
Die Arbeit umfasst vier Hauptkapitel, die in Abbildung 8.1 dargestellt sind: Die
Untersuchung des Selbstassemblierungsverhaltens von pH-sensitiven BTAs in widssrigen
Lésungen, um neue niedermolekulare Hydrogelatoren zu identifizieren (grin hinterlegt); die
spektroskopische und theoretische Studie® eines supramolekularen Chromophores, der durch
Selbstassemblierung eines BTA-Derivates gebildet wird (gelb hinterlegt); die Untersuchung des
Adsorptions- und Freisetzungsverhaltens eines supramolekularen, pH-sensitiven Hydrogels fir
eine mogliche Anwendung im Bereich der kontrollierten Wirkstofffreisetzung (rot hinterlegt);
und die Studie der ,Elektrogelations“-Methode zur Herstellung von definierten,

supramolekularen Hydrogelfilmen auf leitfahigen Tragermaterialien (blau hinterlegt).

R=NH,, NMe,, OH, COOH, COOMe
Selbstassemblierung von pH-
sensitiven 1,3,5-Benzoltricarbox-
amiden in wassrigen Systemen

COOH

pH-sensitive
ooc

"\@L fk?iﬁ@/ Hydrogelbildung

’ »Elektrogelation”—
kontrollierte

Hydrogelfilmbildung auf

leitfahigen Tragern

Spektroskopische \
und theoretische

Untersuchung zur Bildung
eines supramolekularen
Chromophors

Adsorption und
Freisetzung eines
Farbstoffes: Entwicklun,
eines pH-sensitiven Systems
zur Wirkstofffreisetzung

i, Adsorption
Zeit von Rhodamin
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Abbildung 8.1: Darstellung der vier Hauptkapitel in dieser Arbeit.

! Die theoretischen Berechnungen wurden in Zusammenarbeit mit Rodrigo Q. Albuquerque

durchgefiihrt und sind in Soft Matter veréffentlicht.'®
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Selbstassemblierungsverhaltens von pH-sensitiven 1,3,5-Benzoltricarboxamiden (BTAs) in

wdssrigen Lésungen

Der erste Teil dieser Arbeit beschéftigt sich mit der Entwicklung eines strukturellen Konzeptes,
das die pH-sensitive Aggregation von BTA-Derivaten in wéssrigen Medien ermoglicht. Dieses
Konzept umfasst die hydrophobe Abschirmung des BTA-Kerns mit den Amid-Gruppen von
Wassermolekiilen und die Einfihrung von pH-sensitiven, lateralen Gruppen in jedem BTA-
Seitenarm, die entweder als Bronsted-Sduren oder -Basen reagieren konnen (Abbildung 8.2).
Vier BTA-Derivate mit pH-sensitiven peripheren Substituenten und eine nicht pH-sensitive

Referenzverbindung wurden in dieser Arbeit untersucht.

R laterale funktionelle Gruppe (elektrostatische
HN@ Wechselwirkungen abhangig vom pH-Wert)

H Phenyl-Einheit (hydrophobe Abschirmung)
07 NH Amid-Gruppe (intrakolumnare Wasserstoffbriicken)

Benzol-Kern (Symmetrie, m-nti-Wechselwirkungen)

Verbindung 1 2 3 4 5
R= -NH, -NMe, -OH -COOH -COOMe
< ——— I
ansteigende Basizitat ansteigende Aziditat Referenzverbindung

Abbildung 8.2: Strukturelles Konzept und Strukturformeln der BTA-Verbindungen, deren pH-sensitives
Aggregationsverhalten in Wasser untersucht wurde.

Im Falle des Amino-Derivates 1 konnte keine pH-sensitive Selbstassemblierung beobachtet
werden. Die Verbindungen 2, 3 und 4 zeigten ein pH-sensitives Aggregations- und
Aufléseverhalten bei verschiedenen pH-Werten. Bei der Untersuchung ihres pH-abhangige
Aggregationsverhaltens zeigte sich, dass die Verbindungen 2 und 3 Uberstrukturen bilden,
aber nicht in der Lage sind stabile Gele zu formen. Bei Verbindung 4 hingegen bilden sich
stabile supramolekulare Hydrogele durch die Umwandlung des entsprechenden Natriumsalzes
4Na in das Carbonsaurederivat 4. Die Referenzverbindung 5 kann nicht durch Protonierung
oder Deprotonierung der lateralen Gruppen in einen geladen Zustand versetzt werden und
zeigt daher auch keine pH-sensitive Aggregation.

Da Verbindung 4 bei der Anderung des pH-Wertes supramolekulare Hydrogele ausbildet,

liegt der Fokus dieser Arbeit auf diesem BTA-Derivat. Verschiedene Gelationsmethoden wurden



8 Zusammenfassung 217

fir Verbindung 4 getestet und die Eigenschaften der entstandenen Gele verglichen. Folgende
Herstellungsmethoden wurden verwendet: i) Zugabe von wassrigen Saurelésungen, ii)
Diffusion von Chlorwasserstoffgas, und iii) Zugabe von Glucono-delta-Lacton (GdL), einem
langsamen Protonendonor.

Die Zugabe von wassrigen Saureldsungen fihrt zur Bildung inhomogener Gele. Daher fand
diese Methode in der vorliegenden Arbeit keine weitere Verwendung. Durch die Diffusion von
Chlorwasserstoffgas und die Zugabe von GdL zu einer Losung von 4Na kénnen makroskopisch
homogene Gele erhalten werden. Fir beide Gelationsmethoden betragt die kritische
Gelatorkonzentration 2 g L*. Auch bei einer solch niedrigen Gelatorkonzentration sind die Gele
thermisch sehr stabil. Beim Erhitzen bis zum Siedepunkt von Wasser zeigen sie keine
Zersetzungs- oder Schmelzerscheinungen. Die mechanische Stabilitdt der Gele wurde mittels
Indentationsmessungen untersucht. Diese zeigten, dass mit Chlorwasserstoffgas hergestellte
Gele eine graduelle mechanische Stabilitdit besitzen, da die oberste Gelschicht an der
Grenzflache zur Luft stabiler ist. Mit GdL praparierte Gele weisen demgegeniiber eine
homogene mechanische Stabilitat auf. Diese steigt mit zunehmender Gelatorkonzentration an.
Die Zugabe von GdL ist daher eine sehr elegante Methode zur Herstellung homogener und
stabiler Gele. Die Gele zeigen aulRerdem eine hohe Bestandigkeit in verschiedenen wassrigen
Sauren und vielen organischen Losungsmitteln. Zuséatzlich konnen die Hydrogele durch einen
kompletten Austausch des Gelationsmediums in stabile Organogele tGberfiihrt werden.

An verschiedenen Stufen der Gelbildung und an vollstandig gelierten und getrockneten
Gelen wurden elektronenmikroskopische Untersuchungen durchgefihrt, um ein
Strukturmodell fiir die pH-sensitive Bildung des supramolekularen Hydrogels zu entwickeln.
Wahrend die negativ geladenen Molekiile des Gelatorsalzes 4Na wegen der elektrostatischen
AbstolRung molekular gel6st vorliegen, geht man davon aus, dass das Absenken des pH-Wertes
schrittweise zur Bildung anisotroper Aggregate fiihrt. Das vorgeschlagene Modell sieht vor,
dass zu Beginn der Gelation die teilweise geladenen Molekiile zu supramolekularen Sdulen
oder Stapeln aggregieren, deren Ladungen gleichmaRig tiber die Oberflache verteilt sind. Diese

scheinen bei fortschreitender Protonierung helikale Uberstrukturen zu bilden.

Spektroskopische und theoretische Untersuchung eines supramolekularen Chromophores

Im zweiten Teil dieser Arbeit werden die spektroskopischen Eigenschaften des
Hydrogelatorsystems 4/4Na detailliert diskutiert. Diese zeigen, dass eine gesteigerte Emission
des Systems im aggregierten Zustand (aggregation-induced emission enhancement, AIEE)
auftritt. In Kombination mit den theoretischen Berechnungen von Prof. Rodrigo Q.
Albuquerque wurden diese Ergebnisse verwendet, um das vorgeschlagene Strukturmodell zu

unterstitzen. Die wichtigsten Ergebnisse dieses Kapitels sind in Soft Matter veroffentlicht.'®?
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Weder das Saurederivat 4 noch das entsprechende Natriumsalz 4Na zeigen Lumineszenz in
Losung, wahrend bei den Filmen und Hydrogelen der Verbindung 4 unter UV-Bestrahlung eine
blaue Emission beobachtet werden kann. Dieses System zeigt daher eindeutig eine
aggregations- und gelations-induzierte Emissionsverstérkung. Da sich die Photolumineszenz-
spektren des getrockneten Films und des nativen (nassen) Hydrogels stark dhneln, kann
angenommen werden, dass ein adhnlicher Chromophor in den beiden Proben vorliegt. Die
Emission im Feststoff und im Gel wird einem nt*-n- oder m*-n-Ubergang zugeordnet, der die
Charakteristik eines Ladungstransportes (charge transfer) aufweist.

Die zeitabhdngigen Photolumineszenzuntersuchungen wahrend der Gelbildung mit GdL
zeigen eine Rotverschiebung der Photolumineszenzmaxima mit zunehmender Gelationszeit. In
Kombination mit den theoretischen Berechnungen konnte das Photolumineszenzmaximum zu
Beginn der Gelation einem aufeinander gestapelten Dimer zugeordnet werden. Weiterhin wird
angenommen, dass die Rotverschiebung mit zunehmender Gelationszeit das Wachstum der
molekularen Stapel anzeigt. Die theoretischen Berechnungen und die optimierten Geometrien
von tetrameren Stapeln der Verbindung 4 passen sehr gut zu den experimentellen Ergebnissen

und unterstitzen das vorgeschlagene Strukturmodell in der Anfangsphase der Aggregation.

Adsorptions- und Freisetzungsverhaltens eines supramolekularen, pH-sensitiven Hydrogels

Wahrend sich die ersten beiden Teile dieser Arbeit hauptsachlich mit grundlegenden
Fragestellungen zur supramolekularen Selbstassemblierung und Hydrogelbildung beschéftigen,
liegt der Fokus des dritten Teils auf der moéglichen Nutzung des identifizierten pH-sensitiven
Hydrogelators 4. Detaillierte Adsorptions- und Freisetzungsstudien zeigen das Potential des
Hydrogelators fir die Anwendung als Biomaterial in der kontrollierten Wirkstofffreisetzung,
vor allem bei oraler Einnahme. Weiterhin wird der mogliche Nutzen der Hydrogele als
Adsorptionsmittel fir toxische Farbstoffe bei der Abwasseraufbereitung diskutiert.

Es konnte gezeigt werden, dass Hydrogele der Verbindung 4 grundlegende
Voraussetzungen fiir die Anwendung als Matrixmaterial im Bereich der Wirkstofffreisetzung
erfillen. Solche Voraussetzungen sind Biokompatibilitdt, nicht-toxisches Verhalten,' die
Adressierbarkeit des Gels innerhalb eines physiologisch relevanten pH-Bereichs, ausreichende
mechanische und thermische Stabilitdt sowie eine hohe spezifische Oberflache.

Fir die Untersuchung der konzentrations- und zeitabhéngigen Adsorption an gebildeten
Hydrogelen der Verbindung 4 wurde Rhodamin B als Modellverbindung verwendet. Die
Farbstofflosungen werden effektiv entfirbt und die Hydrogele zeigen ein hohes

Adsorptionspotential. Dies gilt auch flr niedrige Rhodamin B-Konzentrationen. Diese

! Die Tests zur Bestimmung der Biokompatibilitdt und des toxischen Verhaltens wurden vom Hans-Knéll
Institut in Jena durchgefiihrt.
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Eigenschaft macht das System fiir Filteranwendungen im Bereich der Wasseraufbereitung
interessant.

Die Adsorptionsdaten kénnen durch die beiden isothermen Modelle von Langmuir und
Freundlich beschrieben werden. Diese zeigen auf, dass die Adsorption des Farbstoffes
beglinstigt ist. Bei hohen Farbstoffkonzentrationen muss jedoch mit einer weniger starken
Adsorption gerechnet werden. Die Adsorptionsgeschwindigkeiten sind abhangig von der
anfanglich eingestellten Rhodamin B-Konzentration, aber insgesamt sehr niedrig. Eine
vollstandige Adsorption ist innerhalb weniger Tage erreicht. Daher sollten fur die Anwendung
der Hydrogele im Bereich der Wasseraufbereitung Festbettsysteme (,fixed-bed” systems)
verwendet werden, da diese ldngere Adsorptionszeiten erlauben. Die Adsorptionskinetik kann
mit dem kinetischen Modell der pseudo-zweiten Ordnung (pseudo 2"order model)
beschrieben werden. Dies deutet darauf hin, dass die Chemisorption, also der eigentliche
Adsorptionsschritt, der geschwindigkeitsbestimmende Faktor ist.

Die Stabilitdt der gebildeten Farbstoff-Gelator-Kkomplexe wurde bei verschiedenen
Temperaturen getestet. Die Untersuchungen zeigten, dass die Farbstoffmolekiile stark an die
Oberflache des Gels gebunden sind. Obwohl durch eine Erhohung der Temperatur die
Freisetzung beschleunigt wird, verbleiben unabhangig von der eingestellten Temperatur lGber
90 % des adsorbierten Rhodamin Bs im Gel.

Neben der Adsorption eines Farbstoffes nach vollendeter Gelation ist auch die in situ-
Adsorption wahrend der Gelbildung eine interessante Beladungstechnik. Hydrogele der
Verbindung 4 kdnnen in Anwesenheit von Rhodamin B als Gastmolekiil gebildet werden. Starke
Wechselwirkungen zwischen den Farbstoff- und Gelatormolekiilen ermdglichen die Bildung
stabiler Gele, wenn das molekulare Verhaltnis von Farbstoff zu Gelator 0,5 oder weniger
betragt. Das deutet darauf hin, dass Rhodamin B nicht nur an der Geloberflache adsorbiert,
sondern auch zwischen den Fasern eingeschlossen und eingebaut wird. Daher kdnnen
Hydrogele effizienter und schneller mit Rhodamin B beladen werden, wenn sie in Anwesenheit
des Farbstoffes hergestellt werden, anstatt den Farbstoff an bereits gebildete Gele zu
adsorbieren. Abhdngig von der zu Beginn eingelierten Rhodamin B-Menge verbleiben nach 10
Tagen in Waser 70 % bis 95 % des Farbstoffes im Gel. Die Freisetzung ist sehr langsam und
folgt innerhalb der gegebenen Grenzbedingungen dem verallgemeinerten Fick’schen Modell.
Das weist daraufhin, dass nur Farbstoffmolekiile, die in der wassrigen Phase des Gels gelost
sind, freigesetzt werden, wahrend eingeschlossene Farbstoffmolekiile im Gel verbleiben.

Fir die Anwendung eines Matrixmaterials in kontrollierten Wirkstofffreisetzungssystemen
muss die Freisetzung der Modellverbindung von spezifischen physiologischen Bedingungen

ausgelost werden. Daher wurde das Auflése- und Freisetzungsverhalten in biologisch
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relevanten Medien von unbeladenen Hydrogelen der Verbindung 4 und von Hydrogelen, die in
Anwesenheit von Rhodamin B hergestellt wurden, untersucht. Fir diese Tests wurden
Pufferlosungen mit verschiedenen pH-Werten und Zusammensetzungen verwendet:
Phosphatgepufferte Salzlosung (PBS, pH=7,4), simulierte Korperflissigkeit (SBF, pH =7,4),
simulierte Magensdure im niichternen Zustand (SGF, pH = 1,6), und simulierte Darmflissigkeit
im nlichternen Zustand (SIF, pH = 6,5).

PBS und SBF sind wichtige biologische Flissigkeiten flir das Kultivieren von Zellen und die
Zichtung von Gewebe (tissue engineering). Bei Raumtemperatur fihrt ihr leicht alkalischer pH-
Wert zur Auflésung des Gels und zur Freisetzung des gesamten Farbstoffes innerhalb von 24 h
in PBS, beziehungsweise 8 h in SBF. Durch eine Erhohung der Temperatur von SBF auf
Korpertemperatur (37 °C) kann die Auflésung des Gels und die Freisetzung des
eingeschlossenen Farbstoffes innerhalb von 6 h erreicht werden. Das Gel ist daher nicht fiir
eine Anwendung als Gerlistmaterial bei der kiinstlichen Herstellung von Gewebe geeignet, da
hierbei Stabilitaten im Bereich von mehreren Wochen bendétigt werden. Fiir eine Anwendung
missten zusatzliche Stabilisierungsprozesse realisiert werden.

Interessanterweise werden die Gele in SGF bei 37 °C trotz der Anwesenheit von Pepsin
nicht aufgelost. Da das Enzym Pepsin Amidbindungen hydrolysieren kann, kénnte es die
Gelatormolekiile zersetzen und so zu einer Auflésung des Gels beitragen. Innerhalb von 10
Tagen werden jedoch nur geringe Mengen des Farbstoffes freigesetzt. Dieses Verhalten starkt
die Annahme, dass die Hydrogel-Matrix labile Wirkstoffe vor dem sauren Milieu des Magens
schitzt. Durch die pH-Sensitivitdt des Hydrogelators sind die Gele in starken Sauren stabil,
wahrend sie sich in Losungen mit einem pH-Wert von (ber 6.2 langsam auflésen. In SIF im
nichternen Zustand kann daher bei Kérpertemperatur ein Auflésen der Gele innerhalb von
72 h beobachtet werden. Der Farbstoff ist bereits nach 48 h komplett freigesetzt, vermutlich
durch die Auflésung der Uberstrukturen des Gels. Die Stabilitat der Gele in SGF in Kombination
mit ihrem Freisetzungsverhalten in SIF macht diesen Hydrogelator zu einem viel-
versprechenden Matrixmaterial fir die Anwendung in der kontrollierten Wirkstofffreisetzung

bei oraler Einnahme.

Elektrogelation — kontrollierte Hydrogelfilmbildung auf leitféhigen Trdgern

Der vierte Teil dieser Arbeit fokussiert sich auf eine einzigartige Gelationsmethode, die so
genannte ,Elektrogelation”. Diese Methode kann dazu verwendet werden, definierte
Hydrogelfiime der Verbindung 4 auf leitfahigen Tragern herzustellen. Dabei wird die
Absenkung des pH-Wertes durch die Elektrolyse von Wasser in der Ndhe einer Anode genutzt.

Fir die systematische Untersuchung der Elektrogelationsparameter wurde ein

experimenteller Aufbau mit drei Elektroden verwendet. Indium-Zinnoxid (ITO)-beschichtete
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Glastrager fanden dabei Verwendung als Arbeitselektrode, wahrend ein Graphendraht als
Gegenelektrode und ein Silberdraht als Pseudo-Referenzelektrode diente.

Fir den verwendeten Aufbau konnten wichtige Parameter identifiziert werden, die den
Elektrogelationsprozess steuern: i) der Abstand der Elektroden; ii) das angelegte Potential; iii)
die Gelatorkonzentration; iv) die Konzentration des Hintergrundelektrolyten; und v) die
Gelationszeit. Der Einfluss dieser Parameter auf die Geleigenschaften im getrockneten
Zustand, wie zum Beispiel auf die Filmschichtdicke, die Morphologie und die
spektroskopischen Eigenschaften, wurde genau untersucht. Die Studie zeigte, dass die
Anderung eines Parameters mehrere Eigenschaften gleichzeitig beeinflussen kann. Auf der
anderen Seite kann eine bestimmte Eigenschaft, wie zum Beispiel die Filmdicke im
getrockneten Zustand, von mehreren Parametern bestimmt werden. Mit Hilfe dieser
Ergebnisse konnen definierte Gelfilme durch Elektrogelation hergestellt werden, indem die
identifizierten Parameter entsprechend optimiert werden.

Diese Gelationsmethode hat nicht nur groRes Potential fiir die kontrollierte Herstellung von
Gelbeschichtungen der Verbindung 4, sondern sie konnte auch flir andere pH-sensitive
niedermolekulare Hydrogelatoren verwendet werden. In Kooperation mit Prof. Georg
Papastavrou und seiner Gruppe (Physikalische Chemie Il, Universitat Bayreuth) werden derzeit
die mechanischen Eigenschaften der mit Elektrogelation hergestellten Gelfilme in situ am

Rasterkraftmikroskop untersucht.

Zusammenfassend zeigen die Ergebnisse dieser Arbeit, dass vor allem das BTA-Derivat 4
eine sehr interessante niedermolekulare Verbindung fiir die Studie des Selbst-
assemblierungsverhaltens in wassrigen Medien und der Bildung supramolekularer Hydrogele
ist. Aufgrund der einzigartigen Kombination vielversprechender Eigenschaften ist der
vorgestellte pH-sensitive Hydrogelator nicht nur als Modellverbindung fiir Fragestellungen der
Grundlagenforschung attraktiv. Ebenso kénnte das untersuchte Hydrogelator-System in
verschiedenen Bereichen Anwendung finden, wie zum Beispiel in Photolumineszenz-basierten
Sensoren, als Adsorptionsmittel, als Matrixmaterial fir die kontrollierte Wirkstofffreisetzung

oder auch fiir die funktionale Beschichtung leitfahiger Oberflachen.
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9 Experimental part

9.1 Materials

All chemicals were used as received without further purification and purchased from Aldrich
and Acros, if not stated otherwise. Solvents were distilled prior to usage. Desalted water was
obtained by a standard ion exchange set up. For the preparation of the simulated body fluids
ultrapure water (Milli-Q) was used, which was obtained from a Milli-Q plus purification system
(Millipore GmbH) with a QPAK®2 filter (pore size: 0.2 um, purity: 0.0549 um/cm). For UV-Vis
(ultraviolet-visible) absorption measurements spectroscopic grade solvents were used. For

nuclear magnetic resonance (NMR) measurements deuterated solvents were employed.

9.2 Standard characterization methods

Nuclear magnetic resonance (NMR) experiments
'H NMR and *C NMR spectra were recorded on a Bruker AC 300 MHz spectrometer at 25°C at
300 MHz and 100 MHz, respectively. All samples were either dissolved in DMSO-dg or in D,0,

which also acted as internal reference.

Mass spectroscopy (MS)
MS was carried out on a Finnigan MAT 8500 apparatus (El, 70 eV) using direct injection mode.

Elemental analysis
Elemental analysis (C, H, N) was carried out with an EA 3000 (HEKAtech) by Birgit Brunner at
the Department of Chemical Engineering (Prof. A. Jess) of the University of Bayreuth. The

theoretical amounts of the elements C, H, N, and O were calculated using Isis Draw.

Thermal analysis

The DSC/TGA measurement for compound 1 was performed on a simultaneous thermal
analytical apparatus TGA/SDTA 851e Modul (Mettler Toledo). The analysis of the data was
carried out using the Stare Default-DB V9.10 A-ICTA software. The thermal properties of
compounds 2 -5, and 4Na were investigated using a NETZSCH Simultane Thermoanalysenapp.
STA 409. The crucible consisted of Alox and as reference substance kaolin was used.
Independent of the used set up the flow rate of nitrogen was set to 75 cm?® min. Each sample

was heated from 25 °C to 650 °C with a heating rate of 10 K min™.
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9.3 Synthesis

9.3.1 N,N’,N”’-Tris(4-aminophenyl)-1,3,5-benzene tricarboxamide 1

o ©
[&)]

NH,

1
Step 1: N,N',N"-Tris(4-nitrophenyl)-1,3,5-benzene tricarboxamide

To a solution of 4-nitroaniline (19.37 g, 140.24 mmol) in N-methyl-2-pyrrolidone (NMP,
200 mL), pyridine (100 mL) and LiCl (0.10 g) were slowly added at r. t. under constant stirring.
The solution was cooled with an ice-water bath. 1,3,5-benzenetricarbonyl trichloride (11.63 g,
43.82 mmol) was dissolved in NMP (25 mL) and slowly added to the cooled solution. After
stirring overnight the solution was poured into a saturated (sat.) aqueous solution of sodium
chloride (2.5 L). The resulting precipitate was filtered and dried. For purification the precipitate
was stirred in hot DMF for 2 h under reflux conditions, filtered and washed with acetone. After

drying 20.45 g of the product were yielded (35.85 mmol, 82 %).

Step 2: N,N',N"-Tris(4-aminophenyl)-1,3,5-benzene tricarboxamide (1)

The 4-nitrophenyl compound (5.00 g, 8.76 mmol) was placed in a flask equipped with a
nitrogen inlet and N,N-dimethyl acetamide (DMAc; 200 mL). Palladium on charcoal (10 %,
0.80g) and 2.73 mL of hydrazine hydrate (2.81g, 8.76 mmol) were added under nitrogen
atmosphere under constant stirring. The mixture was refluxed at 130 °C overnight and
subsequently filtered over Alox. After precipitation in water, filtration and drying under
reduced pressure 3.33 g of compound 1 were yielded as yellow powder (6.93 mmol, 79 %).

Overall yield of 1: 65 %.

'H NMR (300 MHz, [Dg]DMSO, 25°C): & = 10.14 (s, 3 H, NH), 8.57 (s, 3 H, H-1), 7.42 (d, °J (H,H) =
8.7 Hz, 6 H, H-5, H-9), 6.57 (d, °J (H,H) = 8.7 Hz, 6 H, H-6, H-8), 4.99 ppm (s, 6 H, NH,).

13C NMR (100 MHz, [Dg]DMSO, 25°C): & = 164.3 (C-3), 145.9 (C-7), 136.2 (C-2), 129.4 (C-1),
128.4 (C-4), 122.6 (C-5, C-9), 114.2 ppm (C-6, C-8).
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To remove traces of DMAc, compound 1 was rinsed with methylene chloride in a soxhlet

apparatus prior to MS, elemental, and thermal analysis.

MS (70 eV): m/z (%): 480 (97) [M*], 373 (14), 319 (27), 265 (12), 210 (17), 107 (100), 44 (12).

Elemental analysis calculated (calcd) (%) for Cy7H,4NgOs x 3 H,0: C 60.66, H 5.66, N 15.72;
found: C61.45, H5.01, N 15.53.

Thermal analysis: loss of water (7.3 %) at 85°C; decomposition at 314°C. The loss of water

corresponds to a molar ratio of 1 : 2 (1 : H,0).

9.3.2 N,N’,N”-Tris[4-(N,N-dimethyl)-aminophenyl]-1,3,5-benzene

tricarboxamide 2

N

To a solution of N,N-dimethyl-1,4-phenylendiamine (5.06 g, 37.15 mmol) in acetone (150 mL),
a solution of 1,3,5-benzenetricarbonyl trichloride (3.31 g, 12.38 mmol) in acetone (50 mL) was
slowly added at r. t. under constant stirring. After stirring for 1 h at room temperature (r. t.), n-
hexane (350 mL) was added. The resulting grey precipitate was filtered and washed with n-
hexane and acetone. After drying under reduced pressure the hydrochloride salt of 2 was
dissolved in water (300 mL) and compound 2 was precipitated by adding 1 M NaOH solution
until a pH of 8 was reached. Filtration of the precipitate gave 5.99 g of compound 2 as a green

solid (10.60 mmol, 86 %).

'H NMR (300 MHz, [Dg]DMSO, 25°C): 6 = 10.30 (s, 3 H, NH), 8.63 (s, 3 H, H-1), 7.63 (d, %/ (H,H) =
8.7 Hz, 6 H, H-5, H-9), 6.76 (d, *J (H,H) = 8.7 Hz, 6 H, H-6, H-8), 2.89 ppm (s, 18 H, H-10, H-11).
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3C NMR (100 MHz, [Ds]DMSO, 25°C): § = 164.3 (C-3), 147.9 (C-7), 136.1 (C-2), 129.6 (C-1),
129.1 (C-4), 122.2 (C-5, C-9), 112.9 (C-6, C-8), 40.9 ppm (C-10, C-11).

MS (70 eV): m/z (%): 564 (7) [M*], 488 (5), 459 (37), 401 (14), 297 (3), 263 (3), 176 (16), 163
(20), 135 (100), 108 (5), 44 (12).

Elemental analysis calcd (%) for C33H3sNgOs: C 70.19, H 6.43, N 14.88; found: C 69.32, H 6.43, N
14.37.

Thermal analysis: no loss of water; decomposition at 302°C.

9.3.3 N,N’,N”-Tris(4-hydroxyphenyl)-1,3,5-benzene tricarboxamide 3

To a mixture of 3.27 g of 4-aminophenol (30.00 mmol), 2.7 mL of pyridine (2.61 g, 33.00 mmol)
and 100 mL of N-methyl-2-pyrrolidone (NMP), a solution of 2.65 g of 1,3,5-benzenetricarbonyl
trichloride (10.00 mmol) in 20 mL of NMP was slowly added at r. t. under constant stirring.
After stirring the white suspension for 1 h at r. t., it was poured into 400 mL of ice water under
vigorous stirring. After stirring for another hour, the white precipitate was filtered and washed
with 400 mL of desalted water. Drying at the rotary evaporator at 60 °C for 3 h and under high
vacuum (4 x 10° mbar) overnight vyielded 3.30g of compound 3 as a brown powder

(6.80 mmol, 68 %).

'H NMR (300 MHz, [Dg]DMSO, 25°C): § = 10.33 (s, 3 H, NH), 9.30 (s, 3 H, OH), 8.61 (s, 3 H, H-1),
7.58 (d, %/ (H,H) = 8.8 Hz, 2 H, H-5, H-9), 6.77 ppm (d, % (H,H) = 8.8 Hz, 2 H, H-6, H-8).

3C NMR (100 MHz, [Dg]DMSO, 25°C): & = 164.5 (C-3), 154.4 (C-7), 136.1 (C-2), 131.0 (C-4),
129.7 (C-1), 122.7 (C-5, C-9), 115.5 ppm (C-6, C-8).
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MS (70 eV): m/z (%): 385 (8), 336 (8), 259 (27), 181 (15), 149 (100), 71 (40), 57 (79).

Elemental analysis calcd (%) for C,7H,1N306 x 0.5 H,0: C 65.87, H 4.47, N 8.54; found: C 65.58,
H4.43, N 8.51.

Thermal analysis: loss of water (0.9 %) at 63°C; decomposition at 387°C. The loss of water

corresponds to a molar ratio of 1: 0.25 (3 : H,0).

9.3.4 N,N’,N”-Tris(4-carboxyphenyl)-1,3,5-benzene tricarboxamide 4
OH
o) 0

NH O] OH

N

To a mixture of 4.94 g of 4-aminobenzoic acid (36.00 mmol), 5.0 mL of triethylamine (3.64 g,
36.00 mmol), and 100 mL of acetone, a solution of 3.19g of 1,3,5-benzenetricarbonyl
trichloride (12.00 mmol) in 20 mL of acetone was slowly added at r. t. under constant stirring.
After stirring the white suspension for 1 h at r. t., it was poured into 100 mL of ice water under
vigorous stirring. After stirring for another hour, the white precipitate was filtered and washed
with 400 mL of desalted water, 100 mL of acetone, and 100 mL of methanol. Drying using a
rotary evaporator at 60 °C for 3h and subsequently under high vacuum (4 x 10 mbar)
overnight yielded 6.04g (10.64 mmol, 89 %) of a slightly hygroscopic, white powder.
Recrystallization from DMSO/H,0 (2:1) resulted in 5.03 g of compound 4 (8.86 mmol, 74 %).

Note: Upon cooling the DMSO/water mixture in the recrystallization process a white
suspension with an enhanced viscosity is obtained. Therefore, a centrifugation step is

recommended before the filtration, washing and drying procedure.

'H NMR (300 MHz, [D¢]DMSO, 25°C): & = 12.82 (br_s, 3 H, COOH), 10.87 (s, 3 H, NH), 8.75 (s, 3
H, H-1), 7.98 ppm (m, 12 H, H-5, H-6, H-8, H-9).
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3C NMR (100 MHz, [Dg]DMSO, 25°C): & = 167.4 (C-10), 165.2 (C-3), 143.4 (C-4), 135.7 (C-2),
130.8 (C-6, C-8, C-1), 126.4 (C-7), 120.1 ppm (C-5, C-9).

MS (70 eV): m/z (%): 403 (1), 329 (22), 193 (100), 165 (19), 120 (18), 65 (16).

To remove traces of water, compound 4 was dried at 90 °C under high vacuum (4 x 10 mbar)

prior to the elemental and thermal analysis.

Elemental analysis calcd (%) for CsoH,1N30s x 1.5 H,0: C 60.61, H 4.07, N 7.07; found: C 60.75,
H4.34,N 6.96.

Thermal analysis: loss of water (1.9 %) at 80°C; decomposition at 309°C. The loss of water

corresponds to a molar ratio of 1: 0.6 (4 : H,0).

9.3.5 Sodium salt of N,N’,N”’-tris(4-carboxyphenyl)-1,3,5-benzene
tricarboxamide 4Na

ONa

NH ONa

4Na

To a suspension of 6.14 g (10.82 mmol) of compound 4 in 50 mL of desalted water, a solution
of 1.30 g NaOH in desalted water (20 mL) was added at r. t. under constant stirring. After
complete dissolution of 4, the respective sodium salt was precipitated by addition of 400 mL of
iso-propanol. The white precipitate was filtered and washed with iso-propanol (100 mL).

Drying under high vacuum (5 x 10 mbar) yielded 5.50 g of compound 4Na (8.68 mmol, 80 %).

'H NMR (300 MHz, D,0, 25°C): § = 8.59 (s, 3 H, H-1), 7.93 (pd, *J (H,H) = 8.7 Hz, 6 H, H-6, H-8),
7.68 ppm (pd, °J (H,H) = 8.7 Hz, 6 H, H-5, H-9).
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3¢ NMR (100 MHz, D,0, 25°C): 6 = 174.9 (C-10), 167.2 (C-3), 139.4 (C-4), 135.2 (C-2), 133.2 (C-
7), 129.9 (C-1, C-6, C-8), 121.3 ppm (C-5, C-9).

Thermal analysis: loss of water (15.4 %) at 109°C; decomposition at 330°C. The loss of water

corresponds to a molar ratio of 1 : 6.4 (4Na : H,0).

9.3.6 N,N’,N”’-Tris(4-carboxyphenyl)-1,3,5-benzene tricarboxamide tri-methyl

ester 5
~N
0
o%\@\
NH o o~
o) N
, H
2
3
HN™ ~O
4
9 5
8 6
7
10
6]
11|
5

To a mixture of 5.44 g of 4-aminobenzoate (36.00 mmol), 5.0 mL of triethylamine (3.64 g,
36.00 mmol), and 100 mL of acetone, a solution of 3.19g of 1,3,5-benzenetricarbonyl
trichloride (12.00 mmol) in 20 mL of acetone was slowly added at r. t. under constant stirring.
After stirring the white suspension for 2 h at r. t., it was poured into 400 mL of ice water under
vigorous stirring. After stirring for another hour, the white precipitate was filtered and washed
with 400 mL of desalted water, acetone, and again water, until all triethylamine was removed.
Drying under high vacuum (4 x 10® mbar) overnight yielded a product that was still
contaminated with residues of water and acetone. Therefore, the product was dissolved in
DMSO and precipitated in ice water. Drying under high vacuum (4 x 10 mbar) overnight

yielded 6.67 g of compound 5 as white powder (10.94 mmol, 91 %).

'H-NMR (300 MHz, DMSO-d6): & (ppm) = 10.93 (3 H, s, N-H), 8.76 (3 H, s, H-1), 8.00 (12 H, m,
H-5, H-6, H-8,H-9), 3.85 (9 H, s, H-11).

3C-NMR (100 MHz, DMSO-d6): 6 (ppm) = 166.3 (C-10), 165.3 (C-3), 143.8 (C-4), 135.6 (C-2),
130.8 (C-7), 130.7 (C-6, C-8), 125.2 (C-1), 120.2 (C-5, C-9), 52.4 (C-11).
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MS (70 eV): m/z (%): 609 (33) [M'], 578 (14), 490 (22), 459 (100), 340 (54), 282 (37), 207 (21),
121 (20), 75 (23), 44 (18).

Elemental analysis calcd (%) for C33H,7N309 x 2 H,0: C61.39, H 4.84, N 6.51; found: C 62.22, H
4.69, N 6.54.

Thermal analysis: loss of water (2.8 %) at ca. 80°C; melting at 327.6 °C; decomposition at

362.8 °C. The loss of water corresponds to a molar ratio of 1 : 1 (5 : H,0).

9.4 Advanced methods and preparation techniques

Determination of the water uptake (moisture analyzer)

To quantify the water uptake of the compounds 4 and 4Na, a moisture analyzer MA 145
(Sartorius) was used. Approx. 5 g of the respective solid were weighed in and heated to 140 °C
via infra-red radiation until the weight loss of the samples was less than 1 mg per minute
(min). The overall weight loss is automatically calculated by the software and given in % and
mg. The average weight loss in % of three measurements is displayed in this study. If not
stated otherwise, the samples were cooled down to r. t. and stored in the indicated

atmosphere for 1 h between measurements.

Fourier transform infrared (FT-IR) spectroscopy
All samples were powdered prior to the FT-IR measurements. All FT-IR spectra were recorded
with a Perkin-Elmer Spectrum 100 FT-IR spectrometer in ATR (attenuated total reflection)
mode.

e compounds 1 -5, and 4Na as obtained from synthesis
Bulk materials of compounds 1—-5, and 4Na were measured as obtained from synthesis.
Compound 4 was additionally analyzed after crystallization from a DMSO-water mixture. Due
to the high water uptake of 4, the sample was tempered at 90 °C under high vacuum
(4 x 10 mbar) overnight prior to the analysis.

e of compounds 2 - 4 after the pH-sensitivity tests
Compounds 2 and 3 as obtained after the pH-sensitivity tests (chapter 9.4.2) were filtered,
washed with desalted water and dried under high vacuum (4 x 10 mbar). Hydrogel samples of
compound 4 were prepared from solutions of 4Na with a concentration of 10 g L™ by addition

of 4 equivalents (eq.) of glucono-delta-lactone (GdL). After gelation overnight the hydrogel
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samples were put on paper pulp and dried under high vacuum (4 x 10 mbar). For details

regarding the preparation of hydrogels using GdL see chapter 9.4.3.

Molecular modeling

Molecular dimensions were calculated using Chem3D Ultra 10.0 (MM2 energy minimization).

9.4.1 Morphological studies and X-ray diffraction investigations

Scanning electron microscopic (SEM) study
All samples were mounted on a standard sample holder by a conductive adhesion pad and
sputtered with platinum prior to SEM imaging.

e compounds 1 -5, and 4Na as obtained from synthesis
The dried samples of compounds 1 - 5, and 4Na as obtained from synthesis, as well as
compound 4 after crystallization from a DMSO-water mixture were mounted on a standard
sample holder by a conductive adhesion pad. Samples of compound 3 after synthesis were
investigated with a Zeiss LEO Ultra Plus (FE-SEM with Schottky-field-emission cathode; SE2
detector) using an accelerating voltage of 3 kV. All other samples were examined with a Zeiss
LEO 1530 (FE-SEM with Schottky-field-emission cathode; in-lens detector) using an
accelerating voltage of 3 kV.

e of compounds 2 and 3 after the pH-sensitivity tests
Compounds 2 and 3 as obtained after the pH-sensitivity tests (chapter 9.4.2) were filtered,
washed with desalted water and dried under high vacuum (4 x 10° mbar). Small fragments of
hydrogels of 4 prepared with aqueous hydrochloric acid solution as described for the pH-
sensitivity tests (chapter 9.4.2) were washed three times with desalted water for at least 3
hours and dried on a piece of paper pulp under ambient conditions. All samples were
examined with a Zeiss LEO 1530 (FE-SEM with Schottky-field-emission cathode; in-lens
detector) using an accelerating voltage of 3 kV.

e of xerogels of 4
Hydrogels of 4 were prepared using 4Na solutions with a concentration of 10 g L. Gelation
was either induced by diffusion of hydrochloric acid vapor or by the addition of 4 eq. of
glucono-delta-lactone (GdL) as described in chapter 9.4.3. Small fragments of the resulting gels
were washed three times with desalted water for at least 3 h. The samples were put on a piece
of paper pulp and then dried under high vacuum (4 x 10 mbar) overnight. The xerogels were
examined with a Zeiss LEO 1530 (FE-SEM with Schottky-field-emission cathode; in-lens

detector) using an accelerating voltage of 3 kV.



232 9 Experimental part

e of a film of 4 prepared from a DMSO solution
A drop of a solution of 4 (40 g L™ of 4) in DMSO was put on top of an aluminum plate (diameter
approx. 10 mm). The sample was dried in an oven at 100 °C for at least 1 h. SEM images were
taken using a Zeiss LEO 1530 (FE-SEM with Schottky-field emission cathode, in-lens detector)

using at an accelerating voltage of 3 kV.

X-ray diffraction (XRD) measurements
XRD analysis was performed on a Huber Guinier-Diffraktometer 6000, equipped with a Huber
Quarz-Monochromator 611, a Cu-anode (CuK,,-beam, A = 154.051 pm, X-ray generator from
Seifert Company), a Huber SMC 9000 stepping motor controller and a self-developed gate
system, primary beam stopper and sample oven. If not stated otherwise, the measurements
were carried out at r.t. in sealed Mark tubes with an outer diameter of 1 mm and a wall
thickness of 0.01 mm.

e compounds 1 -5, and 4Na as obtained from synthesis
Bulk materials of compounds 1 - 5, and 4Na were measured as obtained from synthesis.
Compound 4 was additionally analyzed after crystallization from a DMSO-water mixture.

e of compounds 2 and 3 after the pH-sensitivity tests
Samples of compounds 2 and 3 after the pH-sensitivity tests were analogously prepared to the
samples used for the SEM study.

e of xerogels of 4
Xerogels of 4 for XRD measurements were prepared analogously to the xerogels used for the
SEM studies.

e of wet hydrogels of 4
Wet hydrogels of 4 for XRD measurements were prepared using a 4Na solution with a
concentration of 50 g L™. Gelation was induced by the addition of 4 eq. of GdL as described in
chapter 9.4.3. Immediately after the addition of the GdL the solution was filled into a Mark
tube with an outer diameter of 2.0 mm and a wall thickness of 0.01 mm. The tube was sealed
and left to stand overnight at r. t. in a highly humid atmosphere. The measurement itself was
performed at r. t. under standard humid atmosphere.

e of afilm of 4 prepared from a DMSO solution
A drop casted film of 4 was prepared analogously to the one used for the SEM studies and

powdered prior to the XRD measurement.
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9.4.2 Investigations regarding the pH-sensitive aggregation and gel formation

Solubility and pH-sensitivity tests

To test the solubility of compounds 1 — 5, approx. 10 mg were weight into a vial and around
1 mL of the respective solvent was added to achieve a fixed concentration of 10 g L™. The used
acidic and alkaline solutions with different pH values were prepared by a dilution series of the
respective 1 M stock solution.

To test the pH-sensitivity of 2, a solution of 2 in hydrochloric acid solution with a concentration
of 10g L™ and a pH value of 1 was prepared. Compound 3 and 4 were dissolved in diluted
NaOH solution with a pH value of 14 to achieve a concentration of 10 g L*, respectively. After
addition of a few drops of 1 M NaOH to the solution of 2 and a few drops of 1 M HCI to

solutions of 3 and 4, respectively, the vial was sealed and shortly, but vigorously stirred.

pH-Titration experiments and time-dependent optical transmittance measurements
Titration experiments and pH-dependent optical transmittance measurements were
performed using a titrator (Titrando 809, Metrohm), equipped with a titration unit (Dosino
800, Metrohm) and a Metrohm stirrer unit 801. Optical transmittance of the solution was
detected by a turbidity probe (Ao = 523 nm, Spectrosense 6.1109.100, Metrohm) and was
normalized in relation to pure water, which consequently has a relative (rel.) transmittance of
1. The pH value and temperature of the solution was determined by a glass membrane pH-
electrode (Aquatrode Plus, pH: 0-13/0-60°C, Nr. 6.0257.000., Pt1000/B/2/3 M KCI,
Metrohm). The software Tiamo 1.2 was used to control titration parameters.

e titration with an aqueous alkaline or acidic titer solution
Solutions of compounds 2, 3 and 4 were prepared with a volume of 80 mL and a compound
concentration of 1gL" in desalted water, respectively. To adjust the pH value to 2.25 (2),
11.76 (3), and 10.70 (4) the respective amount of HCl or NaOH was added. While for
compound 2 a titer solution of 0.1 M NaOH (Titrisol, Merck) was used, compounds 3 and 4
were titrated with 0.1 M HCI solution (Normadose, VWR). The injection rate of the titer
solution was set to 0.02 mL min™.

e time-dependent change of pH by the hydrolysis of glucono-delta-lactone (Gdl)
For the time-dependent optical transmittance measurements upon change of pH due to the
hydrolysis of GdL, solutions of 4Na with a concentration of 1 g L™ were prepared in desalted
water (80 mL). The amounts of added GdL were 4 eq. (90.0 mg), 5 eq. (112.2 mg), and 6 eq.
(134.7 mg), respectively. Details about the calculation of the GdL amounts can be found in
chapter 9.4.3. After the addition of GdL to the solution of 4Na, the pH value and the optical

transmittance of the solution were recorded as a function of time over 8 h. For comparison
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reasons a solution with 22.5 mg GdL in 80 mL desalted water without the gelator sodium salt
4Na was measured under the same conditions. This amount corresponds to the excess of 1 eq.

of GdL with regard to a solution of 80 mL of 4Na with a concentration of 1 g L.

Dynamic light scattering (DLS) and DLS-titration experiments
DLS experiments were performed on an ALV DLS/SLS-SP 5022F compact goniometer with ALV
5000/E cross-correlator and a He-Ne laser (A, = 632.8 nm). The solutions were filtered with a
0.45 um nylon syringe filter prior to the measurement. To perform pH-dependent
measurements the DLS device was combined with a titrator (Titrando 809, Metrohm). The
scattering intensity data correspond to an average of three measurements, conducted at a
detection angle of 90° for 1 min each.

e titration with an aqueous alkaline or acidic titer solution
For the titration experiments a solution of compound 4 in diluted NaOH solution was prepared
with a concentration of 1 g L™, a pH value of 12.16, and a volume of 16 mL. As titer solution a
0.1 M aqueous HCI solution (Normadose, Prolabo) was added in steps of 0.02 mL with a
subsequent stirring phase of 3 min and an equilibrium phase of 2 min before a DLS
measurement consisting of three runs was performed.

e time-dependent change of pH by the hydrolysis of GdL
A solution of 4Na in desalted water with a concentration of 1 g L™ and a volume of 16 mL was
measured with three DLS runs to show that no pre-aggregates of 4Na are present in the
solution. Two minutes after the addition of 4 eq. of GdL (18.0 mg) to this solution a single DLS

run with a duration of 1 min was performed.

Cryogenic-transmission electron microscopy (cryo-TEM) studies

A solution of compound 4 was prepared with a concentration of 1 g L™ in desalted water with
0.1 mL of a 5 M NaOH solution to adjust the pH value to 10.3. The solution was filtered with a
0.45 pm nylon syringe filter. With the pH-titration set up (Titrando 809 with the titration unit
Dosino 800 and the stirrer unit 801, all from Metrohm) and the titration program as described
above a 0.1 M HCl solution was added with an injection rate of 0.02 mL min™. At a pH value of
7.5 and 5.9 the titration was stopped and samples were taken for cryo-TEM studies.

A 2 ul droplet of each sample was put on a hydrophilized lacey carbon filmed copper grid
(200 mesh, Science Services), where most of the liquid was removed with blotting paper
leaving a thin film stretched over the carbon net holes. The specimens were instantly shock
frozen by rapid immersion into liquid ethane and cooled to approximately 90 K by liquid

nitrogen in a temperature-controlled freezing unit (Zeiss Cryobox, Zeiss NTS GmbH). After
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freezing the specimens, the remaining ethane was removed using blotting paper. The
temperature was monitored and kept constant in the chamber during all the sample
preparation steps. The specimen was inserted into a cryotransfer holder (CT3500, Gatan) and
transferred to a Zeiss EM922 EFTEM (Zeiss NTS GmbH). Examinations were carried out at
temperatures around 90 K. The TEM was operated at an acceleration voltage of 200 kV. Zero-
loss filtered images (AE=0eV) were taken under reduced dose conditions (ca. 100-—
1000 e nm). All images were registered digitally by a bottom mounted CCD camera system
(Ultrascan 1000, Gatan), that was combined and processed with a digital imaging processing

system (Digital Micrograph 3.10 for GMS 1.8, Gatan).

TEM studies

For the TEM studies at r. t. hydrophilized lacey carbon filmed copper grids (200 mesh, Science
Services) were dipped in a 4Na solution (2 mL) with a concentration of 10 g L', 2 min after the
addition of 4 eq. of GdL (22.5 mg). Most liquid was removed with blotting paper, before the
grid was dipped into desalted water to remove the remaining GdL and to stop the decrease of
the pH value. The liquid was again removed by blotting paper and the sample was shortly dried
at r.t. before images were taken at a Zeiss CEM902 (Zeiss NTS GmbH) at an acceleration

voltage of 80 kV.

9.4.3 Gel preparation methods

Gel preparation using solutions of 4Na and aqueous acids

Seven solutions of 4Na in desalted water, each with a concentration of 10 g L and a volume of
2 mL were prepared in a screw cap vial (maximum volume: 4 mL, diameter: 15 mm). To the
solutions five drops of a 1 M HCl solution, a 1 M H,SO, solution, a 1 M CH3;COOH solution, a
1 M H;PO, solution, a 1 M HNOj; solution, a saturated (sat.) NaHSO, solution (1080 g L™), and a
sat. NaH,PO, solution (850 g L") were added, respectively. After the addition of the aqueous
acids the vials were immediately sealed and the mixtures were shortly but vigorously shaken.
Gel state was defined if no gravitational flow occurred at inversion of the vial. For better
visualization of inhomogeneities in the gels, the samples were irradiated with UV-light at

366 nm to induce blue luminescence.

Gel preparation using solutions of 4Na and acidic vapor or gas
Solutions of 4Na were prepared with a concentration of 10 g L™ in 2 mL of desalted water in a

screw cap vial (maximum volume: 4 mlL, diameter: 15mm). 12 mL of concentrated
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hydrochloric (32 %) or acetic acid (99 %) were filled in a Petri dish with a diameter of 6 cm. The
Petri dish and the open vial with the gelator solution were put under a glass cover (inner
diameter: 10 cm) for approx. 3 h until complete gelation was achieved.

Gels could also be prepared in an acidic atmosphere with HCl gas from a 200 bar compressed
gas cylinder (HCI Brauchgas; Fa. Linde; degree of purity: 2.8). A high quality steel needle valve
without pressure reading was used to dose the HCl gas flow. The open vial with gelator
solution was put in a 50 ml-Schlenk flask, which was flushed with HCl gas. To neutralize the

excess of HCl gas a washing bottle set up (1 M NaOH solution and water) was used.

Gel preparation using solutions of 4Na and glucono-delta-lactone (GdL)
In this study the amount of GdL was calculated in respect to the molar amount of gelator 4Na

using the following equation:

m(GdL) = x-c(4Na) -V M(GdL) (9.1)

M (4Na)

with m(GdL) representing the mass of GdL in [g], x the factor of molar excess of GdL compared
to 4Na in [eq.], c(4Na) the concentration of the gelator sodium salt 4Na in solution in [g L], V
the volume of the gelator solution, and M(GdL) and M(4Na) the molar masses of GdL and
compound 4Na, respectively.
Therefore, the mass of added GdL varies depending on the concentration of 4Na, the volume
of gelator solution and the factor x. In this study four, five or six times the molar amount of
GdL (x=4eq., x=5eq. or x=6 eq.) compared to the molar amount of gelator 4Na present in
the solution were used.
To solutions of 4Na with a concentration of 10 g L™" and a volume of 2 mL 22.5 mg (4 eq.),
28.1 mg (5 eq.) and 33.7 mg (6 eq.) were added, respectively. After the addition of the GdL to
the respective gelator solutions, the screw cap vials (maximum volume: 4 mL, diameter:
15 mm) were agitated until all GdL was dissolved and subsequently left to stand at r. t. for at
least 8 h.
After the gelation the residual GdL and its hydrolysis products, such as gluconic acid, can
be removed by a repeatedly applied washing procedure with desalted water. To prove the
efficiency of this washing procedure, several hydrogel samples were prepared, washed,
dried in high vacuum (4 x 10° mbar), and dissolved in DMSO-ds. The absence of the
characteristic signals of gluconic acid and / or GdL in the '"H-NMR spectrum proves the

effectiveness of the washing procedure and that no GdL is incorporated or adsorbed on

the fiber network of the gel.
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9.4.4 Characterization of gel properties

Determination of the critical gelation concentration (cgc) by the “inverse tube test” and the
“falling steel ball method”

For the determination of the cgc samples with a volume of 2 mL and seven different 4Na
concentrations (0.5gL™, 1.0gL" 2.0gL" 4.0glL? 6.0gL" 80gL", and 10.0gL") were
prepared in a 4 ml-screw cap vial with a diameter of 15 mm. For each concentration two
samples were gelated by diffusion of HCI vapor and by addition of 4 eq., 5 eq., and 6 eq. of
glucono-delta-lactone (GdL), respectively.

One sample of each gelator concentration and gelation method was used for the inverse tube
test. Thereby, the gel stability is determined, if no gravitational flow occurs upon inversion of
the test tube.

The other samples were used for the falling steel ball experiments. A small stainless steel
sphere with a diameter of 2 mm and an average mass of 32.6 mg was gently put on the gel
sample. Gels were defined as stable, if the steel ball did not sink in the gel within a week at
r. t.

For the temperature-dependent measurements gel samples with a volume of 1 mL and 4 eq. of
GdL were prepared with either a 4Na concentration of 2gL™ or 10 gL™. The samples were
heated in an oil bath with a heating rate of 1 °C min™ using a high precision hotplate PZ 44 ET
with a temperature control unit PR 5 SR-N (Harry Gestigkeit GmbH). As reference the

temperature was measured in a vial with 1 mL of desalted water with a NiCr-Ni sensor.

Indentation experiments

Indentation experiments were performed on a universal testing machine INSTRON 5565. In the
load cell with a maximum capacity of F.x = 10 N a cylindrical stainless steel reference block
with a cross section dimension of 7 mm was attached. The gel sample with a volume of 35 mL
was prepared in a 40 mL-glass vial with a diameter of 30 mm. The vial was inserted in the
testing machine and the reference block was manually drawn near the surface of the gel.
Subsequently an automatic measurement with a feed rate of 2 mm min™ was started to gain
the indentation stress-indentation depth-diagram.

Gels were prepared with 4 eq. of GdL and a 4Na concentration of 2.0gL?, 4.0gL™ 6.0gL?,
8.0gL" and 10.0 g L, respectively. Further, gels prepared with a 4Na concentration of 2.0 g L™
and 5 eq. and 6 eq. of GdL, respectively, were investigated. Additionally, solutions of 4Na with
a concentration of 10.0 g L' were gelated with HCI vapor.

The buoyancy of the reference block in a pure GdL solution (393.7 mg of GdL in 35 mL desalted

water) is 3.5 mN at an indentation depth of 10.0 mm. This is negligible, as the indentation
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stress for the performed measurements are in the range of several hundreds of mN at an

indentation depth of 10.0 mm.

Gel stability against various solvents

For the stability tests against various solvents small gel samples with a gelator concentration of
10.0g L! and 4 eq. GdL were prepared in small wells with a volume of 0.3 mL (Ambrose Mesa
Mold with 12 round wells, Ted Pella, Inc.). To remove hydrolysis products of GdL, gels were
washed three times with 3 mL of desalted water for 24 h. After this washing procedure gels
were put in 3 mL of the respective solvent, which was renewed after 24 h. This procedure was
repeated three times to ensure the complete exchange of the gelation medium. The condition
of the gel samples in the different solvents was noted after the addition of the solvent
(10 min), after complete exchange of the gelation medium (3 days) and after 14 days.

For tests with solvents that are immiscible with water, such as n-hexane, ethyl acetate,
dichloromethane, and chloroform, gels were at first transferred into organogels by exchanging

the water with ethanol (3 mL of solvent renewed after 24 h for at least three times).

9.4.5 Spectroscopic investigations

UV-Vis spectroscopy

e of compounds 4 and 4Na in solution
The UV-Vis spectra in solution were recorded using a U-3000 Spectrophotometer (Fa. Hitachi)
and 10 mm quartz glass cuvettes (Hellma QS-100). For compound 4 dilution series with
concentrations of 10> mol L}, 10* mol L?, 5 10° mol L, 10° mol L, 10® mol L*, 107 mol L?,
and 10® mol L™ were prepared in DMSO and DMF, respectively. For compound 4Na desalted
water was used as a solvent and concentrations of 10> mol L?, 10* mol L}, 10° mol L*, and
10°® mol L™* were measured.

e of afilm of 4 prepared from a DMSO solution
A film of 4 was prepared by drop casting 50 uL of a DMSO solution with a concentration of
20 g L' onto a quartz glass substrate followed by evaporation of the solvent at 80 °C for 1 h.
Ten absorbance spectra of the film were measured using a U-3000 Spectrophotometer (Fa.
Hitachi) and the average spectrum of these ten spectra was calculated.

e of compound 4Na/ 4 during the gelation with glucono-delta-lactone (GdL)
To obtain absorbance spectra during the gelation process 3 mL of a 4Na solution with a
concentration of 10° mol L'* were prepared and filled in a 10 mm quartz glass cuvette (Hellma

QS-100). After addition of 40 eq. of GdL (0.21 mg) the cuvette was closed, shortly but



9 Experimental part 239

vigorously shaken and UV-Vis measurements were performed using a U-3000
Spectrophotometer (Fa. Hitachi). Each absorbance spectra was measured using a scan speed of

600 nm min?, so that one spectrum could be obtained in 83 seconds.

Photoluminescence (PL) measurements

e of compounds 4 and 4Na in solution
The PL spectra in solution were recorded using a Spectrofluorometer RF-5301 (Fa. Shimadzu)
at an excitation wavelength of A = 300 nm. Solutions of compound 4 in DMSO and DMF were
prepared with a concentration of 10 g L™, respectively and measured in 10 mm quartz glass
cuvettes (Hellma QS-111). Compound 4Na was dissolved at a concentration of 10gL™ in
desalted water and analogously measured.

e of a film of 4 prepared from a DMSO solution
A film of 4 was prepared by drop casting 50 pL of a DMSO solution with a concentration of
20 g L' onto a quartz glass substrate followed by evaporation of the solvent at 80 °C for 1 h.
Ten PL spectra of the film were measured using a Spectrofluorometer RF-5301 (Fa. Shimadzu)
at an excitation wavelength of A, =330 nm. The average spectrum of these ten spectra was
calculated and normalized to 1.

e of compound 4 in hydrogel state after gelation with GdL
The hydrogel sample of 4 for PL investigations was prepared using 3 mL of a 4Na solution in
desalted water at a concentration of 10 g L' and 4 eq. of GdL (33.7 mg). After mixing the 4Na
solution with GdL the solution was shortly but vigorously shaken and then immediately filled in
a quartz glass cuvette (Hellma 111-QS). The sample was left to stand at r. t. for 24 h before ten
PL spectra were recorded on a Spectrofluorometer RF-5301 (Fa. Shimadzu) at an excitation
wavelength of A, =330 nm. The average spectrum of these ten spectra was calculated and
normalized to 1.

e of compound 4Na/ 4 during the gelation with GdL
To obtain time-dependent PL spectra during the gelation with GdL, a hydrogel sample of 4 was
prepared as described above with 10 g L'* of 4Na in desalted water and 4 eq. of GdL. After the
addition of the GdL, the solution was shortly but vigorously shaken, and immediately filled in a
quartz glass cuvette (Hellma 111-QS). PL spectra were recorded after distinct time intervals
using a Spectrofluorometer RF-5301 (Fa. Shimadzu) at an excitation wavelength of
Aexc = 300 nm. The spectra were recorded using a medium scan speed, which correlates to a
recording time for one spectrum of about 100 seconds. Upon increasing the scan speed the

signal to noise ratio decreased, so that no reasonable spectra could be obtained.
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Analogously a gel sample was prepared in a 4 ml-screw cap vial with a diameter of 15 mm.
Optical images were taken under UV-irradiation at 366 nm at distinct times, corresponding to

the times at which PL spectra were recorded.

9.4.6 Theoretical calculations

Computational details of the density functional theory (DFT) and time-dependent (TD) DFT
calculations

3% and Turbomole®® were used to carry out the DFT and TDDFT

The programs Gaussian 03
calculations for the monomer, dimer, trimer, and tetramer of 4, where the three-parameter
semi-empirical hybrid functional B3LYP,**"?* together with the basis set 6-31G** were used
for all atoms. No constraints in the geometry optimizations were applied. The reliability of the
optimized geometries was checked by calculation of vibrational frequencies. The (ground
state) optimized geometries obtained from the DFT calculations were used to compute the

energies of the excited states (singlets and triplets) using TDDFT. The xyz coordinates of the

optimized structures can be found in the literature.'®?

9.4.7 Biocompatibility tests

Antiproliferative effects and cytotoxicity of compounds 4 and 4Na
Antiproliferative effects and cytotoxicity of the compounds 4 and 4Na were evaluated at the

39 Cells were

Hans-Knoll Institute Jena, Germany, according to methods described elsewhere.
incubated with dilutions of the test substances for 72 h at 37 °C. The results are summarized in

Table 9.1 and can be interpreted using the following legend:

Glso: concentration for 50 % inhibition of cell growth; CCs: concentration for 50 % cell death
>50ug mL* : not or marginally cytotoxic / antiproliferative
10-50 pg mL™* : moderately cytotoxic / antiproliferative
1-10 ygmL™ : highly cytotoxic / antiproliferative

<1lpgmLt : extremely cytotoxic / antiproliferative
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Table 9.1: Antiproliferative effects and cytotoxicity of compounds 4 and 4Na. HUVEC: human umbilical
vein endothelial cells. K-562: human immortalized myelogenous leukaemia cells. HelLa: human cervix
carcinoma cells. Glso: concentration for 50 % inhibition of cell growth. CCsy: concentration for 50 % cell
death.

antiproliferative effect cytotoxicity
compound HUVEC K 562 Hela
Glso [ug mL”] Glso [mg mL”] CCso [g mL™]
4 >50 >50 >50
4Na >50 >50 >50

Antimicrobial activity of compounds 4 and 4Na

The antimicrobial activity of compounds 4 and 4Na was determined at the Hans-Knéll Institute
Jena, Germany, by agar diffusion assays. 34 mL of nutrient agar were liquefied and inoculated
with a suspension of the corresponding microorganisms so that a final concentration of 10’
cells per 34 mL of nutrient agar was reached. The inoculated nutrient medium was put
immediately into the test plates resulting in an even layer with a thickness of about 3 mm. 12
holes per test plate were punched out using an appropriate device. 50 uL of a solution of the
test substances in DMSO or distilled water (A. dest.) with a concentration of 1000 mg mL™ of
test substance were put in each hole, respectively. For comparison purposes, pure solvents
(DMSO and A. dest.) were also tested. The test plates were cultivated for 18 h at 37 °C.
Evaluation of the antimicrobial activity was done by detection of the zones of growth inhibition
by the naked eye (diameter in mm) according to Table 9.2.

Compounds 4 and 4Na were tested for their influence on the growth of the following
microorganisms:

Bacillus subtillis

Staphylococcus aureus

Escherichia coli

Pseudomonas aeruginosa

Penicillium notatum

Table 9.2: Characterization of the antimicrobial activity using the diameter of the inhibition zone.

diameter of the inhibition zone

[mm] description

0 no activity
15-21 moderate activity
21-25 good activity

>25 very good activity
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The results of the agar diffusion assays are presented in Table 9.3.

Table 9.3: Antimicrobial activity of compounds 4 and 4Na determined by agar diffusion assays. Values:
zone of growth inhibition (diameter in mm). p: few colonies in the zone of growth inhibition. P: many
colonies in the zone of growth inhibition. A: indication for growth inhibition. (F: promotion of growth.)

2 "
o S S o
w9 S w < s 8 § g
S = S 3 S .o g€ £ = S
. 3% 0§ 3% §% i3
compound  solvent . Q 3 £ 3 S S & S 9
g [ug mL*] "3 & 38 &=
5 [
ATCC 6633 SG511 SG458 K799/61 JP36
B1 B3 B4 B9 P1
4 DMSO 1000 0 0 12A 0 0
4Na A. dest. 1000 0 0 0 0 0
A. dest. 0 0 0 0 0
DMSO 0 0 14pP 16P 14p

DMSO: dimethyl sulphoxide; A. dest. : distilled water

9.4.8 Investigations regarding the adsorption properties of gels of 4

BET measurements

Krypton physisorption was conducted at 77 K on a Quantachrome Autosorb 1 instrument by
Lena Geiling at the Department of Inorganic Chemistry | (Prof. J. Breu) of the University of
Bayreuth. Prior to the measurements, compound 4 after recrystallization and compound 4Na
as obtained from synthesis were degassed at 423 K for 24 h. Gel samples of 4 were prepared

analog to the samples examined by SEM imaging and either degassed at 423 K or 523 K for

24 h.

Calibration curve of rhodamine B in desalted water
e preparation of the rhodamine B solutions

For the calibration curve rhodamine B solutions with 12 different concentrations were used
(Table 9.4). Therefore, a solution with a concentration of 907.4 mgL" was prepared by
weighing in 90.74 mg of rhodamine B in 100 mL of desalted water. This solution was diluted by
a factor of five with desalted water to get a stock solution for the dilution series with a
concentration of 0.18148 g L™ of rhodamine B (1% stock solution generation, 1.0 eq.).

This 1% generation stock solution was used to prepare solutions for the calibration curve with a
volume of 5 mL and a rhodamine B concentration of 0.03630 g L™* (0.20 eq.) and 0.01815 g L™

(0.10 eq.), respectively.
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Furthermore, this stock solution was diluted to achieve 20 mL of a rhodamine B solution with a
concentration of 0.01815g L™ (0.10 eq., 2™ stock solution generation). From this 2" stock
solution solutions with a volume of 5 mL and the following concentrations were prepared as
shown in Table 9.4: 0.01452 gL™ (0.08 eq.), 0.01089 g L™ (0.06 eq.), 0.00726 g L™* (0.04 eq.),
0.00336 g L™ (0.02 eq.), and 0.00181 g L™ (0.01 eq.).

A 3" generation stock solution with a volume of 20 mL and a rhodamine B concentration of
0.00181 mg L™ (0.01 eq.) was prepared from the 2" stock solution. The 3™ generation stock
solution was diluted to prepare the solutions with a concentration of 0.00145 g L™ (0.008 eq.),
0.00109 g L* (0.006 eq.), 0.00073 g L'* (0.004 eq.), 0.00036 g L"* (0.002 eq.), and 0.00018 g L™
(0.001 eq.).

Table 9.4: Dilution series of the rhodamine B solutions that were used for the generation of the
calibration curve.

preparation
stock molar ratio  mass ratio V(stock used
solutio.n g (l:-'I] dye/gelgtor dye/gel_z;ltaor sofution) stoc'k V[(:ZL(])) V([::SI) 5(;':'"::1,

generation [eq.] [mgg™] [mL] solution

1" 0.18148 1.0 756.2 1.0 - 4.0 5.0 -
0.03630 0.2 151.2 1.0 1% 4.0 5.0 7.771
0.01815 0.1 75.6 0.5 1 4.5 5.0 3.587

2" 0.01815 0.1 75.6 2.0 1" 18.0 20.0 -
0.01452 0.08 60.5 4.0 2" 1.0 5.0 3.327
0.01089 0.06 45.4 3.0 2™ 2.0 5.0 2.505
0.00726 0.04 30.2 2.0 2" 3.0 5.0 1.711
0.00363 0.02 15.1 1.0 2™ 4.0 5.0 0.958
0.00181 0.01 7.6 0.5 2" 45 5.0 0.426

3™ 0.00181 0.01 7.6 2.0 2™ 18.0 20.0 -
0.00145 0.008 6.0 4.0 3" 1.0 5.0 0.382
0.00109 0.006 45 3.0 3™ 2.0 5.0 0.288
0.00073 0.004 3.0 2.0 3" 3.0 5.0 0.215
0.00036 0.002 1.5 1.0 3™ 4.0 5.0 0.132
0.00018 0.001 0.8 0.5 3" 4.5 5.0 0.054

? assuming a volume of the dye solution of 5 mL and a gelator (4Na) concentration of 10g L " at a gel
volume of 0.12 mL, which are the usual testing conditions for the concentration-dependent adsorption
studies; ° average of the optical density (0.D.) at 553 nm of 4 measurements.

e generation of the calibration curve
UV-Vis spectra of the solutions were recorded from 300nm to 700nm on a
spectrophotometer Hitachi U-3000. For the baseline measurements and as reference in the
double beam spectrophotometer desalted water was used. Each of the dye solutions was

measured four times in a 1 mm quartz glass cuvette (Hellma QS-100). The optical density of all
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recorded spectra was manually set to zero at a wavelength of 625 nm. The absorption maxima
at 553 nm were determined and the average and standard deviation of the four obtained data
points for each concentration were plotted versus the concentration (Figure 5.3, chapter
5.2.1.1). The regression curve was calculated with the “linear fit”"-function of the software

OriginPro 8 (v8.0724, Microsoft). For the calculation the intercept was set to zero.

Preparation of the PDMS molds

The molds for the preparation of the hydrogels used in the adsorption and release studies are
made of polydimethylsiloxane (PDMS). Therefore, the silicon elastomer “Sylgard 184” (88 g)
and the silicon elastomer curing agent “Sylgard A84” (8 g; both from Dow Corning®, used as
received) were mixed in a ratio of approximately 10 to 1. The mixture was poured into a
custom-made Teflon® mold with inner dimensions of ca. 6.5cm x 6.5cm x 1.0cm and 25
cylindrical elevations of 0.5 cm in height and diameter. The PDMS form was left to harden at
r.t. for three days and was then removed from the Teflon® mold. The resulting PDMS mold

had consequently 25 wells with a depth and diameter of 0.5 cm, respectively.

Preparation of defined hydrogel samples for the adsorption experiments

If not stated otherwise, the hydrogel samples for the adsorption experiments were prepared
by mixing 40 mg of the gelator sodium salt 4Na with 4 mL of desalted water (chapter 9.4.3).
After addition of 45.0 mg of GdL (4 eq. in respect to the molar amount of 4Na), the solution
was shaken until complete dissolution of the GdL and immediately transferred into the wells of
the PDMS mold with an Eppendorf pipette. Each well was filled with 0.12 mL of the
gelator/GdL-solution. To ensure complete gelation the samples were left to stand at r. t.
overnight. A highly humid atmosphere was established to prevent dehydration of the samples.
Each gel sample was then transferred with a small spatula to a glass vial with 5 mL of desalted
water to remove the sodium gluconate that is a byproduct of the gelation process. After 24 h
the water was renewed and again left to stand at r. t. for 24 h. This washing process was

performed three times, before the gel samples were used for further experiments.

Tests evaluating the influence of mechanical agitation on the adsorption kinetics

For the tests investigating the influence of agitation on the adsorption properties, gel samples
with a volume of 0.10 mL and an initial 4Na concentration of 10gL" were prepared
analogously to the procedure described above. As the gels contained 1.0 mg of 4Na
(1.58 umol), respectively, 5 mL of a rhodamine B solution with a dye content of 0.05 eq. in

respect to the molar amount of 4Na were prepared containing 0.038 mg of rhodamine B,
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which corresponds to a concentration of 0.0076 gL and a mass ratio of 38 mg g™ dye per
gelator.

A stock solution was prepared with 11.3 mg of rhodamine B in 30 mL desalted water
(c=0.38 g L'Y). This stock solution was diluted by a factor of ten to achieve a diluted stock
solution with a concentration of 0.038 mg mL™. 1 mL of this diluted stock solution was mixed
with 4 mL of desalted water to obtain a rhodamine B solution with the desired concentration
of 0.0076 g L™ (0.05 eq., 38 mgg). Four solutions with this concentration and a volume of
5 mL were prepared analogously from the diluted stock solution. To each solution a washed
hydrogel sample with a gelator 4Na content of 1.0 mg (V =0.1 mL) was added. Two samples
with the same rhodamine B concentration were agitated on a Vibrax VXR basic from IKA® at
ca. 200 rpm and two were left to stand without any disturbances. Both experiments were
performed at r.t.. After 24 h, 48 h, 72 h, 96 h and 168 h UV-Vis absorbance measurements
were performed analogously to the UV-Vis measurements described for the calibration curve.
After the optical densities of these spectra were set to zero at a wavelength of 625 nm, the
absorbance maxima were determined at 553 nm. The average value and the standard
deviation of the two measurements with and without agitation were calculated. The

adsorption capacities in dependence of time g, were calculated as described in chapter 5.2.1.

Time-dependent adsorption studies with different initial dye concentrations

For the adsorption studies hydrogels of 4 were prepared as described above with a volume of
0.12 mL, a gelator sodium salt (4Na) concentration of 10 g L, and 4 eq. of GdL in respect to
the molar amount of the gelator. The hydrogel samples were washed as described above to
remove the sodium gluconate. The rhodamine B solutions with concentrations of 0.005 eq.
(0.00091gL?), 0.01eq. (0.00181gL?), 0.02eq. (0.00363gL"), 0.05eq. (0.00907 gL™?),
0.10 eq. (0.01815 g L™) and 0.20 eq. (0.03630 g L™) were prepared analogously to the solutions
for the calibration curve.

The washed hydrogels were each put in 5 mL of the rhodamine B solution with the respective
concentration and left to stand undisturbed at r.t.. After 1 h, 3h, 6h, 24 h, 48 h, 72 h, and
240 h UV-Vis absorbance measurements were performed analogously to the UV-Vis
measurements described for the calibration curve. The absorbance maxima were determined
at 553 nm after the optical densities of these spectra were set to zero at a wavelength of
625 nm. Each experiment was performed three times to get an average value and a standard
deviation of the optical density.

The adsorption capacity in dependence of time g; and the decolorization efficiency d. were

calculated as described in chapter 5.2.1.
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Thermal stability test of adsorbed dye-gel systems

Hydrogels of 4 were prepared as described above with a volume of 0.12 mL, a gelator sodium
salt (4Na) concentration of 10gL", and 4 eq. of GdL. After the washing procedure the gel
samples were put in 5mL of a rhodamine B solution with a concentration of 0.00907 g L™
(0.05 eq.) for ten days analogously to the performed time-dependent adsorption studies.
Subsequently, the gel samples were put in 5mL of desalted water at r.t. and 40 °C,
respectively. After 1d, 2d, 3d, 4d, and 10d UV-Vis absorbance measurements were
performed analogously to the UV-Vis measurements described for the calibration curve to
determine the cumulative release of rhodamine B in dependence of time. Each experiment

was performed in triplicate.

9.4.9 Hydrogel formation in presence of rhodamine B and release in water

Preparation of defined hydrogel samples in presence of rhodamine B

Rhodamine B solutions with 9 different concentrations were prepared for the formation of
hydrogels in presence of distinct amounts of the dye. A stock solution with a concentration of
7.56207 g L'* of rhodamine B was prepared by weighing in 302.4828 mg of rhodamine B into
40 mL of desalted water. This equals 1.0 eq. of rhodamine B in one gel sample with regard to
the molar amount of gelator 4 in a gel sample with a volume of 0.12 mL and a concentration of
10 g L™ of 4Na. The other solutions were prepared from this stock solution by a dilution series

as shown in Table 9.5.

Table 9.5: Preparation of rhodamine B solutions for the hydrogel formation in presence of the dye.

preparation
StO(Ek c molar ratio mass ratio V(st?ck used V(H,0)  V(total)
solution 1. dye/gelator dye/gelator| solution) stock
generation [eL] [eq.]? [mgg™ [mL] solution [mt] [mt]
1+ 7.56207 1.00 756.2 - - - 40.0
6.04965 0.80 605.0 4.0 1% 1.0 5.0
4.53724 0.60 453.7 3.0 1t 2.0 5.0
3.78103 0.50 378.1 2.5 1 2.5 5.0
3.02483 0.40 302.5 2.0 1% 3.0 5.0
2.26862 0.30 226.9 1.5 1% 3.5 5.0
1.51241 0.20 151.2 1.0 1 4.0 5.0
0.75621 0.10 75.6 0.5 1t 4.5 5.0
0.37810 0.05 37.8 0.25 1t 4.75 5.0

® assuming a gelator (4Na) concentration of 10 g L ata gel volume of 0.12 mL, which are the usual testing
conditions for the concentration-dependent release studies.
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To the different rhodamine B solutions gelator sodium salt 4Na (c =10 g L") and GdL (4 eq. in
respect to the molar amount of 4Na) were added. Gels with a volume of 0.12 mL were

prepared in the wells of the PDMS mold by gelation overnight in a highly humid atmosphere.

Time-dependent release of rhodamine B in water

After gelation overnight the gels prepared in the presence of different amounts of rhodamine
B were each put in 5 mL of desalted water and left to stand at r. t. undisturbed. As gels with
rhodamine B contents higher than 0.50 eq. could not be removed from the wells without gel
destruction, the concentration-dependent release study was only performed with rhodamine
B concentrations of 0.05 eq., 0.10 eq., 0.20 eq., 0.30 eq., 0.40 eq., and 0.50 eq.. After 1.5 h,
3h, 6h, 24h, 48 h, 72 h, and 240 h absorbance spectra of the accepting solutions were
recorded in a 1 mm quartz glass cuvette (Hellma QS-100) analogously to the spectra recorded
for the calibration curve in water. Each experiment was performed in triplicate. The data were
processed as described above to get the average value and standard deviation of the
concentration present in the solution after a specific time. From this concentration the
cumulative release Mg, the amount of still encapsulated and adsorbed amount Mepcaps, and

the loading efficiency I, can be calculated as described in chapter 5.3.1.

9.4.10 Release studies in biologically relevant media

Preparation of the biologically relevant media

e phosphate buffered saline (PBS)
Dulbecco’s PBS (without Ca & Mg) with a pH value of 7.4 was purchased from PAA
Laboratories (Pasching, Austria) and used as received.

e simulated body fluid (SBF)
The SBF was prepared by subsequently adding the ingredients displayed in Table 9.6 to
approximately 750mL of Milli-Q water in a 1 L-volumetric flask. Especially the
tris(hydroxymethyl)amino methane was added very slowly to avoid precipitation. The pH value
was adjusted to 7.65 at 25 °C using 1 M HCI titer solution to obtain a pH value of 7.4 at 37 °C.

Subsequently the volumetric flask was filled to 1 L with Milli-Q water.
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Table 9.6: Chemicals used for the preparation of SBF in the order of addition.

order chemical ?;: :::Itljf)]

1 NaCl 7.996
2 NaHCO; 0.350
3 KCl 0.224
4 K,HPO,4-3H,0 0.228
5 MgCl,-6H,0 0.305
6 1M HCl (aq.) 35mi
7 CaCl,-2H,0 0.368
8 Na,SO,4 0.071

tris(hydroxymethyl)amino 6.057

methane NH,C(CH,0H);

e simulated gastric fluid (SGF)
The fasted state SGF was prepared analogous to the composition published in the

literature,>’3103%

First, a buffer solution with 999.3 mg sodium chloride (analytic. grade) in
400 mL of Milli-Q water was prepared. The pH was adjusted to 1.6 at a temperature of 37 °C by
addition of approximately 9 mL of 1 M HCI titer solution. To 250 mL of this buffer solution
21.5 mg of sodium taurocholate hydrate (NaTCz 97 %) were added. A lecithin solution (L-a-
Phosphatidylcholine from egg vyolk, type XVI-E,2 99 %, lyophilized powder) in DCM
(dichloromethane, analytic. grade) was prepared with a concentration of 100 g L™*. 92.6 pL of
this solution were added to the buffer solution with the NaTC under slight stirring. The DCM
was subsequently removed under mild conditions at the rotary evaporator. The pH value was
again set to 1.6 at 37 °C with 1 M HCI. Subsequently, 500.0 mg of pepsin from porcine gastric
mucosa (Ph. Eur.) and the residual buffer solution were added. The pH value was again
adjusted at 37 °C and finally the volumetric flask was filled with Milli-Q water to 500 mL.
e simulated intestinal fluid (SIF)

The fasted state SIF was prepared analog to the composition published in the
literature.?”2'%3% First, a buffer solution in 400 mL of Milli-Q water was prepared with 2.005 g
of sodium chloride (analytic. grade), 1.1096 g of maleic acid (> 99 %), and 696.0 mg of sodium
hydroxide (analytic. grade). The pH value was set to 6.5 at 37 °C by addition of 1 M NaOH titer
solution. To 250 mL of this buffer solution 806.5 mg of sodium taurocholate hydrate (NaTC,
> 97 %) were added. A lecithin solution (L-a-Phosphatidylcholine from egg yolk, type XVI-E, >
99 %, lyophilized powder) in DCM (analytic. grade) was prepared with a concentration of
100 g L™. 0.76 mL of this solution was added to the buffer solution with the NaTC under slight

stirring. The DCM was subsequently removed under mild conditions at the rotary evaporator.
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The pH value was set to 6.5 at 37 °C with 1 M NaOH. The residual buffer solution was added,
the pH value was again adjusted at 37 °C, and finally the volumetric flask was filled with Milli-Q

water to 500 mL.

Stability of pure hydrogels of 4 in biologically relevant media

To test the stability of the pure hydrogels in the biologically relevant media PBS, SBF, SGF, and
SIF, hydrogels with of 4 with a volume of 0.12 mL and a gelator concentration of 10 g L™ of 4Na
were prepared with 4 eq. of GdL and washed analogous to the hydrogel samples used for the
adsorption studies. The resulting gels were put in 5 mL of the respective accepting media and
the quantitative dissolution behavior of the gels was monitored by a series of optical images,
that were taken after distinct time intervals.

In PBS the stability of hydrogels of 4 was investigated at r.t., while in SBF the study was

performed at r. t. and 37 °C. In SGF and SIF the stability of the gels was monitored at 37 °C.

Stability of hydrogels of 4 prepared in the presence of rhodamine B in biologically relevant
media

Hydrogels of 4 with a volume of 0.12 mL and a gelator concentration of 10 g L'* of 4Na were
prepared with 4 eq. of GdL in presence of 0.05 eq. (37.8 mg g') of rhodamine B as described
above (chapter 9.4.9) and put in 5 mL of the respective accepting media. The stability of the
gels and the release of rhodamine B were monitored by optical images and UV-Vis
spectroscopy after distinct time intervals at r. t. for studies in PBS and at 37 °C for studies in
SBF, SGF and SIF. The UV-Vis spectra were recorded in a 1 mm quartz glass cuvette (Hellma QS-
100) analogously to the spectra recorded for the calibration curve in water. For the studies at
elevated temperature the biologically relevant media were preheated to 37 °C and the
samples were stored at 37 °C in a cooled incubator (KB53 from Binder) during the whole
experiment. Samples were only taken out for recording the optical images and the UV-Vis
spectra. Due to the experimental effort of conducting UV-Vis measurements, such as filling
0.3 mL of each solution in a 1 mL cuvette, the measurement itself and the returning of the
measured solution back into the respective sample, at each time interval the samples were
exposed tor. t. for approx. 15 minutes.

Each experiment was performed in triplicate and spectroscopic data were processed as
described above for the release studies in water (chapter 9.4.9). As none of the simulated
fluids showed significant absorbance in the relevant range of 300 nm to 700 nm, desalted

water was used for the baseline measurement as described above.
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Calibration curve of rhodamine B in PBS and preparation of reference samples

A calibration curve of rhodamine B in PBS was developed with six different rhodamine B
concentrations: 0.03630gL”, 0.01815glL”, 0.00907gL", 0.00363glL”?, 0.00181gL?
0.00091 g L™. The solutions were prepared by a dilution series from a stock solution in PBS
analogously to the solutions prepared for the calibration curve in water. The absorbance
spectra of the solutions were recorded in triplicate and processed as described above. The
position of the relative maximum could be found at 553 nm in each spectrum, i. e. it was
independent of the concentration of rhodamine B. Therefore, a calibration curve could be
developed, which is shown in Figure 9.1. The regression curve was calculated with the “linear
fit”-function of the software OriginPro 8 (v8.0724, Microsoft). For the calculation the intercept

was set to zero.

74 = O.D.at553 nm
linear fit y = 198.8 x

O.D.
e

0.000 0.005 0010 0.015 0.020 0.025 0.030 0035 0.040
concentration of rhodamine B [g L]

Figure 9.1: Calibration graph with 6 different rhodamine B concentrations in PBS; each data point is the
average of three measurements.

To test the hypothesis that all rhodamine B is released after 24 h in PBS, two types of
reference samples were prepared. As reference sample with solely rhodamine B in PBS, the
three solutions with a rhodamine B concentration of 0.00907 gL were used that were
originally prepared for the generation of the calibration curve in PBS. Furthermore, three
reference samples with this rhodamine B concentration, as well as 1.2 mg of 4Na, 1.35 mg of
GdL, and 0.12 mL of water were prepared by the following procedure. The amount of GdL was
weighed in into 5 mL of PBS. The mixture was left to stand at r. t. overnight, so that the GdL
molecules were hydrolyzed. Subsequently, 1.2 mg of the gelator sodium salt 4Na was added,

as well as 0.12 mL of the rhodamine B solution with a concentration of 0.37810 g L.
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Preparation of reference samples in SBF

The reference sample with only rhodamine B in SBF was prepared by a dilution series,
analogous to that prepared in PBS, to yield 5 mL of SBF with a rhodamine B concentration of
0.00907 g L™. For the other reference sample to 5 mL of such a rhodamine B solution in SBF
with a concentration of 0.00907 gL, 1.2 mg of 4Na were added. The UV-Vis spectra were

recorded and processed analogously to the spectra recorded for the calibration curve in water.

Calibration curve of rhodamine B in SGF

A calibration curve of rhodamine B in SGF was developed with six different rhodamine B
concentrations:  0.03630gL”, 0.01815gL”, 0.00907glL*, 0.00363gL", 0.00181gL",
0.00091 g L. The solutions were prepared by three independently prepared dilution series
from a stock solution in SGF analogously to the solutions prepared for the calibration curve in
PBS. The absorbance spectra of the solutions were measured and processed analogously to
the spectra recorded for the calibration curve in water. The spectra showed a respective

maximum at 556 nm each, independent of the concentration of rhodamine B.

Calibration curves of rhodamine B in SIF

A calibration curve of rhodamine B in SIF was developed analogous to the one developed in
PBS with six different rhodamine B concentrations: 0.03630 g L, 0.01815 g L, 0.00907 g LY
0.00363 gL™, 0.00181gL", 0.00091gL". Additionally a calibration curve with the same
rhodamine B concentrations and additional 1.2 mg of 4Na in 5 mL of the respective solution
was prepared to simulate the conditions at the end of the release study with the respective

maximum optical density at 559 nm.

9.4.11 Hydrogel film formation via electrogelation

Proof-of-principle experiment of the electrogelation

For the proof of principle experiment a standard thin layer chromatography (TLC) chamber
filled with a 4Na solution (1 g L) was used. A stainless steel slide acted as cathode, while the
anode consisted of an indium tin oxide (ITO)-covered glass substrates. Both electrodes were

connected to a 9-volt battery for about 10 min.

Preparation of hydrogel films by electrogelation
The preparation of hydrogel films using the electrolysis of water was carried out using a

custom-made three-electrode set up connected to a scanning potentiostat (model 362,
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Princeton Applied Research Corp.), which was set to potential controlled mode. While a
graphite wire was used as counter electrode, a silver wire acted as pseudo-reference
electrode. The working electrodes were 25 x 25 mm indium tin oxide (ITO)-covered glass
substrates. As electrochemical cell a rectangular chamber for thin layer chromatography (TLC)
was employed and filled with 30 mL of gelator solution, respectively. Five different
electrogelation parameters were systematically varied to test their influence on the gel film
formation. As standard condition for these tests the distance between the electrodes was set
to 3 cm, a potential of 1.5 V was applied, a gelator sodium salt (4Na) concentration of 1 gL, a
background electrolyte (NaCl) concentration of 10 mM, and a gelation time of 10 min was
employed. The substrates were dipped into desalted water immediately after the
electrogelation to wash away the dissolved NaCl. While optical images were taken in the wet
state after the washing process, further analysis of the hydrogel films, such as the
determination of the film thickness as well as SEM and spectroscopic investigations, was

performed after drying the samples at ambient temperatures.

Determination of the average thickness of dried hydrogel films prepared by electrogelation
The thickness of the gel films was measured using a Dektak 3030 ST from Veeco Instruments. If
not stated otherwise, the average thickness of a film was calculated from nine measurements

per film.

SEM study of dried hydrogel films of 4 prepared by electrogelation

All samples were sputtered with platinum prior to SEM imaging.

The washed and dried hydrogel films of 4 were mounted on a standard sample holder by a
conductive adhesion pad and examined with a Zeiss LEO 1530 (FE-SEM with Schottky-field-

emission cathode; in-lens detector) using an accelerating voltage of 3 kV.

UV-Vis spectroscopy on dried hydrogel films of 4 prepared by electrogelation
The UV-Vis spectra of the washed and dried hydrogel films prepared via electrogelation were

recorded using a U-3000 Spectrophotometer (Fa. Hitachi).

PL measurements on dried hydrogel films of 4 prepared by electrogelation
The PL spectra of the washed and dried hydrogel films prepared via electrogelation were
recorded using a Spectrofluorometer RF-5301 (Fa. Shimadzu) at an excitation wavelength of

Aexe =320 nm.
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