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A Summary

The present dissertation evaluates the design, characterization and potential applications of
functional supramolecular gel-materials. Gels have attracted tremendous scientific interest
as they can be obtained from natural sources or derive from readily available building
blocks by facile preparation methods. They have conquered our daily life appearing as
constituents of commercial products in the fields of biomedicine, agriculture, cosmetics,
food thickeners and many more. Gel-materials exhibit a continuous structure and embody a
meta-stable state between liquids and solids. They can be categorized by physical and
chemical gels, depending on the forces responsible for their formation. Physical or
supramolecular gels are solely held together by weak and non-covalent forces, which
provides a potential response to external stimuli and hence they represent the main focus of
research conducted in this thesis. In this context, the present work has been divided into

three main parts: Introduction, Main part and Supporting Information enclosed on a CD.

The first part of the introduction provides a broader overview on natural and
artificial self-assembling systems in order to demonstrate nature’s power of generating
well-ordered complex structures with controlled function from available building blocks
without human intervention and how we can take lessons for the fabrication of novel
materials and devices. A general definition and classification of gels is given in the second
part of the introduction in order to get a detailed insight into the diversity of gel-subclasses
and to understand the forces necessary to promote the mechanisms of self-assembling gel-
formation. The last part of the introduction focuses on high-tech applications of gel-
materials in the fields of biomedicine, catalysis and fabrication of nanoparticles of well-
defined shape and size. Herein the center of interest lies in the evaluation of potential
advantages of 3D gel-environments for applications against already established materials

and procedures.

Chapter 1 describes the design and evaluation of gelation properties of novel
peptide-based organogelators with side-chain azobenzene modifications. In this context,
effective gelation of various organic solvents could be observed at relatively low
concentrations without a major effect of the position of the azobenzene-moieties inside the

gelator-structure. The presence of azobenzene-functionalities was found to exhibit a
1
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positive effect on the gelation properties by lowering minimum gelation concentrations and
improving thermal and mechanical stabilities in comparison to control-peptides.
Furthermore, photo-induced gel-to-sol transition could be achieved by UV-irradiation of
gel-samples due to a rapid trans-to-cis isomerization reaction (30-60 min) of the
azobenzenes, which was found to be reversible when the samples were left for relaxation.
Interestingly, light-driven phase transition was only feasible for peptide-gelators lacking N-
terminal protecting groups. It is important to mention, that such stimuli-responsive
behavior is a key concept for the fabrication of functional materials for biomedical and
optoelectronic applications. Additionally, we were delighted to observe a phase selective
gelation behavior of our gelators, which could be induced by room temperature gelation

protocols for potential application in oil-spill recovery and dye-removal.

Chapter 2 focuses on the exploration of various supramolecular gel-scaffolds as
reaction vessels in photo-chemical transformations. Due to the growing demand for
sustainability in industrial applications, photochemistry provides efficient and clean
alternatives towards conventional processes. Inspired by nature, we investigated the photo-
oxidation of a secondary benzyl-alcohol catalyzed by flavin-derivatives in a library of
diverse gel-based matrices. Gel-materials provide a well-structured highly porous network
and are literally predestinated to serve as nanoreactors, in which alternative selectivities or
reaction pathways could be accessible. In this context, we were able to demonstrate that the
structure-property relationship of gels derived from both (bio-)polymers and low molecular
weight compounds has a direct influence on the kinetics and outcome of the model-
reaction. Although it is known that photo-chemical transformation progress less efficient in
organic solvents such as acetonitrile, an organogelator proved to be most active to promote
the photo-oxidation reactions. Due to the confined gel-network, reaction rates were found
to be slightly reduced in comparison to aqueous and micellar environments under non-

stirred conditions.

Chapter 3 provides insight into a synergistic computational and experimental
approach to improve the hydrogelation-ability of ionene polymer-based gelators. Despite
the fact that gels provide numerous potential applications, still the mechanism of self-
assembly and gel-formation is not fully understood and hence prediction of physical gel-
properties remains challenging. Interestingly, we were able to demonstrate that gelation
properties of polyelectrolyte hydrogels could be controlled by simple modification of the

core-geometry of the polymers. Conclusions drawn from experimental observations were
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successfully confirmed by computational simulation techniques including DFT-
calculations. Furthermore, gels based on the most efficient polymer exhibited a transparent
appearance and the gel-network was able to disperse single-walled carbon nanotubes to
produce organic-inorganic hybrid materials. The poor solubility accompanied by a high
affinity towards aggregation is creating a problem for applications of nanotubes as

molecular conductors, which could be solved by homogeneous dispersion in gel-materials.

Chapter 4 focuses on the ultrasound enhanced gelation properties of a novel
formamidine-based ambidextrous gelator. For a long time, ultrasonic treatment was
thought to hinder self-assembling processes in solution. Hence it is very fascinating that
treatment of isotropic solutions of the formamidine in various organic solvents resulted in
much faster gelation kinetics in comparison to the classical heating-cooling protocol to
induce gelation. Additionally, this phenomenon was accompanied by a severe reduction of
the minimum gelation concentration and a significant enhancement of thermal and
mechanical stabilities. The ambidextrous nature of the formamidine compound was
revealed by applying a pH-gradient method to induce gelation in aqueous environments in
a pH-range of 4.5-5.5, which could result in potential application in transdermal drug
release. Furthermore, organogels revealed a smart colorimetric response towards several
heavy metal-ions such as Cu(ll), Fe(lll) and Ce(IV), which could result in potential

applications in sensing.

Finally, chapter 5 deals with isosteric replacement of an amide-moiety inside a
known gelator-structure by a triazole. The concept of bioisosteric replacement is well
established in the field of biomedicine, but is has so far not been applied in material
science. Heterocyclic compounds have been successfully introduced into parental drug
systems as they exhibit enhanced stabilities against hydrolysis. Since the development of
the copper and ruthenium catalyzed cycloaddition between azides and alkynes, triazoles
represent the most common class of heterocycles in isosteric replacement applications.
Additionally, triazoles share many common properties with amides such as a high dipole
moment and the possibility to create hydrogen-bonds. In this context, gelation abilities of
an amphiphilic amide-gelator and its triazole-analogue have been systematically studied.
Interestingly, it was found that the amide-containing compound was a more effective
gelator for apolar solvents whereas the triazole-compound exhibited superior properties in

polar protic environments. Furthermore, hydrogels derived from the triazole were readily



A Summary

degraded in the presence of physiological buffers, which resulted in potential applications

of controlled release of a model drug (i.e. vancomycin).






B Zusammenfassung

Die vorliegende Dissertation bewertet Studien zur Planung, Charakterisierung und zu
mdoglichen Anwendungen von funktionalen supramolekularen Gel-Materialien. Gele
ziehen seit mehreren Jahrzehnten immer mehr Interesse auf sich, da aus ihnen eine
Vielzahl von Werkstoffen hergestellt werden kann, die unter anderem in Bereichen der
Biomedizin, Katalyse, Landwirtschaft, Kosmetik oder der Lebensmittelindustrie
Anwendung finden. Diese Materialien weisen eine kontinuierliche Struktur auf und stellen
einen metastabilen Zustand zwischen fest und flussig dar. Sie kdnnen zum Beispiel
basierend auf den Wechselwirkungen durch die sie gebildet werden in physikalische oder
chemische Gele unterteilt werden. Physikalische, oder auch supramolekulare Gele genannt,
besitzen den grolRen Vorteil, dass sie auf Grund von schwachen Wechselwirkungen
potentiell auf &ufere Stimuli, wie Warmeeinfluss oder Bestrahlung mit Licht einer
bestimmten Wellenlénge, reversibel reagieren kénnen. Auf Grund dieser herausragenden
Eigenschaften liegt der Fokus der vorliegenden Arbeit auf physikalischen Gelen und wurde

in drei Teile untergliedert: Einleitung, Hauptteil und Zusatzinformationen auf einer CD.

Der erste Teil der Einleitung vermittelt einen breiten Uberblick von natiirlichen und
synthetischen selbst-assemblierten Systemen. Dies dient zur Veranschaulichung der
Fahigkeit der Natur geordnete und komplizierte Strukturen fur bestimmte Anwendungen
ohne menschliches Zutun herzustellen und zu zeigen, was die Menschheit im Bezug auf
die Entwicklung neuer Materialien daraus lernen kann. Gemeinsamkeiten und
Unterschiede von gel-basierten Materialien werden im zweiten Teil der Einleitung
beschrieben. Besondere Aufmerksamkeit wird hierbei den unterschiedlichen Kréften, die
fur die Gelbildung verantwortlich sind gewidmet und zugrundelegende Mechanismen
werden diskutiert. Mdgliche Anwendungen von Gelen in den Gebieten der Biomedizin,
chemischen Katalyse und der Herstellung von Nanopartikeln mit kontrollierter Form und
Grolke werden im abschlielenden Teil bearbeitet. Besonderes Interesse liegt hierbei in der
Ausarbeitung von mdoglichen Vorteilen des 3D Gelnetzwerks im Vergleich zu bereits

vorhandenen Materialien und Prozessen.

In Kapitel 1 werden neuartige Peptid-basierte Organogelatoren mit Azobenzol-
Modifikationen in der Seitenkette vorgestellt. In diesem Zusammenhang wurde festgestellt,

dass eine Vielzanl an organischen Losungsmitteln bei relativ  geringen
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Gelatorkonzentrationen Gele formten und, dass die Azobenzol-Gruppierungen einen
positiven Einfluss auf die Geleigenschaften auswirkten, indem sie eine Erniedrigung der
minimalen Gelkonzentration und eine Verbesserung der thermischen und mechanischen
Stabilitaten bewirkten. Desweiteren konnten Gel-zu-Sol Phasenumwandlungen durch UV-
Bestrahlung von Gelproben induziert werden, welche auf einer schnellen trans-cis
Isomerisierung der Azobenzol-Gruppen beruhen. Diese Umwandlungen sind reversibel
und Gele konnen sich durch Relaxation im Dunkeln nach einiger Zeit zurlckformen.
Interessanterweise konnten nur Peptid-Gelatoren mit freiem N-Terminus einer Licht-
induzierten Phasenumwandlung unterzogen werden. Zusatzlich konnten wir zu unserer
Freude Phasenselektives Gelieren bei Raumtemperaturbedingungen beobachten, was

mdogliche Anwendungen in der Wasseraufreinigung mit sich bringt.

Kapitel 2 beschaftigt sich mit der Untersuchung von verschiedensten Gel-
Materialien fur die Verwendung als Reaktionsgefale in photochemischen
Transformationen. Auf Grund des steigenden Bedurfnisses fur nachhaltige industrielle
Prozesse, stellt insbesondere die Photochemie effiziente und saubere Alternativen zu
herkdmmlichen Methodiken bereit. Inspiriert von natirlichen Systemen, wurde die
Photooxidation eines sekundaren Benzylalkohols in diversen Gelmatrizen, katalysiert
durch ein Flavinderivat, untersucht. Gelmaterialien stellen ein gut-strukturiertes pordses
Netzwerk bereit und sind deshalb geradezu pradestiniert als ReaktionsgefaRe verwendet zu
werden, worin andere Reaktionswege und Selektivitdten erreicht werden konnten. In
diesem Zusammenhang konnte gezeigt werden, dass die Eigenschaften von verschieden
strukturierten Gelen (i.e. (Bio-)Polymere und Komponenten mit niedrigem
Molekulargewicht) einen direkten Einfluss auf den Reaktionsverlauf und die
Reaktionskinetiken auslbten. Interessanterweise, waren die Ergebnisse in einem
Organogelnetzwerk am vielversprechendsten, obwohl es bekannt ist, dass photochemische
Reaktionen in organischen Losungsmitteln weniger effizient verlaufen. Im Vergleich zu
wassrigen und mizellaren Phasen unter statischen Bedingungen waren die
Reaktionskinetiken etwas erniedrigt, was wahrscheinlich an der eingeschrankten Diffusion

in Gelen liegt.

Kapitel 3 bereitet einen Einblick zur Verbesserung der Geleigenschaften von
ionischen Polymer-Hydrogelatoren an Hand eines Synergismus zwischen experimentellen
und computergestiitzten Methodiken. Obwohl Gele Anwendungen in vielen Bereichen

finden, bleibt der Mechanismus der Gelformung nahezu ungeklart, was eine Vorhersage
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der Geleigenschaften stark erschwert. Zu unserer Freude konnte in diesem Zusammenhang
gezeigt werden, dass die Geleigenschaften von ionischen Polymer-Hydrogelatoren durch
einfache geometrische Veranderungen (i.e. Anderung des Bindungswinkels einer
disubstituierten aromatischen Gruppierung) der Polymerstruktur kontrolliert werden
konnen. Experimentelle Befunde konnten erfolgreich durch computergestitzte
Simulationen wie zum Beispiel DFT-Rechnungen bestatigt werden. Zusatzlich zeigte das
effizienteste Polymer die Fahigkeit Kohlenstoff-Nanoréhren homogen zu dispergieren, was
zur Bildung von organisch-anorganischen Hybridmaterialen fihrt. Die schlechte
Loslichkeit und der Drang zu aggregieren schrénken die Verwendung von Nanordhren ein,

was durch die homogene Verteilung in Gelen vermieden werden kann.

Kapitel 4 beschaftigt sich mit Geleigenschaften eines Formamidine-Derivats, die
durch Ultraschallbehandlung verbessert werden kdnnen. Lange Zeit wurde angenommen,
dass sich Ultraschall negativ auf Selbst-Assemblierungsprozesse in Losung auswirkt. Es ist
deshalb dufRerst erstaunlich, dass sich die Beschallung von isotropen Lésungen des
Formamidines in diversen organischen Lésungsmitteln durch viel schnellere Gelkinetiken
im Vergleich zur herkdbmmlichen Herstellung von Gelen durch einen Aufheizen-Abkihlen-
Zyklus ausdruckt. Zusétzlich konnten Gelatorkonzentrationen erniedrigt und thermische
sowie mechanische Stabilitaten erhoht werden. Neben der Fahigkeit Organogele zu formen
konnten durch den Aufbau eines pH-Gradienten Hydrogele gebildet werden (pH ~4.5-5.5),
was Anwendungen in transdermalem Wirkstofftransport finden kdnnte. Interessanterweise
reagierten Organogele durch die Anwesenheit von Metallsalzen wie Cu(ll), Fe(lll) oder
Ce(IV) mit einem Farbwechsel, was potentielle Anwendung in der Sensorik von

Schwermetallen finden kdnnte.

Das letzte Kapitel beschreibt den isosteren Austausch zwischen einer Amid-Gruppe
und einem Triazol und dessen Auswirkung auf die Geleigenschaften eines bekannten
Gelator-Gerusts. Bioisosterer Austausch ist ein haufig gebrauchtes synthetisches Mittel in
der Biomedizin, wurde aber bisher nicht im Bereich der Materialwissenschaften
angewendet. Insbesondere Heterozyklen wurden oft dazu verwendet Hydrolyse-
Empfindlichkeiten von Wirkstoffen zu verbessern und die Flexibilitdt von bestimmten
chemischen Bindungen einzuschranken. Triazole beschreiben die grofite Gruppe von
Heterozyklen fir isosteren Austausch, da sie durch die Entwicklung von Kupfer- und
Ruthenium-katalysierten Zykloadditionen zwischen Aziden und Alkinen einfach

synthetisch  hergestellt werden konnen. Desweiteren zeigen Triazole &hnliche

8
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Eigenschaften zu Amiden, wie die Mdoglichkeit Wasserstoff-Briicken auszubilden. In
diesem Zusammenhang wurden die Féahigkeiten eines Amid-Gelators und dessen Triazol-
Analogons zur Gelformung untersucht. Interessanterweise konnte der Amide-Gelator
apolare Losungsmittel effizienter gelieren, wohingegen der Triazol-Gelator bessere
Eigenschaften in polar-protischen Umgebungen zeigte. Zusétzlich konnten Hydrogele des
Triazol-Gelators in wassrigen Losungen abgebaut werden, was dazu genutzt wurde einen

Wirkstoff (i.e. Vancomycin) kontrolliert zu transportieren.
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C Introduction

1. Natural and artificial self-assembly

One of the most challenging tasks of today’s researchers is to understand processes
occurring in natural systems, as this is a key concept for the development of novel
compounds, materials and devices under environmentally friendly and mild conditions. An
exceptionally exciting and fascinating phenomenon developed by nature is self-assembly,
which has attracted tremendous scientific interest already for countless decades. Self-
assembly could be described as spontaneous organization of individual components into
ordered structures without human intervention and is omnipresent in natural systems
involving compounds from the molecular to the planetary scale based on a large set of
different interactions.! The key processes for molecular self-assembly involve weak, non-
covalent interactions (about 0.1-5 kcal/mol) and complementartity in shape amongst the
individual components, resulting in materials with dimensions in the nano- and micrometer
scale.? Hence, this phenomenon is of high interest for material science as it describes a
promising approach towards the “bottom up” fabrication of nano-devices exhibiting novel
physical properties in comparison to bulk-materials due to quantum mechanical effects.’
Self-assembly can be seen as a hierarchical process comprising the following steps: a) the
formation of molecules with well-defined structures and complexity through sequential
covalent synthesis; b) formation of large and stable structurally defined molecular
aggregates through non-covalent interactions; and c) the use of multiple copies of one or
several constituents to facilitate the synthetic procedure. In order to obtain such stable and
well-defined assemblies, it is important that the aggregates are joined by multiple non-
covalent interactions to overcome competing interactions with the solvent and entropic
dissociation effects.* A very illustrative example to demonstrate the concept of hierarchical
natural self-assembly is the folding of proteins in agueous environments. In a first step, a
linear polypeptide is covalently synthesized from the 20 natural occurring amino acids by
the translation of a sequence present in messenger RNA. As proteins are believed to be
thermodynamically stable architectures, it is obvious that the information necessary to
promote the final three-dimensional (3D) structure of the protein must be present already
in the amino acid sequence. Protein folding is induced by a number of non-covalent
11
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Tab. 1 Summary of some examples for natural and artificial self-assembling systems described.

Type of self-assembly Example Description
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interactions- namely hydrogen-bonding, van der Waals, dipole-dipole, electrostatic and ©-n
interactions amongst others- between structural complementary motifs in the amino acid
sequence. A specific influence on the folding process is also provided by the so called
“hydrophobic effect”, which is based on the interactions between hydrophobic groups in
the sequence with water and with each other. Although the information that could be
generated by such a sequence is very large (i.e., a polypeptide containing 200 amino acids

0200

could generate in principle 20" different sequences), particular amino acid motifs tend to

reoccur assembling a small number of local structures such as a-helices or B-sheets

through non-covalent forces. Such local structures finally aggregate in the protein to shield
non-polar regions from water and to place hydrophilic areas in contact with water,
resulting in the formation of the sequence-specific architecture of the protein.>® Proteins
also tend to form aggregates amongst each other to form functional associates. A
prominent example therefore is the formation of ribosome* which is responsible for the
translation of RNA to proteins. Another precedence for this phenomenon with a delicate
overtone is the formation of amyloid fibrils, whose deposition in various tissues is thought

to be responsible for diseases like Alzheimer’s or Parkinson’s disease.’

18 nm
—

i | 300nm
|
g

B

]
e/

g
@« |
e

Fig. 1 Step-wise self-assembly of the tobacco mosaic virus.*

B

O @

A more complex, but very well studied system describing natural self-assembly is the
tobacco mosaic virus (TMV).> # This helical virus particle, 300 nm in length and 18 nm in

diameter consists of 2130 identical subunits forming a helical surrounding for a single

13
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strand of RNA. As illustrated in Figure 1, each of the protein subunits forms a disk-like
sub-assembly, which transforms into a helical structure by insertion of a RNA-strand into
the center of the disc. Additional protein discs associate with the growing virus particle by
non-covalent forces until completing the assembly process. The non-covalent forces allow
the formation process to be dynamic, which makes assembly and disassembly of the
subunits facile and results in a self-correcting process. Besides the folding and aggregation
of proteins, plenty of other natural molecular self-assembling systems are known. These
include for example the formation of the DNA double helix from two complementary

24 7 cells® or bones.® The latter

strands of oligonucleotides through hydrogen bonding,
example is special as it comprises self-assembly of a combination of inorganic (hydroxy
apatite) and organic materials (mainly collagen), which leads to the complex field of
biomineralization. The concept of biomineralization takes advantage of pre-organized
discretely self-assembled organic supramolecular templates to transform inorganic
compounds like CaCOs, SiO, or Fes;O, into precisely controlled complex architectures.®*
Like self-assembly itself, biomineralization can be seen as a hierarchical process consisting
of several steps which are represented by: a) supramolecular preorganization of the organic
template; b) interfacial recognition between inorganic material and organic precursor; c)
controlled nucleation and growth of crystals; and d) cellular processing towards high-
ordered structures.’® ™ As discussed earlier the formation of organic supramolecular
aggregates is driven by non-covalent interactions such as hydrogen bonding or van der
Waals interactions as well as by complementartity of the building blocks and can result in
the formation of countless architectures and shapes, which can be transcripted also into
biomineralized materials.? Some of these “hybrid-materials”, like bone or mollusk shells
exhibit excellent mechanical strength and/or flexibility and have been developed
depending on the needs of the organism in which they are produced.® ** *® @ Molecular
recognition plays a provital role for the controlled nucleation of inorganic clusters from
solution and hence in controlling the final morphologies of biomineralized compounds.
The functionalized surfaces of pre-organized organic frameworks induce nucleation by
electrostatic, structural and stereochemical complementartity of the inorganic-organic
surface, which results in controlled crystallographic structures and orientations.™* In
complex living systems biomineralization templated by self-assembled structures can
occur both intra- and extracellular. Inside cells usually protein cages and lipid vesicles are
responsible for templated biomineralization, whereas extended protein and polysaccharide
networks are common precursors in extracellular environments. Vesicles represent a
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spherical shaped confined microenvironment for mineralization where the physicochemical
conditions can be adjusted due to the permeability of the membrane. Nucleation and crystal
growth is caused by spatial charges and accumulation of inorganic materials at localized
regions of the cavity surface (metal binding sites) and negatively charged peptides (aspartic
or glutamic acid rich areas). Within vesicles the influence on biomineralized materials is
quite low and limited mostly to control of the size of the aggregates.® In contrast to
vesicles, molecular recognition in extracellular extended assemblies allows more complex
structuring. The periodic secondary structures of supramolecular organic compounds such
as B-sheets control the assembly of nuclei along specific crystallographic directions. These
templating polymeric networks usually share common features in structure. They consist of
areas which are inert and hydrophobic on the one hand and acidic protein regions
(nucleation is supposed to take place here) on the other. Nucleation of a specific crystal
face can occur at the mineral-organic interface, if there exists geometric recognition
between ion binding sites on the organic surface and the lattice spacing of a corresponding

crystal structure.

A) B)

B-chitin
acidic macromolecules
silk-fibroin like proteins

aragonite

OOB M.

Fig. 2 A) Schematic representation of the composition of nacre from mollusc shells. Acidic nucleation
macromolecules are arranged within a framework of hydrophobic biopolymers, forming the organic matrix

which is bound by aragonite.* B) Digital photograph of a nacre layer (top) from a mollusc shell (bottom).

An illustrative example therefore is the nacre-layer of mollusc shells. Alternating layers of
polygonal blocks of aragonite (CaCO3) are intercalated by thin sheets of a protein-
polysaccharide matrix in such a way that each aragonite crystal is aligned with its c-axis
perpendicular to the plane of the organic sheets. The nucleation sites form repeatedly

during life-time of the mollusc through episodic deposition of the matrix surface, resulting
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in a brick-wall arrangement of the aragonite crystals. The composition of a typical layer of
mollusc shell is illustrated in Figure 2."* More recently, evidence was found for the
presence of amorphous inorganic precursors, replacing the theory of a classical nucleation
protocol for the growth of crystalline materials during biomineralization. Amorphous,
isotropic materials are in general more soluble and “soft” in comparison to crystals, which
provides materials easier to be shaped by pre-organized matrices and could hence represent
a reasonable alternate nucleation protocol.’” Much effort has been spend during the last
decades to mimic nature’s self-assembled systems in order to get insight into the
phenomenon of self-assembly or to create novel functional materials. 3 ° @ 7.8 16 2) 18
Very interesting approaches have been carried out towards taking advantage of the self-
assembly of artificial peptide and protein-based materials for application in the fields of
antibiotics, ion-channel mimetics or sensing (view Figure 3 A)).5 &% 168.182-0.m) |y gther
attempts, supramolecular scaffolds, such as modified cyclodextrins or calixarenes have
been studied to simulate the cavity function of enzymes. These macrocyclic compounds
are able to isolate a chemical reaction from the surrounding environment in similarity to
enzymes and have been successfully applied for stereo- and enantioselective catalysis
(view Figure 3 B)).®® 2)) The photosynthetic system is one of the most complex nano-
scaled natural self-assembled systems, which converts photonic to chemical energy and is

162). 18 D) The hasis of photosynthesis is a cascade of

hence essential for living organisms.
photo-induced energy and electron transfer amongst donors and acceptors in chloroplasts
of plants.’® ) Electrons, which are generated by the absorption of photons by chlorophyll
and other photopigments are transferred very fast to a number of other molecules in the
thylakoid membrane where the photosystems are assembled, resulting in long-live and
long-distance charge separation across the membrane, necessary to generate chemical
energy.’® ¥ A very sophisticated biomimetic model has been elaborated based on an
electron transfer process within the cell-like lipid membrane of liposomes (view Figure 3
C)).Y The electron transfer system consists of a porphyrine-dye center sandwiched
between both an electron donor and acceptor. Absorption of photons by the dye causes
charge separation in combination with an electron transfer from the donor to the acceptor
moiety. A shuttle molecule, which moves along the membrane, is capable to uptake the
electron and transfers protons from the outside of the liposome to the inside once it is
reduced. The decreasing pH inside the liposome causes a proton-motive force, which

produces an electrochemical potential across the membrane. This potential is utilized by an
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incorporated ATP synthase enzyme to produce ATP from ADP, which is the key step in

cellular metabolism.
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Fig. 3 Examples for artificial self-assembling systems: A) Organic nanotube assembled by hydrogen-bonding
from cyclic peptides with alternating D and L configuration, which can be incorporated into cell-membranes
for ion-transport (most of the peptide side-chains have been omitted for clarity).® ® B) Cyclodextrin-
derivative modified with imidazole moieties for the regio-selective hydrolysis of a phosphodiester,
mimicking the enzyme ribonuclease.’®* ® C) Schematic representation of an artificial photosynthetic system
using a molecular triad in the lipid bilayers membrane of liposomes to generate a proton-motive force to
induce ATP production. Abbreviations: A = Acceptor; D = Donor; P = Porphyrine; S = Shuttle.™

Chloroplasts in which photosynthesis takes place are rather complex in nature, but only

building blocks in the overall compartment of cells, which already gives hint for the huge
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complexity of form and function of the latter. Cells are the elemental unit of living
systems, which exhibit diverse functionalities arising from an optimized arrangement of
components with diverse chemical function.® Basic properties of cell-membranes could be
reproduced using semi-permeable liposomes,?® but such materials describe only primitive
models to mimic natural cells as they lack the internal architecture of cells namely the
cytoplasm and its cytoskeleton. The cytoskeleton is not only responsible for the stability
and mobility of the cell, but also contributes towards the regulation of intracellular traffic.
As it is composed mainly from protein filaments, simple model systems could be generated
by the construction of artificial fibrillar networks within liposomes. Besides approaches

based on polymeric gels,® 8, 22

self-assembled low molecular weight (LMW) gels™ ““ provide
valuable approaches, as the formation of actin and tubulin filaments building the
cytoskeleton proceeds via dynamic self-assembly in similarity to the situation in LMW-
gels. LMW-gelators are considered to be small organic compounds that assemble towards
the formation of fibers due to non-covalent interactions. These fibers entangle to form a
3D-network in which solvent molecules are trapped by surface tension and capillary forces
to form the macroscopic solid-like state of the gel-phase.”® Their potential stimuli-
responsive nature gives raise for applications in various fields such as biomedicine,
catalysis, food, cosmetics, agriculture and sensing amongst others.?* ?* Soft gel-materials
represent the main topic of research summarized in this thesis. Therefore, further
discussions on their definition, classification and potential applications of these interesting

materials will be conducted separately in the following sections.

2. Gels: Definition, classification and formation

The term “gel” was first coined by Thomas Graham? in the 1860s to describe colloidal
materials that seem to comprise an intermediate state between solids and liquids. Since
that, many controversial discussions have been conducted to find a clear definition of gels
and gel-like materials. One of the most comprehensive definitions was carried out by Paul
Flory®® in 1974. Based on his statements, a gel is defined as two-component colloidal
dispersion with a continuous structure exhibiting macroscopic dimensions that is
permanent at least for the duration of an analytical experiment and is solid-like in its
rheological behavior. Furthermore, Flory already began to group gels into four different

categories based on different structures occurring in gels: 1) well-ordered lamellar
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structures (phospholipid-gels, soaps); 2) covalent polymeric networks (vulcanized rubber,
polysilicic acid-gels); 3) polymer networks formed through physical aggregation (gelatin-,
alginate-gels); and 4) particulate, disordered structures (flocculent precipitates, V,O0s-
gels).?® Unfortunately, the definition given by Flory is not absolutely correct as many, but
not all gel-systems are colloidal in nature.?’ Still, gels have in common, that they consist of
a solid three-dimensional (3D) matrix with high surface area, which is constructed by
crosslinking of one-dimensional (1D), polymeric fiber-structures of (macro-)molecules by

2" % The viscoelastic, solid-like macroscopic

physical and/or chemical forces.?*
appearance of gels is the result of entrapment of a solvent in the interstices of the 3D
crosslinked and elastic network of gelator-molecules mainly through surface tension and

capillary forces (view Figure 4).%

1D supramolecular polymers

entanglement

¥ =

gelator monomers

o

EXN
n’%“‘:\ cross-linking
"%, % -

1D conventional polymers

chemucal or physical cross-linking

Fig. 4 Schematic representation of the hierarchical self-assembly process resulting in gel-formation for

supramolecular and conventional polymers.?® 9%

Hence gels are two-component systems consisting of gelator-molecules and solvent-
molecules, which constitute the major part of the structure. In general, the fibrous structure
of gels can be divided into a primary, secondary and tertiary structure in similarity to
folded proteins, which can help for a better understanding of the complex, hierarchical
self-assembling mechanism resulting in gelation.?®® The primary structure (A-nm scale) is
based on molecular recognition driven anisotropic aggregation of the gelator molecules
preferable into 1D architectures. The secondary structure (nm-um scale) is defined as the
morphology of the aggregates, which can be expressed as sheets, ribbons, micelles,

vesicles, fibers and others. Many interesting models have been elaborated in order to
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determine the exact processes responsible for the transition from the molecular scale
towards primary and secondary structures.? The tertiary structure (um-mm scale) is based
on the interactions of individual aggregates and determines if a gel is finally formed or not.
The transition from the secondary to the tertiary structure of gels is strongly dependent on
the strength and type of interactions between aggregates such as fibers and gel-formation is
a result of both branching and entanglement of the fibers. Gels can be categorized by
various criteria depending on their origin (natural and synthetic), constitution
(macromolecular and molecular), the forces responsible for crosslinking (chemical or
physical) or the solvent entrapped (e.g. hydro-, organo-, xero-, aero-, ionogels).?* ®» 3!
Natural gelators are usually macromolecules that form gels by non-covalent crosslinking
(e.g. gelatin, chitosan, collagen). On the other hand, gels from synthetic compounds can be
classified according to their constitution into macromolecular and molecular gels. Gel-
formation from macromolecular compounds can either be a result from chemical
crosslinking (chemical gels) or physical interactions (physical or supramolecular gels).
Systems based on both types of interactions are also known.** Chemical gels are in general
not thermoreversible, as they are held together by strong covalent bonds, whereas physical
gels, which are built from weak physical interactions, exhibit thermo-reversible properties.
Gels derived from low molecular weight (LMW) compounds are supramolecular gels in
the strictest sense, as they are formed through self-assembly of gelator molecules into
entangled networks driven by non-covalent forces such as hydrogen-bonding, solvophobic

forces, 7t-mt stacking, donor-acceptor interaction, metal-coordination and many more.**

Gel

' Medium |

Synthetic Natural Hydro Organo/Iono Xero/Aero

Constitution

Macromolecular Supramolecular

Crosslinking

Chemical Physical

Fig. 5 Schematic representation of the classification of various gel-materials.?*®
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With respect to the solvent, which is entrapped in the 3D matrix of gels, they can be further
categorized into hydrogels (water), organogels (organic liquids), xero-/aerogels (air) and
ionogels (ionic liquids) amongst others. A summary of the different criteria of
categorization of gels is represented in Figure 5. Gels have conquered our daily life
appearing in various forms as constituents of commercial products such as shampoo, tooth
paste, hair-gel, contact-lenses, cosmetic crémes or food thickeners.?* ? 28 9031 Eqpacially
macromolecular gels are used in industrial scale for lubrication and other purposes since
the 1950s.% For a long time, gelation was mainly found by serendipity, but since round
about 20 years ago scientists are able to create gelators by rational design, which has lead
to countless varieties of gelator-subclasses with tailor-made properties for specific

applications (a selection of gelator-structures of various types is given in Figure 6).24?289:
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Fig. 6 Selection of various gelator-structures classified by their constitution and entrapped solvent.
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On the basis of the latest research on LMW-based gels, concepts were established for the

design of gelator-compounds. Hence important features for successful gelation are: 1) the
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presence of strong and directional non-covalent intermolecular interactions to promote
supramolecular self-assembly; 2) the ability to form intertwined aggregates; and 3) factors
that prevent crystallization of the gelator.?® ©® The last point is of special interest, as it
expresses the meta-stable nature of gels and describes, that the key to control the delicate
balance between gelation, crystallization and complete solubility is based on proper
functionalization of the materials and fine-tuning of the environmental conditions (solvent,

pH, ionic strength, etc.).
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Fig. 7 A) Potential aggregation modes during cooling of a supersaturated solution® ®" *° and B) digital
photographs to illustrate the thermoreversible nature of a LMW-gelator.

In general, gelators are capable to form stable gels in either aqueous solutions or organic
media and only few examples are known to gel both environments.® This observation is
based on the different types of interactions that are responsible to promote gelation
depending on the nature of the solvent. In the case of organogels (OGs), gelation is thought
to be driven by dipolar interactions, specific and directional hydrogen bonding (H-
bonding) or metal coordination. These forces must balance the increase in free energy that
accompanies the loss of translational and rotational freedom of motion during the self-

assembling processes.?” 2 ® & 0 0On the other hand, gelation in hydrogels (HGs) is
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established mainly by solvophobic interactions and hence control over hydrophobic
interactions is crucial.®® @ © 9 3 b Y. honds, the most common driving force for
organogelation, loose their strength in the presence of water unless they interact in a
cooperative manner and are protected from the solvent.® ® During the last 25 years, gels
derived from LMW-compounds (M < 3000 gmol™) have drawn more scientific interest in

comparison to their macromolecular analogues due to several reasons:* 28 2. 36

a) huge
diversity of gelator-structures is accessible by standard synthetic methods, resulting in
varying physical properties suitable for desired application; b) many gelators derive from
natural sources and hence have a high potential of being biocompatible and biodegradable
(the network formed by LMW-molecules is solely held together by non-covalent forces,
which makes them easier biodegradable than polymer gel-systems); c¢) physically
crosslinked gels are thermoreversible (view Figure 7); d) very low minimum gelation
concentrations can be found; and e) high tolerance towards salts and other additives. Gels
from LMW-compounds are usually prepared by heating the gelator in an appropriate
solvent and subsequent cooling of the isotropic supersaturated solution to room
temperature.?* ®* 22 9 It is important to mention in this context, that gelation can be
additionally induced by various other stimuli, such as treatment with ultrasound,*’ building
a pH-gradient®® or enzymatically.*® During cooling, the gelator-molecules start to condense
and from a network consisting of fibers as described earlier rather than to undergo phase-
separation through crystallization or precipitation (view Figure 7). Such nano-scaled fibers
have often found to have a crystalline order and hence it was supposed that their formation
is based on a crystallization process including nucleation and growth. Evidence has been
found in this context for a specific type of heterogeneous nucleation called
“crystallographic mismatch branching” that is responsible for branching and entanglement
of the fibers within gels derived from LMW-gelators.*® Understanding this phenomenon
gives raise for the formation of materials with tailor-made properties for various
applications. Another key-feature of LMW-gelators towards the fabrication of “smart”
materials for sophisticated applications is their facile functionalization by synthetic
chemistry. Many gelating-agents have been designed that incorporate photo-sensitive (an
example for a gelator exhibiting photo-switchable properties is given in Figure 8), pH-
sensitive or molecular recognition moieties for applications in controlled drug-release,
sensing, optoelectronics, data storage and many more.?* 2" 28 313336 A mgre detailed
insight into potential applications of LMW-gelators will be given in the following sections
of this thesis.

23



C Introduction

o] e}
s g
=) 4
¢ 7
YU PITISPY
Y s =4S i \I’ =
0] (0]
cool Leat
gel of acyclic compound (P-helicity) A sol of acyclic compound «——  gel of acyclic compound (M-helicity)
heat
c < = =
i 20 #
) - heat cool ) -
gel of cyelic compound (P-helicity) _— sol of eyclic compound ———  gel of eyclic compound (M-helicity)

Fig. 8 Photo-sensitive gelator and schematic representation of the switching properties.**®

3. Potential applications of gel-based materials

3.1. Gels for biomedical applications

Tissue engineering

In modern research, a very strong trend towards interdisciplinary collaborations between
medicine, biology, chemistry and material science has developed in order to overcome
very delicate and complex sets of issues. Today, we suffer a huge mismatch between the
supply and demand of tissues and organs for transplantation. In the United States, currently
about 100000 people are waiting on lists for transplants, with an average time of more than
3 years.*! One promising solution is provided by tissue engineering as a part of the
interdisciplinary field of regenerative medicine. In general tissue engineering aims to
replace, repair or regenerate damaged tissues or organ functions by creating artificial
tissues and arrays for transplantation. Such artificial tissues are based on scaffolds deriving

from natural or synthetic sources, which mimic the structure and function of natural
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extracellular matrix (ECM). The ECM consists of protein filaments that are semi-flexible
crosslinked into networks with different geometries, which is responsible of the
mechanical properties of tissues and provides a suitable environment for bioactive
materials such as cells.*? Hence artificial scaffolds must provide a 3D environment to
support cell adhesion, migration, proliferation and differentiation for controlled stimuli and
signal transmission resulting in successful and directional growth and formation of new,
fully operative tissue.?* 9 ** @ %% |n this context, hydrogels (HGs) have proven to be very
suitable scaffolds for biomedical applications such as tissue engineering.?* ®* © 4% The
highly hydrated, viscoelastic 3D network present in HGs is a result of interactions between
well-defined secondary structural motifs such as ribbons, helices and sheets resembling
various types of architectures with defined mechanical properties.’®® Due to their mild and
facile preparation from building blocks, that are easily available from chemical synthesis,

they exhibit a high mechanical and chemical diversity.?*

Tab. 2 Criteria to be fulfilled by hydrogels to serve as scaffolds in tissue engineering.

Properties of hydrogels

facile preparation and structural diversity
biocompatible (non-toxic and cell-compatible)
biodegradable (preferable enzymatic)
sterile
mechanical integrity and strength
tolerance against incorporation of bioactive materials (e.g. cells or growth factors)
effective mass transport

control cell function through the presence of cell adhesion moieties (e.g. RGD)

These features allow HGs to act as hydrophilic structural and compositional mimics of
biological soft materials and tissues such as the ECM. Furthermore, HGs show a high
tolerance against the incorporation of biological active materials such as cells and provide
a suitable microenvironment as they are able to create interactions and responses between
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functional groups and cellular systems to support cell growth. The porous nature of HGs
facilitates high diffusion rates of nutrients and metabolic products of the incorporated cells
necessary for mobility and proliferation. Many HGs derive from natural occurring sources,
in fact constitutes of the ECM such as collagen or hyaloronic acid are known to be potent
hydrogelators with cell-adhesion and signaling domains, which have a high potential of
being biodegradable, biocompatible and non-toxic. Additionally, HGs are usually prepared
at low concentration and exhibit a high water content resulting in a low amount of potential

degradation products.****
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Fig. 9 Simplified schematic representation of the interface between cell (grey) and hydrogel (blue). Cell-
receptor proteins (green) are incorporated in the cell-membrane, whereas soluble bioactive materials (red)
and covalently linked bioactive proteins (purple) are located in the hydrogel meshes. A set of multiple
chemical and physical interactions illustrates the complexity of the cell-hydrogel interface. Degradation can
be designed through the incorporation of enzymatic cleavable moieties into the hydrogelator backbone or
crosslinks. Bioactivity can be induced by the incorporation of bioactive compounds such as growth factors

into the hydrogelator structure.**®
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As every natural tissue has a specific structure and function with unique mechanical
properties, suitable HG-scaffolds need to be designed by different criteria for tissue-
specific applications. First of all, HGs need to represent 3D space-filling scaffolds with
sufficient mechanical integrity and stability to withstand manipulations caused by
implantation. The mechanical integrity of HGs is determined by their gel-formation
mechanisms and dynamics, mechanical characteristics and degradation. These intrinsic
properties are described by the composition and crosslinking characteristics of the HGs.**?
Suitable HGs must be able to support living cells and control cell growth and
differentiation by mechanical input for successful tissue formation, which is governed by
the dynamics of HGs. Suitable degradation rates of HG-networks shall fit the rate of new
tissue formation, especially if processes require controlled resorption to facilitate cell
morphogenesis. Degradability can for example be induced by incorporating enzymatic
cleavable moieties in the gelator backbone or crosslinks. As a second criterion, HGs must
provide suitable pathways for mass transport of gases, nutrients, proteins, cells and
metabolic products. Mass transport is primary governed by diffusion and hence dictated by
the porosity and pore-size of the 3D HG-network.*' ® Finally, HGs must promote desirable
cellular functions and tissue formation, which includes adherence, proliferation and
differentiation. A well-established approach to design specified adhesive HGs is covalent
modification with peptide sequences capable of binding to cellular receptors. The most
studied sequence is RGD (arginine-glycine-aspartic acid) deriving from several ECM
proteins such as collagen, which has been attached to various types of HG-structures.** @ 3
% The main features that need to be present for HGs serving as scaffolds in tissue
engineering are summarized in Table 2 and Figure 9. It would be desirable to design
materials that fulfill all of the mentioned criteria, but this is tough to realize. One very
elaborated design-approach by the group of Messersmith matches at least most of the
requirements and could be successfully applied on diabetic rats.* Polyethylene glycol
(PEG) derived hydrogels have been modified with a specific catechol moiety (3,4-
dihydroxy-L-phenylalanine (DOPA)), known to be responsible for adherence of muscles to
wet organic surfaces. DOPA participates in the crosslinking reaction of the PEG hydrogels
and additionally forms covalent interactions with nucleophiles such as thiols and
imidazoles found in the ECM. Incorporation of extra-hepatic islets and immobilization of
the hybrid-material on the surface of the liver of diabetic rates enabled revascularization
with minimal inflammation and permitted effective glucose management.”* ® In another
more simply but still successful example, self-assembled amphiphilic oligopeptides could
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be applied for recovery of vision.”® A gelator bearing a Arg-Ala-Asp-Ala repeating
sequence was found to enable reconnection of nerve tissue after surgical damaging of the
optical tract in the hamster midbrain. It was proposed that the HG is capable of resembling
irregular voids, similar to those found in the damaged nerve, and that a close contact
between HG fibers and ECM proteins can facilitate cell-scaffold interactions and hence
promotes healing. Furthermore, a rapid and complete hemostasis was achieved, which is
not tissue-specific. This approach demonstrates that bleeding can be stopped without the
application of heat or pressure and give valuable alternatives for bleeding control during

surgery.?*©

Controlled drug delivery

Vectorization, which can be defined as the specific and controlled delivery of biologically
active substances, such as drugs, to desired organs and tissues by carrier-moieties, provides
a very powerful alternative towards conventional drug formulation techniques.*” Several
problems arise from classical drug delivery, which are mainly represented by: 1) the rapid
and non-specific delivery of the drug, which can result in overdosage or undesired
deposition of the drug in certain tissues or organs and can cause irritations or other side
effects; 2) the incapability of drugs to cross barriers in the body due to their specific
physico-chemical properties leading to difficulties regarding the drug’s deposition in a
desired target area; and 3) the rapid metabolism of many drugs caused by the environment
in the body (pH, presence of enzymes).*” *® The application of drug carriers can provide
valuable solutions to these issues by protecting biological active substances from the
environment through encapsulation and improving the specific deposition of the species at
desired target areas, hence increasing activities. Furthermore, vectorization represents
simple pharmaceutical formulations and convenient administration accompanied with an
increased safety due to reduced body dosages to minimize undesired side effects.*”*? Many
types of drug carriers systems such as emulsions or liposomal microspheres have been
tested for application in controlled drug release, but they exhibit severe drawbacks such as
a low long-term stability, problems with sterilization and low drug-loading capacities.*® ©
On the other hand, HGs represent highly stable, semi-solid depots with high drug-loading
capabilities. They provide a 3D network-support for bio-active substances with a highly
homogeneous distribution and sufficient protection from the environment. Furthermore,

they consist of a high water content making them biocompatible and their porous nature
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allows facile transport and diffusion. As a special feature, the physico-chemical,
mechanical and biological properties of HGs can be controlled by the synthesis of
functionalized gelator molecules and the method of gel-preparation, which is in general
conducted under very mild conditions.*”*° Controlled drug release from a HG-matrix can
be simply driven by diffusion, or induced by changing the gel-structure (including gel-to-
sol transitions) or swelling properties upon environmental changes, resulting in a smart

behavior of the matrix as illustrated in Figure 10 A).*® %9
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Fig. 10 A) Different strategies for controlled drug release from HGs.* ¥ B) Chemical composition of block-

copolymer P(NIPAAmM-co-BMA\) and cationic polymer PDEAEM.*® C) Smart polycationic HG-membranes

consisting of PDEAEM for controlled insulin delivery based on glucose concentration.*” %

Probably the most common external stimulus applied in controlled release from HGs is
temperature. Most HGs increase their water-solubility when the temperature is increased.
Interestingly, some polymeric HGs like block copolymers [P(NIPAAmM-co-BMA)] (the
structure is shown in Figure 10 B)) derived from crosslinked poly(N,N'-
isopropylacrylamide) (PNIPAAmM) and poly(butylmethacrylate) (PBMA) exhibit an inverse
temperature sensitive behavior with a lower critical solution temperature (LCST) close to
body temperature. A potential explanation for such behavior could be that with increasing

temperature hydrophobic interaction between polymer chains become favored and
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accompanied release of hydrating water-molecules results in an entropy driven gelation-
mechanism. Further elevation of temperature results in shrinking of the HGs caused by a
density increase of the network, which facilitates drug-release by a kind of squeezing
event.”® Another popular stimulus for controlled release, is changing the pH of the
surrounding environment. A combination of pH-sensitive polycationic poly(N,N'-
diethylaminoethyl methacrylate) (PDEAEM) based HGs and glucoseoxidase resulted in
the development of very sophisticated insulin-delivery systems. Glucoseoxidase oxidizes
glucose to gluconic acid accompanied by a decrease of the environmental pH. A lowering
of pH results in swelling of HG-membranes based on polycations, due to ionization and
electrostatic repulsion. In general, swollen membranes tend to release more drugs, which
results in a self-regulating insulin release based on glucose concentration as illustrated in
Figure 10 B), C).*"*® It is obvious that most of the gel-systems applied for controlled drug
delivery purposes are HGs. Due to their high water-content, HGs exhibit a high potential of
being biocompatible. On the other hand, organogels (OGs) prepared from pharmaceutically
approved oils represent only a minor important category.>! Besides valuable applications in
tissue engineering and controlled drug release, HGs prepared from polyelectrolytes have
the ability to respond to electrical stimuli and can serve as actuators in close similarity to
muscles.”® Additionally, it was reported that derivatives of therapeutic agents can undergo
hydrogelation and the corresponding HGs preserve pharmaceutical activity of the parent
biological active molecules.> The illustrative examples discussed in this section give clear
evidence for the high value of HGs in biomedical applications. Hence it is not surprising
that much scientific effort is spend at the moment and will for sure be continued in the
future in order to design and create novel HG-materials with desired function and

properties.

3.2. Gels in catalysis

Only recently, gels from natural occurring sources have found application in the field of
catalysis, due to the growing interest in “green chemistry” accompanied by the demand for
environmentally friendly and sustainable resourcing and processing. In general gels can
derive from a variety of compositions and exhibit well defined conformational preferences,
orientations of functional groups and (supramolecular-) chirality.>* > The heterogeneous

two-phase nature of gels exhibits a large and highly active surface area between gel fibers
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and the entrapped solvent and exposes functional groups to substrates necessary for

sufficient performance in catalysis.

COVALENT INCORPORATION
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Products
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Fig. 11 Design of catalytically active gels by physical or chemical incorporation of functional moieties.>

Furthermore, the amphiphilic nature of the gel-environment provides the possibility for
effective solubility and separation of substrates and products.® The high porosity of the 3D
gel-network provides a viscoelastic and dynamic support, which allows fast diffusion of
substrates to the catalytic active sites and additional confinement effects could result in
advanced catalyst-substrate interactions.>® The hierarchical assembly of catalytic active
moieties by physical or covalent integration into the 3D gel-network can result in
additional catalytic features such as polyvalent, neighboring or cooperative effects and the
high molecular order may result in regio- and stereoselective transformations (view Figure
11).>* *° In this context, smart stimuli-responsive gels could control the accessibility of
catalysts by alternating environmental conditions and result in effective catalyst separation
and control of the reaction progress for easier processing and work-up.® In comparison to
most heterogeneous catalysts, gels guarantee a high accessibility of small reagents to the
highly solvated network and provide hence valuable and effective alternatives.®® The

classical approach towards the fabrication of catalytically active gel-materials is based on
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polymeric materials. Due to recent technological developments, polymer-gels are

synthesized exhibiting precisely controlled surface areas, pore volumes and average pore-
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Fig. 12 Thermo sensitive polymeric gels as recyclable heterogeneous catalysts for oxidative cycloaddition of

hydrophobic compounds.®

As mentioned earlier (see Chapter 3.1), some polymer-gels like PNIPAAmM exhibit a
thermo sensitive behavior, which allows controllable swelling properties.*® Such behavior
was exploited to prepare recyclable catalytic copolymer-gels from PNIPAAmM and an
acrylamide bearing quaternary ammonium salts by crosslinking with phosphotungstate
anions, which are simultaneously the catalytic active species (view Figure 12).°" At
elevated temperatures, the gel-network is able to soak hydrophobic reactants due to
swelling of the gel-matrix. By lowering the temperature after the reaction, products can be
released again upon a squeezing event caused by shrinking accompanied by recovery of
the catalytic gel. The activity of the gels was demonstrated for the oxidative cyclization of
pent-4-en-1-ol, giving conversions of up to 80% even after three consecutive catalytic
cycles.®® *" Unfortunately polymer-gels are often very brittle and rigid in nature, which
makes the availability of catalytic active sites difficult, and hence much effort was spent

towards more soft and dynamic materials.>® Only recently, LMW based gel-materials have
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moved to the focus of application in catalysis, as the highly defined mode of self-assembly

could be considered as another major advantage against polymeric gels.>* *°
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solution phase.>

In this context, Miravet and Escuder have prepared LMW-gelators 1 a)-c) with pendant L-
proline-moieties as well studied organocatalytic motif.”® These gelators were applied for
the base-catalyzed Henry nitroaldol reaction between nitroalkanes 2 and aromatic
aldehydes 3 to the desired products 4. Interestingly, in the presence of the gel-state proline
moieties act as basic catalysts promoting the Henry reaction via an ionic-pair type
mechanism, whereas an iminium-based mechanism seems to be responsible for the
formation of dehydrated products 5, that could further react with a nitroalkanes to yield
products 6 in solution (view Figure 13). Unfortunately neither stereo-, nor

54, 55, 58

enantioselectivity could be monitored during these processeses. The examples
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illustrated in this section clearly demonstrate that gels provide powerful tools for chemical
catalysis, but there are still some issues that need to be overcome for a broader range of
applications: 1) taking advantage of supramolecular chirality inside gels in order to induce
enantioselective transformations; 2) improvements concerning the loading-capacities of
gels; 3) enhancement of the mechanical stabilities of gels; 4) enhancement in
understanding how gels can favor certain reaction pathways; 5) understanding the
relationship between gel-properties and reaction outcome; and 6) enhancement of the
specifity and strength of substrate binding and chemical reactivity of the catalytically

active sites.”*

3.3. Gels with incorporated metal-nanoparticles and quantum dots

Gels provide well-organized 3D structural networks and have been used already for a long
time to direct the growth of crystals, nanotubes and other inorganic materials.*® Especially,
gels based on LMW-compounds can comprise a huge diversity of secondary structures
such as fibers, sheets, helices or lamellas and templated nanostructures are known to
resemble the fibrous structure of certain gel-networks.*® Metal nanoparticles (NPs) of gold,
silver, palladium and others have gained tremendous attention, due to their unique optical,
electronic and magnetic properties in comparison to bulk-metal phases, which gives rise
for applications in catalysis or sensing.>*® Size induced quantum mechanical effects (i.e.
electron confinement and surface effects) lead to fascinating inherent properties such as
size- and distance-dependant extinction coefficients and size-dependant electron
conducting properties." Unfortunately, the long-term storage of metal NPs in solution is
still a huge challenge due to low stabilities caused by the their temperature sensitive nature
and the high tendency for agglomeration resulting in quenching of the confinement
properties.®? ¥ Hence many stabilizers like polymeric matrices or surfactants have been
applied to prevent particle agglomeration, but such methodologies often lack a proper size-
control of the NPs.%* ®* In general, gels should be very suitable for the controlled synthesis
of NPs as they provide 3D scaffolds with well defined pore sizes, which could control the
size of NPs. Indeed, several gel-based materials have been successfully applied for this
purpose.>*®2 In this context gels need to be able to properly distribute the NPs in the matrix
as a facile electronic communication of individual particles plays an important role for the

overall performance and agglomeration of the particles needs to be prevented in order to
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keep quantum confined conditions.®® Furthermore, the stability of the particles and control
over their size- and shape-distribution needs to be guaranteed.>® As many different types of
gelator structures are known to efficiently incorporate metal NPs (some gelator-structures
are illustrated in Figure 14), it is assumed that the fibrous gel-network itself is responsible
for stabilizing NPs rather than specific interactions between the NPs and individual

molecular building blocks of gelators.2°?
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Fig. 14 A) Selection of gelator-structures able to promote controlled growth of metal NPs.3* ¢ @ b 62 B

Schematic representation of NPs with various shapes in gels with their potential alignments on gel-fibers or

in the meshes of the 3D-networks.®®: 559

NPs in gels are usually prepared by the incorporation of suitable metal-salt precursors
during the gel-formation procedure and subsequent reduction of the precursors. Reduction
towards the formation of NPs can be achieved by the addition of external reducing agents
such as NaBH,** @ and ascorbic acid® ® as well as UV-irradiation.®® ¥ Another more
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sophisticated possibility to prepare NPs in gels is represented by in situ reduction of the
precursors by the presence of reducing agents inside the gelator structure such as
tryptophan, tyrosine or arginine.’® % @ NPs synthesized in gels exhibit narrow size
distribution and the size is strongly correlated to the nature of the 3D gel-environment.
Wang and his coworkers®?® demonstrated the influence of agarose-based networks on the
size of selenium and silver NPs. Concentration dependant changes in the pore-size of
agarose-gels were reflected by smaller NPs located at the interstices of the network at high
concentration of agarose as gelator due to an increase in the network density. In this
context, it is important to mention that NPs in gels are not always located in the pores of
the networks, but they can also be aligned on fibers, which could be useful for the
preparation of conducting wires (see Figure 14).>° Additionally, NPs can exhibit various
shapes such as spheres, triangles or hexagons, which is strongly dependent on specific
interactions between the NPs and functionalities present in certain gelator structures (see
Figure 14).%°99 potential application of NPs in gel-materials for catalysis was for example
demonstrated for polyelectrolyte microgels loaded with palladium NPs, which could
efficiently reduce p-nitrophenol to p-aminophenol.®! ® Besides the incorporation of metal
NPs, gels are also able to support fluorescent semiconductor quantum dots (QDs).®*® In
similarity to metal NPs, QDs exhibit unique properties due to quantum confinement such
as narrow and size-dependent emission, multicolor excitation and excellent photo-
stabilities, which results in numerous applications such as fluorescence markers, electronic
or optical devices.®®* ® The most common semiconductor QDs are represented by
cadmium-chalcogenides (e.g. CdSe) or metal-oxides (e.g. ZnQO) due to their easy synthesis
and handling. Homogeneous distribution of such QDs into gel-matrices is mainly
conducted by physical entrapment of pre-synthesized and stabilized QDs.** In a very
sophisticated approach, fluorescence properties of a double-network nanogel with
entrapped ZnO-QDs have been applied for glucose-sensing.®® One of the networks was
modified with a phenylboronic acid, which is known for glucose-binding ability. In the
presence of glucose swelling of the gel-matrix is induced by an increase of the charge
density caused by the formation of a boronate ester, which is proportional to the glucose-
concentration. It is assumed that swelling induces an increase in the elastic tension of the
polymer network, which could stretch the polymer-QD interface and propagate the strain
to the surface of bound QDs and create surface states responsible for quenching
fluorescence. Such phenomenon can be utilized to quantify glucose-levels by simple
spectroscopic techniques as illustrated in Figure 15.%%
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Fig. 15 Glucose-sensor based on double-network nanogel with incorporated fluorescent ZnO-QDs.®

It is important to mention, that gels find plenty more applications, but to treat all of them
would simply go beyond the scope of this discussion. Hence some further applications will
be just mentioned and in case of further interest references are given for each case. Due to
the unique property of physical gels to respond to external stimuli, such materials have
found broad application in chemical analysis® and sensing.®” Gels based on conducting
materials are used for the generation of nanowires in molecular electronics.®® Gels can
serve for scaffolds in the directed growth of inorganic nanotubes® @ ® or crystals.®® A few
gelators are even capable of selectively gel organic phases from two-component water-oil
mixtures for water purification purposes.’ Some gelator-molecules investigated during the
studies conducted in this thesis exhibit huge potential for some of the above mentioned
applications and the results obtained will be discussed in the following chapters.
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1. Multistimuli responsive supramolecular organogels formed by low-molecular-

weight peptides bearing side-chain azobenzene moieties'
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This work demonstrates that the incorporation of azobenzene residues into the side-chain
of low-molecular-weight peptides can modulate their self-assembly process in organic
solvents leading to the formation of stimuli responsive physical organogels. The major
driving forces for the gelation process are hydrogen-bonding and z—= interactions, which
can be triggered either by thermal or ultrasound external stimuli, affording materials
having virtually the same properties. In addition, a predictive model for gelation of polar
protic solvent was developed using Kamlet-Taft solvent parameters and experimental data.
The obtained viscoelastic materials exhibited interconnected multistimuli responsive
behaviors including thermal-, photo-, chemo- and mechanical responses. All of them
displayed thermoreversability with gel-to-sol transition temperatures established between
33-80 °C and gelation times from minutes to several hours. Structure-property relationship
studies of a designed peptide library have demonstrated that the presence and position of
the azobenzene residue can be operated as a versatile regulator to reduce the critical
gelation concentration and enhance both the thermal stability and mechanical strength of
the gels, as demonstrated by comparative dynamic rheology. The presence of N-Boc

protecting group in the peptides showed also a remarkable effect on the formation and

' Reproduced with permission from: P. Fatas, J. Bachl, S. Oehm, A. 1. Jiménez, C. Cativiela and D. D. Diaz,
Chem. Eur. J., 2013, 19, 8861-8874. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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properties of the gels. Despite numerous examples of peptides-based gelators known in the
literature, this is the first time in which low-molecular-weight peptides bearing side-chain
azobenzene units are used for the synthesis of ‘intelligent’ supramolecular organogels.
Compared to other approaches, this strategy is advantageous in terms of structural
flexibility since it is compatible with a free, unprotected amino terminus and allows

placement of the chromophore at any position of the peptide sequence."

1.1. Introduction

The ability of natural systems to alter function in direct response to environmental
conditions has inspired many scientists to fabricate ‘smart’ materials that respond to
temperature, light, pH, electro/magnetic field, mechanical stress and/or chemical stimuli.
These responses are usually manifested as remarkable changes from the molecular (e.g.
conformational state, hierarchical order) to the macroscopic level (e.g. shape, surface
properties).” Among many types of stimuli responsive materials, self-assembled
viscoelastic gels? of both organic solvents (organogels) and water (hydrogels) have been
recognized as promising materials for bottom-up nanofabrication tools in various fields
such as biomedicine, catalysis, sensors, cosmetics, foods and environmental remediation.®
As soft materials, gels are continuous in structure and solid-like in rheological behavior.*
In contrast to chemical gels,” which are based on covalent bonds (usually cross-linked
polymers unable to redissolve), physical (also called supramolecular) gels® are made of
either low-molecular-weight (LMW) compounds or polymers -so called gelators- through
extensive non-covalent interactions such as hydrogen-bonding, van der Waals, charge-
transfer, donor-acceptor, dipole-dipole, 7—= stacking and coordination interactions. The
solid-like appearance of the gels is the result of the entrapment of the liquid (major
component) in the interstices of a solid 3D matrix of large surface area (minor component),
usually through surface tension and capillary forces.*” 7 In the case of LMW gelators, the
formation of the viscoelastic matrix is a consequence of the entanglement of one

dimensional (1D) supramolecular fibers, which is typically induced by cooling their hot

" The synthesis of the compounds described in Schemes 1, 2 and Figure 1 has been conducted by P. Fatés and
S. Oehm. Temperature dependent FT-IR, photo-response and dye-removal studies as described in Figures 6,
12 and 18 have been conducted by S. Oehm and J. Bachl. All other experiments have been carried out by J.
Bachl.
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isotropic solutions to room temperature. Due to the weakness of the non-covalent
interactions that maintain the dynamic supramolecular structure, physical gels are usually
thermoreversible. Moreover, the sol-to-gel (and/or gel-to-sol) phase transition can also be
triggered by other stimuli such as light irradiation if a suitable chromophore is present.
This has been proven to be useful for understanding gelation mechanisms and for advanced
applications like drug delivery and switchable devices with memory function.® The
simplest molecular design principle in this case is to incorporate one or more light
responsive units in the structure of the respective gelating moiety. Azobenzene is the
photochromic group® most widely used to generate photoresponsive gels,'® probably due to
its facile incorporation into organic structures and its well-studied trans-to-cis
photoisomerization. In addition to the photoresponsive behavior, aromatic z—z stacking and
other non-covalent interactions have been found to cooperatively stabilize some organogel
structures.™* However, it should be considered that the simple incorporation of switchable
azo units into LMW gelators does not warrant a rapid, if any, macroscopic response of the
gel material upon light irradiation because photo-induced isomerization is very sensitive to
the gel structure.’? Indeed, very slow Kkinetics have generally been documented for
supramolecular organized systems where the azobenzene moieties are tightly packed.™
Nevertheless, exceptions to this rule have been also reported in the case of gels made from
azobenzene dendrons and aliphatic amide units.** In addition, one should consider that
incorporation of relatively large stimuli responsive moieties in the structure of a gelator
may cause an important disruption of the gelation ability and/or modification of the gel
properties as a consequence of the delicate equilibrium between crystallization and
solubility that usually defines the metastable gel state.’® Peptides are among the most
popular gelating moieties, with numerous examples of LMW peptide-based gelators being
reported in recent years.'® However, only a few works'*® " have focused on compounds of
this type that contain azobenzene groups for the preparation of photoresponsive gel
materials. In most of such reports, the azobenzene unit is incorporated into the peptide
backbone blocking the terminal amino moiety. Additionally, in some cases,'’® ©
hydrocarbon chains are also attached to the molecule to promote self-assembly through
hydrophobic interactions, so that the compounds cannot be considered strictly as peptides
but rather as peptide-conjugates or peptide-hybrid materials. A different approach to
generate photoresponsive LMW peptide gelators while completely keeping the peptide
nature of the system can be the use of amino acids that bear an azobenzene group in the
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side chain. This strategy seems advantageous in terms of structural flexibility since it is
compatible with a free, unprotected amino terminus and allows placement of the
chromophore at any position of the peptide sequence. We report herein the ability of small
peptides bearing a side-chain azobenzene moiety to form stable supramolecular gels that
are responsive to several stimuli, among which light. In particular, we have synthesized
and studied the gelation properties and responsiveness of tetrapeptides containing p-
(phenylazo)-I-phenylalanine, that is, the I-phenylalanine (Phe) derivative formally resulting
from the attachment a phenylazo group to the para position of the aromatic ring™® (azoPhe
in the abbreviated form; Figure 1). After the pioneering studies of Goodman'® on the
chirooptical and conformational properties of high-molecular-weight homo- and
copolymers based on azoPhe, a number of works® have dealt with this azobenzene-

containing amino acid but none of them is related to the design of peptide gelators.

1.2. Results and discussion

Peptide design and synthesis: In the course of an investigation on the structural behavior
of peptides composed of azoPhe and Asp(OBzl) (l-aspartic acid with a side-chain benzyl
ester) residues, we observed that the intermediate tetrapeptide Boc-azoPhe-[Asp(OBzl)]s-
OMe (A4 in Figure 1) exhibited a high propensity to form a gelatinous material. We
decided to investigate the gelation properties of this compound and extended the study to
the analogous sequences B4, C4 and D4 (Figure 1), differing in the position occupied by
the azobenzene-containing residue (azoPhe) within the peptide backbone. Given the
different solubility expected for tetrapeptides bearing an N-Boc protected (Boc = tert-
butoxycarbonyl) vs. a free amino group, the study was also applied to the corresponding
unprotected derivatives (name preceded by H- in Figure 1). Additionally, to evaluate the
extent to which the gelation ability of these compounds depends on the presence of the
azobenzene moiety, we considered the replacement of the azoPhe residue by Phe in the
peptide sequences mentioned. Clearly, the compounds incorporating Phe (named as F- in
Figure 1) will not be photosensitive but their gelation capacity could be similar or even
superior to that of the corresponding azoPhe-containing counterparts depending on whether
the additional p-(phenylazo) group is beneficial or detrimental to the gelation process. The

absence of both Phe and azoPhe was evaluated by considering Z4 while the tripeptide A3
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was included in the study to check whether A4 is the shortest sequence exhibiting gelation
capacity. Finally, we wondered about the effect produced when the side-chain azobenzene
group acts as a bridge to connect two peptide chains. This possibility was explored for the
A4 and D4 sequences, linked in this way to give rise to bis-A4 and bis-D4, respectively
(Figure 1).

Amino acid colour code Peptides
A4 Boc —IN— IR @ OVe H-A4  H—E— S, oM
—NH___CO— I = Asp(OBz))
é\fo B4  Boc —{N— N ENE @R OMe H-B4 H RSN S8 OMe
O\/© C4  Boc—HE—EEEE W OVe H-C4  H——EE N W OMe
D4 Boc—E—EER—EE W OVe H-D4  H—E—EE—EE S OVe
—NH.__.CO- 0 = Phe
L F-A4  Boc ——E—ENE @R OVe H-F-A4  H——EE W, OVe
F-B4  Boc —(l—0NN—ED @R OVe H-F-B4  H—@E—0N— . OVe
—NH.__CO— @ - azoPhe F-C4  Boc—{l—EEE—0 @B OVe H-F-C4  H—E—ER—00 @l OVe
\@\ F-04  Boc —EE—EEE—EEE—IN—OMe H-F-D4 H—E—E—EE N OMe
N
I
N

\© Boc OMe H— 88 s OMe
bis-Ad4 H-bis-Ad

Boc OMe H—| N . Ove

—NH.__CO— - bisazoPh Boc —(— OMe H— - OMe
I = bisazorhe bis-D4 H-bis-D4

= Boc OMe H—— OMe

\Ql 24 Boc N EEE WD WM Ole HZt  H G S S W OMe

A3 Boc — QNGB Ove
—NH Cco—

Fig. 1 Library of LMW peptides bearing side-chain azoPhe synthesized for this work (right). A code
according to key moieties was adopted in order to simplify the representation of the peptides (left). The
nomenclature used for naming the peptides was based on the position of the azoPhe group with respect to the
N-terminal group (i.e. A, B, C, D), the length of the peptide (i.e. tripeptides = 3; tetrapeptide = 4). Definition
of other abbreviations: F = Phe; H = absence of N-Boc protecting group; Z = control peptide without azoPhe

or Phe moieties.

The azobenzene-based amino acids azoPhe and bisazoPhe were synthesized in the N-Boc-
protected form appropriate for subsequent peptide synthesis, Boc-azoPhe-OH (1) and Boc-
bisazoPhe-OH (2), using commercial N-Boc-(p-nitro)-l-phenylalanine (3) as a common

precursor (Scheme 1). In both cases, the synthetic strategy involved condensation of a
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nitroso and an amino moiety, similarly to that described by Goodman for the preparation of
unprotected azoPhe.'® @ Catalytic hydrogenation of N-Boc-(p-nitro)-I-phenylalanine (3)
yielded the p-amino derivative 4, which was further reacted with nitrosobenzene in acetic
acid to afford the desired Boc-azoPhe-OH (1) (Scheme 1). To generate the bisazoPhe
derivative, 4 was also used as the amino component while the nitroso moiety (5) was
obtained from 3 upon reduction with zinc and subsequent treatment with iron trichloride.
Condensation of the two fragments in acetic acid yielded the bis(amino acid) bearing a Boc
group in both amino termini (2) (Scheme 1). This methodology is more straightforward
than the one previously reported by Sewald,?* which required additional protection and
deprotection steps. It should be noted that the o carbon atom(s) in amino acids 1 and 2

exhibit an | stereochemistry (equivalent to S), as in the precursor 3.%

NHBoc NHBoc NHBoc

COOH COOH COOH
AcOH
Pd/c Boc- azoPhe OH

NH2

(79% from 3)
l 1)Zn

2) FeCly NHBoc

" COOH
NHBoc

" “COOH
AcOH N Boc-bisazoPhe-OH
T> SN 2
(41% from 3)

NO

5
COOH

NHBoc

Scheme 1 Synthesis of the azobenzene-based amino acids Boc-azoPhe-OH (1) and Boc-bisazoPhe-OH (2).

Abbreviations: Boc, tert-butoxycarbonyl.

All peptides in Figure 1 were prepared following standard procedures of peptide synthesis
in solution,?® using Boc as a temporary protection for the amino function and EDC/HOBt
as coupling agents (EDC = N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride; HOBt = 1-hydroxybenzotriazole). The C-terminal methyl esters were
prepared by reaction of the corresponding N-Boc-protected amino acid with methyl iodide
in the presence of potassium carbonate. Boc deprotection was carried out by treatment with

a 4:6 (v/v) TFA/dichloromethane mixture (TFA = trifluoroacetic acid). When bisazoPhe
50



Multistimuli responsive supramolecular organogels formed by low-molecular-
weight peptides bearing side-chain azobenzene moieties

was involved, the two amino or carboxylic acid groups in the bis(amino acid) (or the
bisazoPhe-containing peptide chain) were made react simultaneously. All N-Boc-protected
intermediate derivatives and final peptides were purified by column chromatography and
fully characterized by NMR spectroscopy and high-resolution mass spectrometry. Isolation
of the final peptides exhibiting a free amino terminus (those denoted with H- in Figure 1)
was accomplished by removal of the Boc protecting group in the corresponding precursor
under standard conditions and further neutralization of the trifluoroacetate formed. As a

model example, the preparation of A4, H-A4 and bis-A4 is shown in Scheme 2.

BocHN ~_~COOH Mel BOCHN\/COOMe 1) TFA/DCM BocHN ~_~CO—NH___CO—NH___COOMe
—_— H [P

E\fo K,CO; Z\fo 2) Boc-Asp(OBzl)-OH

Ye [ s ToTloTo

Boc-Asp(OBzl)-OH
1) TFA/DCM 1) TFA/DCM
2) Boc-bisazoPhe-OH 2) Boc-azoPhe-OH
EDC/HOBt EDC/HOBt

NHBoc

CO—NH CO NH CO NH COOMe BocHN CO NH CO NH CO NH COOMe
%QumLJ \©M4m©%©
Il
N
bis-Ad \© A4

CO— NH\/CO NH___CO—NH___COOMe JUTFAIDCM

2.
3

2) NaHCO;

Toloro
o o o H,N___CO—NH___CO—NH___CO—NH___COOMe

W@” f@f@i@g
N\© H-A4

Scheme 2 Synthesis of azoPhe-based peptides A4, H-A4 and bis-A4. Abbreviations: Boc, tert-

NHBoc

butoxycarbonyl; Bzl, benzyl; EDC, N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride; HOBt,
1-hydroxybenzotriazole; TFA, trifluoroacetic acid.

Gelation ability and solubility considerations: The gelation ability of the peptide library
(Figure 1) was systematically studied for 20 solvents of different nature (polar protic, polar
aprotic or non-polar) using the classical thermal (heating-cooling) treatment. This provided
a 2D rectangular matrix of 460 elements (ESI, Table S1). The state of the material was

examined by the “stable-to-inversion” method,?” and the gel condition of the samples that
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did not show gravitational flow upon turning the vial upside-down was further confirmed
by dynamic rheological measurements (vide infra). All peptides studied in this work were
found to be insoluble in water, n-hexane and glycerol upon heating and/or intense
ultrasound treatment. In contrast, the use of dimethyl sulfoxide, acetonitrile, acetone,
dichloromethane, ethyl acetate, tetrahydrofuran, chloroform or 1,4-dioxane resulted in
complete solubilization of most of the peptides upon heating-cooling or ultrasound
treatment. Among these solvents, only a few exceptions were observed for acetonitrile
(A4, B4, D4, F-C4, bis-A4, H-bis-D4) and ethyl acetate (H-B4, H-C4, bis-A4, H-bis-A4,
bis-D4), in which inhomogeneous or homogeneous opaque gels were obtained.?
Conversely, precipitate formation was observed in some solvents like methanol (A4, H-
A4, H-B4, H-C4) and diethyl ether (D4, F-A4, F-B4) after cooling down the
corresponding isotropic solutions to room temperature. However, no apparent correlation
was found between the parameters of the above solvents and the structure of the different
peptides that formed either gels or precipitates. Besides occasional gels observed in non-
protic solvents (acetonitrile, ethyl acetate, diethyl ether), gelation was effective in aromatic
solvents (toluene, benzene, xylene) with very few exceptions (ESI, Table S1). Excluding
the solvents that did not provide any gel and the reference peptides A3, Z4 and H-Z4, 60%
of the matrix elements afforded stable gels. In the case of alcohols, a remarkable
enhancement of the gelation ability of the peptides was observed when increasing the
molecular weight (MW) of the solvent, probably due to additional hydrophobic
interactions stabilizing the aggregates. Thus, methanol was gelled by 15% of the peptides,
ethanol by 50% and higher MW alcohols (isopropanol, 2-butanol, 1-hexanol) by 75-95%.
Moreover, the azoPhe-containing peptides showed greater gelation ability than their Phe
counterparts both in aromatic and alcoholic solvents (e.g. A4 vs. F-A4; H-A4 vs. H-F-A4;
B4 vs. F-B4; C4 vs. F-C4; H-C4 vs. H-F-C4; ESI, Table S1). On the other hand,
tripeptide A3 showed gelation only in two aromatic solvents, which asserts the
tetrapeptides as the shortest sequence leading to efficient azobenzene-based peptide
organogelator of this type. Notably enough, control tetrapeptides Z4 and H-Z4 (containing
no azoPhe or Phe residue) provided gels only in 1-hexanol or toluene, respectively. These
results highlight the important role of z—z stacking interactions of aromatic residues in the
side-chain in promoting peptide supramolecular assembly in organic solvents.?* It is worth
noting that both Z4 and H-Z4 bear a benzyl group attached to the side-chain of each Asp
residue (Figure 1). The fact that replacement of a single Asp(OBzl) residue in Z4 or H-Z4,
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at any position of the peptide sequence, by Phe brings about a dramatic increase in gelating
capacity means that, at least for the kind of peptides under study, the benzyl moiety in Phe
is much more effective in providing z-z stacking interactions than the one present in
Asp(OBzl). This distinct effect could be related to the closer proximity of the aromatic
group to the peptide backbone in the case of Phe, which in turn results in a more restricted
flexibility.

Appearance of the gels: All organogels formed at the MGC by the peptides containing an
azobenzene group showed a characteristic yellow-orange color (Figure 2).

1 ‘r' "
" bis-D4
PrOH

~ zis}Df

Toluene

i 4
F-D4 H-FD4
Toluene Toluene

Fig. 2 Representative digital photographs of upside-down vials containing organogels obtained from different
peptides in toluene or isopropanol. Gels were prepared at their MGC as indicated in Table S1 (ESI). In
isopropanol: A4, 2% wiv; B4, 4% w/v; C4, 6% wiv; D4, 10% wi/v; bis-D4, 2% wiv; F-A4, 4% w/v; F-D4,
5% wiv. In toluene: A4, 2% wiv; B4, 1.5% w/v; C4, 2% wiv; D4, 4% w/v; bis-D4, 1% wiv; H-A4, 7% wlv;
F-D4, 9.5% wiv; H-F-D4, 2.5% wiv.

The formation of aggregates smaller than A = 400-700 nm (visible wavelength range) was
routinely observed in non-aromatic solvents, as indicated by the complete opacity of the
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materials. In general, gels derived from bisazoPhe-based peptides were more yellowish and
pale than those made of the analogous azoPhe derivatives, in which the ratio of amino acid
residues per azobenzene moiety is higher. In the case of alcohols, the degree of opacity
was independent of the solvent structure (methanol, ethanol, isopropanol, 2-butanol, 1-
hexanol). However, translucent or transparent orangish gels were always obtained in
aromatic solvents. The same opacity behavior was also observed for gels prepared from
peptides lacking the azobenzene units (F- series).?> Such marked optical differences point
out the importance of the interactions established between gelator and solvent molecules
for the growth of supramolecular aggregates.

Correlations with solvent properties: In order to evaluate possible correlations between
gelation ability, gel properties and solvent nature, we paid attention to the study of the
Kamlet-Taft solvent parameters.”® Kamlet-Taft solvatochromic parameters measure
separately the acidity or hydrogen bond donor ability (a-parameter), hydrogen bond
acceptor (B-parameter) and dipolarity/polarizability (st*-parameter) properties of the
solvent as contributing to overall solvent polarity. Previous studies with physical gels have
demonstrated the usefulness of these parameters to categorize the interactions between
solvent and gelator molecules.® The results of these studies indicate that a-parameter
plays a key role during the formation of hydrogen-bonded gel networks, B-parameter
affects the thermal stability of the gel and m*-parameter relates to the stabilization of
charges and dipoles associated to peripheral groups (solvation) and interactions between
fibers at the nanoscale. In our case, it was possible to build an appropriate fitting Gaussian-
model based on theoretical and experimental data distribution that accounts for the gelation
ability of the peptide library in polar protic solvents (Figure 3).> Thus, the protic solvents
with higher tendency to form stable gels were those presenting simultaneously relatively
high and balanced hydrogen bond donor and acceptor abilities (e.g. a ~ 0.75, p ~ 0.85), as
well as intermediate polarizability (e.g. * ~ 0.5). In this scenario, solvents like MeOH,
water or glycerol with much higher a-values and much lower B-values should hinder initial
steps of the gelation process affording either precipitation or clear solutions. On the other
hand, both the high gelation efficiency of the peptide library and similar Kamlet-Taft
parameters in the case of aromatic solvents caused a size population data too small to build
a statistically significant model for the gelation ability. Regardless the solvent, no

significant differences could be observed for the distribution of gel properties such as the
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gel-to-sol transition temperature (Tge) or the minimum gelation concentration (MGC =
lowest concentration of the gelator at which gelation occurs) in function of «, B or st*-

parameters. However, we could elucidate some general trends by comparing directly these

properties with the structure of the peptide-based gelators (vide infra).

Percentage of peptides
that form stable gels

0.2 0.4 0.6 0.8 1 1:2

a, B, 7w (polar protic solvent)

Fig. 3 General Gaussian-based predictive model built from the correlation between Kamlet-Taft solvent
parameters and gelation ability of the peptide library in polar protic solvents (2-butanol, isopropanol, 1-
hexanol, ethanol, methanol, water, glycerin). Note: Gaussian distributions reflect the normal probability of
the peptides to form gels in protic solvents. Thus, highest probability is achieved when all Kamlet-Taft

parameters of a given solvent are simultaneously at the X-coordinate of the corresponding maximum.

Interestingly, we also found that gel formation could be also achieved by ultrasound
treatment during 5-30 min at room temperature of the initial [gelator + solvent] mixture
instead of the typical heating-cooling process without major alteration of the MGC. In
general, gels prepared at the same concentration by both methods did not show major
differences in terms of Ty values and morphology. However, the gelation times were
considerably lower and the opacity somewhat higher for gels prepared by ultrasound

treatment, suggesting the eventual formation of larger aggregates. Rheological experiments
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also confirmed slightly higher strength within the linear regime for gels prepared by
thermal process (vide infra). From a mechanistic point of view, ultrasound has been proven
to activate non-covalent interactions (e.g. hydrogen-bonding, z—= stacking, van der Waals)
via cavitation of the solvent, which can eventually dissolve the gelator molecules and

trigger the gelation phenomenon.?’

Minimum gelation concentration and gel-to-sol phase transition temperature: MGC
values were established in most cases between 1-10% w/v (weight/volume, i.e. 1% w/iv =1
g of solute per 100 mL of solution). These values involve the immobilization between
hundreds and thousands of solvent molecules per gelator molecule.”? The gel-to-sol
transition temperatures (Tgel) of the gels were obtained by the “inverse flow method”
(IFM). 2
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Fig. 4 Phase boundaries defined by the evolution of Ty, as a function of gelator concentration for bis-D4 in
isopropanol (bp = 82.5 °C) and toluene (bp = 110.6 °C). The plateau value in isopropanol was virtually

reached after increasing 6.5-fold the concentration with respect to MGC (i.e. 2% w/v).

However, as Tgel values determined by IFM strongly depend on factors such as cooling
rate, aging time, thermal history and degree of hysteresis, among others,?® they were
correlated for model examples with the first endothermic transition observed by modulated

differential scanning calorimetry (DSC).?? As typical feature of supramolecular gels, Tgel
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increased considerably with increasing initial gelator concentration (ATgel ~ 35-40 °C,
Figure 4), indicating that self-assembly is driven by strong intermolecular interactions
affording closely packed 3D networks. Remarkably, gelator concentration could be
increased in many cases until 50% wi/v affording homogeneous gels, which retained
stability well above the boiling point of the solvent. The impossibility to prepare more
concentrated isotropic solutions in those cases prevented the detection of the typical
plateau region before collapse of the gel. As expected, gelation time also decreased with
increasing gelator concentration.?® In terms of thermal responsiveness, all organogels were
found to be fully thermoreversible and stable to several cycles of heating and cooling,
without affecting the gelation ability. Moreover, they remained homogeneous, without
significant change in mechanical strength (e.g. caused by microcrystallization of the
gelator), reconstitution ability, color or appearance for several months when stored in

sealed glass vials at room temperature.

Structure-property relationship studies: Figure 5 outlines an overview of the Ty and
MGC values corresponding to the gels prepared with all peptides in two of the most
statistically relevant solvents, namely isopropanol (polar protic) and toluene (non-polar).
The results show that the presence of the side-chain azoPhe unit in A4-D4 leads to the
formation of organogels in isopropanol that exhibit higher thermal stability (ATge ~ 10-20
°C) in comparison to the analogous gelators containing Phe (Figure 5A). However, this
effect was not evident in toluene for the above series or when considering bisazoPhe-based
gelators (Figure 5A). The presence of an N-Boc protecting group generally resulted in
slightly higher Tge values for the gels prepared with the azoPhe series in isopropanol
(Figure 5A, C). This effect was nearly irrelevant in toluene, except for the gels made with
H-A4 that were intriguingly more thermostable (ATge ~ 14 °C) than those made with A4. A
much higher gelation tendency was also observed for the N-Boc protected in the F- series,
although no clear correlation was found between solvent nature and gelation ability for the
latter. Moreover, the bisazoPhe-based gels usually displayed T values superior to those of
the corresponding azoPhe-based gels (ATge ~ 15-30 °C) with little influence of the solvent
or presence/absence of N-Boc protection. In general, the position of the azoPhe or Phe
residue within the peptide sequence did not have a major impact on the Tg of the gel
materials. Conversely, MGC values were typically lower in toluene than in isopropanol,
regardless the gelator family in the case of N-Boc protected peptides, except for F-D4 for

which the opposite was unexpectedly observed (Figure 5B). Much lower MGC were also
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achieved in the case of bisazoPhe-containing peptides. In general, location of azoPhe at the
A or B position in N-Boc protected peptides provided lower MGC values, especially in
isopropanol. This effect was even more marked in the F- series. For instance, F-B4 formed
gels in isopropanol and toluene at 1.0 and 0.5% wi/v respectively, whereas F-C4 required
13.5 and 7.0% w/v respectively.
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Fig. 5 Bar graphs showing the influence of peptide structure on Ty and MGC for freshly prepared gels in

two representative solvents (isopropanol, toluene).
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Interestingly, the absence of N-Boc protection in the gelator structure of the azoPhe-based

peptides resulted in a lower MGC value, especially in isopropanol,®

with the exception of
H-A4 (Figure 5D). In contrast, complete inhibition of the gelation was observed for some
peptides of the H-F- series in isopropanol (H-F-C4, H-F-D4). These results support the

importance of remote groups on fine-tuning the properties of physical gels.*
Driving force study

Temperature-dependent FT-IR experiments: We carried out temperature-controlled FT-IR
experiments in order to classify the major driving forces for the gelation phenomenon. As
expected, intensity of the bands involving the amides groups were found to be much higher
in the gel samples compared to the solid gelator indicating more efficient interactions of
these groups in the gel phase.? In order to induce the gel-to-sol transition, the samples

were submitted to a controlled increase of temperature.
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Fig. 6 Typical temperature-controlled FT-IR spectra showing blue shift and intensity change of the -NH
stretching vibration band during the gel-to-sol transition upon heating. Experiment performed with peptide
C4 in toluene at the MGC (2% wi/v). The Ty of the material was 59 * 2 °C as determined by IFM. The

arrows indicate the directions of motion.

Figure 6 shows a very remarkable shift observed in the region of the —NH stretching
vibrational bands upon heating the gel made from the model azopeptide C4. The spectra of

the isotropic solution (T = 70 °C) displayed the characteristic -NH stretching band at 3391
59



Multistimuli responsive supramolecular organogels formed by low-molecular-
weight peptides bearing side-chain azobenzene moieties

cm™, which is broadened and 109 cm™ blue shifted in comparison to the hydrogen-bonded
gel state (T = 30 °C). The evolution of the spectra showed a drastic change over 60 °C,
which corresponds to the Tge of the material. Less dramatic lower-energy shift (Akmax = 39
cm™) attributed to the amide I (80% —C=0 stretching) resonance band were also observed
in the gel compared to the solution phase (Amax = 1643 cm™). Overlapped noise in the
region 1515-1550 cm™ did not allow a clear distinction between the bands associated to the
amide Il (60% —NH bending) resonance. Similar observations were made for other
azopeptide gelators.?”> These results point out the key role of hydrogen-bonded amide
groups during the formation of the 3D supramolecular gel network, besides the great
stabilization effect of side-chain aromatic residues via z—z stacking interactions (this is in

agreement with the poor gelation ability of control peptides such as Z4, vide supra). 3! %

Temperature-dependent *H-NMR experiments: In order to gain insight into the protons
involved in the stabilization of the self-assembled network, we recorded *H-NMR spectra
of different model azoPhe-based gels in dg-toluene within a temperature range comprising
both gel and solution states. Previous studies have demonstrated that the signals of gelator
molecules forming part of the gel network cannot be observed due to long correlation
times. Hence, any observed *H-NMR signal of a gel is a consequence of small amounts of
gelator molecules, either aggregated or disaggregated, dissolved in the immobilized
solvent. Thus, the increase of gelator signals upon heating is due to the enhancement of
molecular mobility and dissociation of the gel network.®! 9 * As a model example, Figure
7 shows the chemical shift variation of the amide proton (Boc-CO-NH-) of B4 upon
heating the corresponding gel. In general, a gradual improvement of the signals resolution
and slight chemical shift displacements were observed as the temperature increased. This
observation was made at different levels for all protons.?” Both aromatic and benzyl ester
protons (PhCH,0-) shifted upfield, practically in a linear manner, upon heating from 25 °C
(gel state) to 60 °C (solution state) (A6 / AT = 6.7 x 10 - 1.0 x 10°° ppm K™). However,
the most significant variations were observed for -NH amide protons and the closest —-NH-
CH-CH,-R protons (Ad / AT = 3.5 x 10 ppm K™). In these cases, downfield shift (A6 / AT
~7.1 x 10" ppm K™) was first observed in the range 25-45 °C, followed by a more evident
upfield shift (Ad / AT = 2.8 x 10 ppm K™) in the range 45-60 °C. The inflection point of
the curve at 318 K (44.85 °C) matched with the Ty of the material calculated by IFM (45
°C + 1 °C). This behavior has been already attributed by others® to the existence of a

different type of disassembly process during the initial heating period, and it is overall in
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agreement with the split of hydrogen-bonding as the major driving force of the gelation

process.
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Fig. 7 Representative temperature-induced chemical shift of Boc-CO-NH- proton of B4 in dg-toluene (1.5%

wi/v). The inflection point corresponds to the Tgg.

Morphological characterization: In order to gain visual insights into the microscopic
morphologies of the organogels, we conducted transmission electron microscopy (TEM)
observations of the corresponding xerogels (Figure 8). The photographs showed
characteristic fibrillar networks in all cases regardless the position of the Phe, azoPhe or
bisazoPhe residue in the peptide gelator or the free or protected state of the N-terminus.
Most of the fibers presented lengths on the micrometer scale and relatively uniform
diameters in the range of 10-60 nm (smallest feature). Typically, the high aspect ratio of
the entangled networks is a consequence of a strong anisotropic growth process, which
indicates a well-ordered molecular packing to form the unit nanofiber. In general, the more
densely entangled fibrous structure of some samples was in agreement with their higher
thermal stability and intermolecular cohesiveness as indicated by the Tg values (e.g.
Figure 8 A-B: Tge (A4 in toluene) = 37 °C; Tge (A4 in isopropanol) = 57 °C - see ESI,
Table S1-). In contrast to the materials prepared in toluene, those in isopropanol presented
somehow numerous patches that made the observation of the fibers generally more
difficult. No evident morphological differences were observed by TEM analysis of a given

azoPhe-based gel and its analogous Phe-derived material.?? In order to ensure that the
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observed fibrillar structures were not artifacts, we also recorded atomic force microscopy
(AFM) height images of the xerogels,”> which were in good agreement with the TEM
photographs (Figure 8 A vs. G). 3D surface topographic images showed fiber bundles and
established average heights in the range of 250-350 nm for the largest individual feature
(Figure 8 H).
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Fig. 8 Representative TEM and AFM images of xerogels obtained from the corresponding organogels
prepared at their MGC as described in Table S1 (ESI). TEM: A) A4 in toluene (2% wi/v); B) A4 in
isopropanol (2% w/v); C) C4 in toluene (2% wi/v); D) C4 in isopropanol (6% wi/v), E) D4 in toluene (4%
w/v); F) bis-A4 in toluene (0.6% w/v). AFM: G) A4 in toluene (2% wi/v); H) B4 in toluene (1.5% wi/v).
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Furthermore, scanning electron microscopy (SEM) of the corresponding xerogels revealed

a 3D appearance of the surface structure of the samples resembling lava flows or wrinkles

in drapery (Figure 9).
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Fig. 9 Representative SEM images of xerogels obtained by freeze-drying the corresponding organogels
prepared at their MGC as described in Table S1 (ESI). A: A4 in toluene (2% w/v); B: B4 in toluene (1.5%
w/v); C: C4 in toluene (2% wi/v); D: D4 in toluene (4% w/v); E: D4 in toluene (4% wi/v); F: H-A4 in toluene
(7% wiv); G: F-A4 in toluene (2.5% w/v); H: bis-A4 in toluene (0.6% wi/v); I: A4 in isopropanol (2% w/v);
J: A4 in isopropanol (2% wi/v); K: C4 in isopropanol (6% w/v); L: C4 in isopropanol (6% w/v); M: D4 in
isopropanol (10% w/v); N: D4 in isopropanol (10% w/v); O: D4 in isopropanol (10% wi/v); P: bis-A4 in

isopropanol (1% wi/v).

It was common to observe numerous fibers fused to form large longitudinal fibrillar
architectures with diameters of ca. 10-40 mm. Such morphologies were routinely observed
when the gels were prepared in toluene regardless the presence of a Phe or an azoPhe

63




Multistimuli responsive supramolecular organogels formed by low-molecular-
weight peptides bearing side-chain azobenzene moieties

residue and its position in the peptide. However, rougher surfaces were somehow observed
in the case of gels made of peptides bearing an azoPhe moiety (Figure 9A vs. 7G).
Interestingly, when protic solvents such as isopropanol were used for the preparation of the
gels, the SEM images showed the presence of well defined spherical structures resembling
a cluster of marine sponges with diameters of ca. 35-70 mm (Figure 91-O). At least two
levels of surface roughness were observed within this globular population (Figure 9N-O).
The cross-section view of one of these large structures revealed a highly interconnected
porous (@ = 30-70 mm) and fibrillar network of the inner part. Nevertheless, it should
emphasized that due to the drying process such structures may not necessarily always
represent those in the gel phase, and, therefore, any potential relationships should be
relativized within this context. Indeed, more detailed research is still needed to explain the

differences observed in morphology.

Dynamic rheological properties: Oscillatory rheological measurements unequivocally
confirmed the viscoelastic gel state of the materials that did not show gravitational flow
upon turning the vial upside-down.?? Thus, their storage modulus G' (energy storage
modulus) and loss modulus G™" (energy loss modulus) were first measured at room
temperature as a function of angular frequency o (dynamic frequency sweep experiment,
DFS) and shear strain (dynamic strain sweep experiment, DSS) to determine the linear
viscoelastic regime associated to the material (Figure 10A). Relatively constant tan d
(G"/G") values during the frequency sweep indicate a good tolerance of the gels to external
forces. Within the linearity limits of deformation (solid-like response), the storage modulus
was always about one order of magnitude higher than the loss modulus during the flow
experiment (e.g. G' = 26.6 = 0.3 kPa, G" = 2.4 + 0.01 kPa, for the gel made of A4 in
toluene). Further dynamic time sweep (DTS) measurements at 0.1% strain and 1 Hz
frequency confirmed the stability (no phase transition) of the gel materials as a function of
the ageing time at room temperature (Figure 10B). In general, the tan ¢ values between
random measurements of the same material were reproducible and increased with the
concentration of the gelator, suggesting an enhancement of the mechanical damping
properties. Notably enough, the replacement of the Phe unit in the F- series by azoPhe
caused an increase of the internal resistance of the gels, as evidenced by the lower tan d
value for the azobenzene-containing peptides.?” Such reduction of tan J was ca. 60-70% in
gels prepared from azoPhe-based gelators in toluene. In isopropanol, the reduction was

estimated in ca. 40%. Tan ¢ also increased slightly upon removal of the N-Boc protection
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for gels prepared in toluene. Interestingly, the opposite tendency was observed for some
isolated cases in isopropanol, probably due to additional non-covalent interactions
established between the gelator and solvent molecules. For the case of azoPhe-peptides
bearing an N-Boc group, increased relative elasticity of the gel network was routinely
observed for the gels prepared in toluene when compared to those in isopropanol. The
influence of the position occupied by the Phe or azoPhe residue within the peptide
sequence on the mechanical damping properties of the materials was found to be irrelevant
except for the D gelators. Thus, a slight increase in tan ¢ was observed for both D4 and F-
D4.%
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Fig. 10 Oscillatory rheological measurements of model gels: A) Representative DSS and DFS experiments of
the gel made from A4 in isopropanol (2% wi/v). B) Representative DTS experiments of gels prepared from
A4 in toluene or isopropanol (2% wi/v). All gels were prepared at their MGC as indicated in Table S1 (ESI).

Tol = toluene.

Remarkably, we also found a smart thixotropic response of all azoPhe-based gels to
external large straining. The phenomenon of thixotropy was properly described for the first
time by Peterfi in 1927% and, nowadays, it is considered a key property for real-life
applications of gel-based materials.®® Figure 11 shows a simple thixotropy three-step
rheological loop test” for the organogel made of D4 in toluene (3.8% w/v). The

experiment is based on successive cycles involving the following steps: 1) application of a
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shear strain as defined by DTS experiments (gel state, G' > G"), 2) increase of the shear
strain until the gel fractures (viscous solution, G' < G™) and 3) return at the same rate to the
initial strain % value (recovered gel state, G' > G").** In the model example shown in
Figure 11, the gel displayed more than 90% recovery in its G' value in only 5 seconds after
the second cycle. Moreover, a similar behavior was observed in other solvents like
isopropanol (the recovery of the initial G' value was ca. 85%) and regardless the method of
preparation (i.e. heating-cooling, ultrasound). The dramatic loss of viscosity and recovery
of the gel state were also macroscopically observed in a standard glass vial upon a

vigorous shaking-resting process.
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Fig. 11 Typical thixotropy loop test of the model gel made from D4 in toluene (3.8% w/v). The strain for
each step during shear was first increased from 0.1% (linear viscoelastic regime - gel state -) to 100%
(rupture of the gel - solution state -) and subsequently returned to the original value (recovery of the gel

state). Asterisks indicate the increase of the shear strain at the time scale.

Responsiveness to light: The expected trans-to-cis photoisomerisation was observed in
solution for all peptides containing azoPhe or bisazoPhe upon irradiation with UV light at
room temperature. Moreover, light-induced reversible gel-to-sol transition was achieved
for all azoPhe-based peptides exhibiting a free amino terminus upon exposure of the gel
material to the appropriate wavelength. An appropriate experimental set up ruled out any
temperature effect on gel-to-sol transition caused by the irradiation process.?? As shown in
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Figure 12 for H-C4 as a model example, UV irradiation at Amax = 366 nm of the gel made
in toluene resulted in photoisomerization of the side-chain azobenzene moiety from the
trans to the cis state, as indicated by the gradual decrease of the s-r* transition band at
328 nm and concomitant increase of the n-s* transition centered at Amax = 439 nm. Such
trans-to-cis photoisomerization led to a gel-to-sol transition of the material after 10 min of

UV irradiation.
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Fig. 12 Reversible changes in the UV-vis absorption spectra of the gel made from H-C4 in toluene (2.5 %
w/v; 0.1 mm path length). The transition from the trans-rich gel state to the cis-rich solution state was
induced by UV irradiation at 366 nm for 10 min. The sol-to-gel transition was further achieved by exposure
of the cuvette to ambient visible light. The arrows indicate the directions of motion. Original gel state (t = 0);
solution state upon 10 min irradiation at 366 nm (t = 10 min, 366 nm); progressive solution-to-gel phase

transition under visible light (t = 1, 2, 5, 10 min, room light).

Moreover, cis-to-trans back isomerization of the azobenzene unit also took place upon
exposure of the cuvette to room light. These reversible transitions could be repeated for
several cycles. These results indicate that the isomerization toward the trans-form of the
azobenzene residue is gradually hindered by the growth of the supramolecular fibrillar
network. The final content of the trans-isomer after irradiation was estimated by
integrating the difference of the curves in ca. 15-20% of the original content in the gel
state. Despite the fast trans-to-cis and cis-to-trans isomerization processes, the complete
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gel-to-sol and sol-to-gel transitions, respectively, required prolonged exposure times to
light of appropriate wavelength. Thus, complete macroscopic gel-to-sol transition in
toluene was observed within 30-60 min of UV irradiation, whereas complete sol-to-gel was
achieved after exposing the material to visible light for 3-8 h.?? The absolute values are
specific for each case as the time required for isomerization is both solvent and
concentration dependent (e.g. the response times of gels made in isopropanol were found
to be longer than those in toluene).?? The isosbestic points of the solution and gel states are
centered at 290 and 378 nm, where the absorbance values differ in ca. 0.03 + 0.01 (Au)
with respect to the intermediate states achieved during irradiation. As these values are
within the standard deviation of absorbance for replicate measurements, only two
absorbing species (i.e. trans- and cis- azobenzene-containing molecules) are likely to be
involved during the light-induced gel < sol transition. The absorption corresponding to
the st-* transition band exhibited a narrow 3 nm red-shift in the gel state with respect to
the solution state (i.e. 1 min after exposure to room light), which based on the exciton
theory suggests that azobenzene groups likely packed into 1D J-aggregates instead of H-
aggregates.®® 3 Remarkably, light-induced gel-to-sol transition was only observed for
azobenzene-based organogels lacking the N-Boc protection. In general, this process was
also faster in aromatic solvents than in alcohols. In agreement with previous studies in
other systems,** this may be due to some sterically hindered spatial conformation of the
aggregates that prevents the trans-to-cis isomerization of the azoPhe moiety when the N-

Boc protection is present.

Multiresponsive map: Figure 13 summarizes the study carried out with the model peptide
H-D4, which is insoluble in toluene at room temperature (2.5% w/v) (A). An isotropic
solution could be achieved upon heating (B), which led to the thermoreversible formation
of a stable organogel upon cooling (C). Vigorous shaking of the vial afforded a viscous
fluid state (H), which returned to the precedent gel state upon resting (thixotropy).
Ultrasound could be also used to dissolve H-D4 and generate a dense fibrillar gel material
(E), which was also liquefied upon heating affording a clear solution (F). Solutions F and
B were found to be equivalent according to both thermal and mechanical properties of the
corresponding gels (C, G). Additionally, the existence of a free amino terminus in the
peptide gelator allowed for a light-induced gel-to-sol transition (1), which was reversible
(C). High-resolution FE-SEM images demonstrated the complete destruction of the
fibrillar network upon UV-irradiation (K, L vs. M), as well as the general preservation of
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the gel morphology for materials prepared either by thermal or ultrasound treatment (K vs.
L).

cooling

D —
—
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Fig. 13 Diagram showing the preparation of multistimuli responsive organogels from the azoPhe-containing
peptide H-D4 and the interrelated response between different materials. Ty values: E=47+1°C;C=50+1
°C; G=49+2°. Tandvalues: E=0.47; C=0.41; G =0.42. Gelation times: A —>E =2-3min;B > C=
5-10 min; F —> G = 5-10 min; | — C = 10-12 h. Liquefaction times: C — | = 45-60 min; C — D = 20-30 min;
C — J =10-30 min. Selected FE-SEM images are shown at the bottom: K: gels prepared by heating-cooling
(G' = 1.78 x 10° Pa; tan d = 0.42); L: gel prepared by ultrasound treatment (G' = 1.21 x 10° Pa, tan d = 0.49);

M: solution obtained upon UV-irradiation of gel K.

On the other hand, transition from | to C was not assisted by ultrasound within minutes

under visible light, as occurs for the A — E transformation. Hence, ultrasound treatment of
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peptide solution does not accelerate the cis-to-trans isomerization of the azobenzene group.
Responsiveness to chemical stimuli was also observed (H, J). This behavior, exemplified
in Figure 13 for H-D4, was general for all the organogels prepared regardless the gelator
family and solvent. Thus, addition of some solvents in which gelation did not take place
led to the formation of clear solutions. For instance, when the gels made of C4, H-D4 or F-
A4 or H-D4 were overlaid with tetrahydrofuran, 1,4-dioxane or dichloromethane (gel
volume : additional solvent volume = 1:1), they were dissolved within 20-30 min without
shaking. In contrast, the gels were stable for several days in the presence of solvents like
pentane. Moreover, the gels were transformed into either solutions or dispersions upon
gentle shaking in the presence of 0.1 M aqueous NaOH within 10-30 min.?* Solvent
evaporation (B-1) and drying of the residue under vacuum allowed full recovering of H-
D4, which could be reused without losing its properties. In addition, the structural
anisotropies of the organogels observed by electron microscopy switched on their
birefringence under polarized light,?? which could be also switched off upon gel-to-sol
transition. Such fine birefringence control is important for a number of optical device

applications.*

1.3. Conclusion

The foregoing results have showed that the incorporation of azobenzene residues into the
side-chain of LMW peptides can modulate their self-assembly in organic solvents leading
to the formation of stimuli responsive supramolecular organogels. The synthetic strategy is
advantageous in terms of structural flexibility since it is compatible with a free,
unprotected amino terminus and allows placement of the chromophore at any position of
the peptide sequence. The major driving forces for the observed gelation process are
hydrogen-bonding and z—= interactions, which can be triggered either by thermal or
ultrasound external stimuli. In addition, a predictive model for gelation of polar protic
solvent was developed using Kamlet-Taft solvent parameters and experimental data.
Remarkably, the obtained viscoelastic materials exhibited interconnected multistimuli
responsive behaviors including thermal-, photo-, chemo- and mechanical responses.
Structure-property relationship studies have demonstrated that the presence and position of

the azobenzene residue can be operated as a versatile regulator to reduce MGC and
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enhance both the thermal stability and mechanical strength of the gels. To the best of our
knowledge, this is the first time in which LMW peptides bearing side-chain azobenzene
units are used for the synthesis of ‘intelligent’ supramolecular organogels. This
investigation opens new perspectives for the rational design of tunable multiresponsive
physical gels from small peptides. Efforts towards potential applications of the described
materials, as well as structural and charge modifications of the peptides in order to expand

the scope to biocompatible hydrogels are currently underway in our laboratories.

1.4. Addendum: Phase selective gelation behavior for oil-spill recovery

Recent years have witnessed plenty natural disasters of environmental water-pollution
originated from oil-spills. The major concerns arising from such events are based on the
environmental impacts of volatile hydrocarbons on climate changes and the effects of toxic
oil residues on the marine ecosystem.** Amongst other types of materials,*? phase selective
organogelators (PSOGs), that can selectively congeal the oil-phase from two-phase

systems of water and oil, represent a promising alternative for oil-spill recovery.®

cooling
05h

Fig. 14 Representative digital photographs demonstrating the procedure applied to induce of PSG using
compound D4 and a biphasic system consisting of water and toluene (2:1 (v/v)). The aqueous phase has been
stained with a dye (ruthenium red) for better visualization of the two-phase nature. (A) Two phase mixture of
toluene and water before the gelator is added. (B) Two-component liquid system prepared by adding D4 (4.0
% wi/v) and gentle heating. (C) Selective gelation of the toluene layer accompanied by complete removal of
the dye from the aqueous phase. (D) Floating gel-body after mechanical agitation to remove the former from
the walls of the vial. (E) Additional digital photographs of upside-down vials containing materials prepared

by PSG. The concentration of gelator applied is the corresponding MGC as indicated in Table 1.
71



Multistimuli responsive supramolecular organogels formed by low-molecular-
weight peptides bearing side-chain azobenzene moieties

In this context we are delighted to report the discovery of selective and quantitative
gelation of the organic phase of various aqueous-oil mixtures caused by the peptide-based
gelators we described earlier.** Adding any of the gelator compounds (except from control
compounds Z4 and H-Z4) to a 2:1 mixture of water and a non water-miscible organic
phase and applying a classical heating-cooling protocol resulted in the selective gelation of
the organic layer (view Figure 14). It was found that compounds can be grouped together
due to very similar behavior of the physical properties of the gels and hence model
compounds for each group have been selected. A4 is used as representative for all azo-
containing compounds with Boc-protected or free N-terminus, bis-A4 represents all
compounds of the bis-series and F-A4 represents all Phe-based peptides. Very
interestingly, the presence of the side-chain azo moiety in the gelator structure (also
compounds of the bis-series) allowed to achieve phase selective gelation (PSG) at the same
concentration as the described MGC for pure organic phase (POP). In contrast, the use of
Phe-based gelators required an approximate 1.5-fold increased concentration making the
azo-containing compounds more favorable for the application in PSG. Additionally, the
presence of water during PSG seems to have no significant negative effect on the thermal,
mechanical and morphological properties of gels based on azo-containing compounds as
determined by Tge, dynamic rheological measurements and electron microscopy (SEM,
TEM) (view Table 1 and Figure 15). We also investigated potential PSG of water-soluble
organic solvents like MeCN, EtOH and i-PrOH where gelation of POP was observed
before. Very interestingly we found gelation of the whole water-organic solvent mixture to
result in the formation of quasi-hydrogels with a total content of organic phase being 33%
(v/v) in combination with a change in morphologies of the materials (view Figure 15 (D)).
In the presence of water gelation at very low concentrations in comparison to POP can be
observed (0.7 %w/v and 2.0 %w/v using i-PrOH as organic phase), which gives rise for
further investigation in optimization of the total content of the organic phase for potential
application in controlled drug-release. Unfortunately the heating-cooling method for
inducing PSG is very impractical for the removal of oil-spills due to the flammability of
most oil-phases. Taking advantage of our previous observation of ultrasound-induced
gelation we were able to successfully transfer this concept to PSG. Further investigations
on RT-induced PSG lead to the development, that adding concentrated (20-40 %w/v)

warm solutions of the gelators in an oil-phase to a mixture of the same oil and water
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resulted in effective PSG at the same MGC as determined for POP and PSG induced by a

classical heating-cooling treatment (view Table 2).
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Fig. 15 (A) Dynamic oscillatory rheology experiments (DFS and DSS) of gels from A4 in toluene (2.0
%wi/v) prepared from POP and PSG respectively. Absolute values of G' (16.5+1.97 and 14.7+1.89 kPa) and
G" (3.0+0.12 and 2.8+0.11 kPa), as well as tan ¢ (0.18+0.0028 and 0.19+0.0019) and maximum strain at
break (16+2.0 and 13+1.5 %) stay the same within the limits of error independent on the material. (B) SEM-
images of cryogels prepared by the freeze-drying method of corresponding gel-materials at the MGC: (1) A4
in toluene (POP); (2) A4 in toluene (PSG); (3) F-A4 in toluene (POP); (4) F-A4 in toluene (PSG); (5) bis-A4
in toluene (POP); (6) bis-A4 in toluene (PSG). (C) TEM-images of cryogels prepared by the freeze-drying
method of corresponding gel-materials at the MGC: (1) A4 in toluene (POP); (2) A4 in toluene (PSG). (D)
Kind of hydrogel from i-PrOH-water mixture (1:2) using A4 (0.7 %w/v) and FE-SEM image of the isolated

cryogel.
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Tab. 1 Comparing physical properties of PSG and gels derived from pure organic phases. ?

MGC [% WiV] Tea [°C1”
Entry Solvent Gelator POP PSG POP PSG

1 2-BUOH Ad 2.8(0.3) 3.0 (0.4) 55 (1) 54 (2)
2 BMIM-PFq Ad 4.0 (0.3) 4.0 (0.3) 78 (2) 76 (1)
3 Toluene A4 1.9(0.2) 2.0(0.2) 37(2) 39(1)
4 Xylene A4 7.0 (0.5) 7.0 (0.5) 59 (1) 62 (2)
5 Olive Oil Ad 1.3(0.2) 1.5(0.2) 93 (2) 89 (1)
6 Gasoline Ad 2.2(0.2) 2.4(0.2) 52 (2) 53 (2)
7 Diesel A4 2.0(0.2) 2.0(0.2) 62 (1) 61 (1)
8 2-BuOH F-A4 10.0 (1.0) 13.0(1.5) 57 (1) 52 (2)
9 BMIM-PFg F-A4 - - - -

10 Toluene F-A4 25(0.3) 4.0 (0.3) 35(1) 44 (1)
11 Xylene F-A4 2.0(0.2) 3.2(0.3) 37(1) 36 (2)
12 Olive Oil F-A4 2.0(0.2) 2.8(0.3) 72 (2) 71(1)
13 Gasoline F-A4 3.3(0.3) 4.5 (0.5) 54 (2) 57 (2)
14 Diesel F-A4 1.8(0.2) 2.4(0.2) 56 (2) 54 (1)
15 2-BUOH bis-A4 0.8 (0.1) 1.0 (0.1) 62 (2) 63 (1)
16 BMIM-PFq bis-A4 2.2(0.2) 2.2(0.2) 69 (1) 68 (2)
17 Toluene bis-A4 0.6 (0.1) 0.5(0.1) 70 (1) 70 (2)
18 Xylene bis-A4 3.3(0.2) 3.5(0.3) 76 (2) 74 (2)
19 Olive Oil bis-A4 0.5(0.1) 0.5(0.1) 104 (2) 101 (2)
20 Gasoline bis-A4 2.5(0.2) 2.5(0.2) 56 (1) 55 (2)
21 Diesel bis-A4 1.8(0.2) 2.0(0.2) 59 (2) 61 (1)

% Values in brackets indicate experimental errors from at least two random measurements. Abbreviations:
PSG = phase selective gelation; POP = pure organic phase; MGC = minimum gelation concentration; Ty =
thermal gel-to-sol transition temperature. ® Tge-values have been determined using the “inverse-flow-
method” (IFM). *°
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Tab. 2 Comparison of the MGC necessary to induce PSG for different methods in some oil-phases. ¥

MGC [% w/V]

Entry Solvent Gelator POP PSG (H-C) PSG (US) PSG (CSM)
1 Toluene A4 1.9 (0.2) 2.0(0.2) 2.0(0.2) 2.0(0.2)
2 Gasoline A4 2.2(0.2) 2.4(0.2) 2.4(0.2) 2.4(0.2)
3 Diesel A4 2.0(0.2) 2.0(0.2) 2.0(0.2) 2.0(0.2)
4 Toluene bis-A4 0.6 (0.1) 0.5(0.1) 0.5(0.1) 0.5(0.1)
5 Gasoline bis-A4 2.5(0.2) 2.5(0.2) 2.5(0.2) 2.5(0.2)
6 Diesel bis-A4 1.8(0.2) 2.0(0.2) 2.0(0.2) 2.0(0.2)

% Values in brackets indicate experimental errors from at least two random measurements. Abbreviations:
PSG = phase selective gelation; POP = pure organic phase; MGC = minimum gelation concentration; H-C =
heating cooling method; US = ultrasound induced method; CSM = inducing PSG by adding a concentrated

solution of the corresponding gelator in an oil-phase to the water-oil mixtures.

These findings result in a much more practical situation of the azobenzene modified
peptides in the recovery of oil-spills as usually other types of gelators have to be
predissolved in water-soluble cosolvents, which can be of potential toxic nature and hence
can exhibit negative influence on the marine eco-system.”* @ ® The complete removal of
the oil-phase from water-oil mixtures was ensured by *H-NMR-spectroscopy using D,O as
aqueous phase containing DMF (0.1 mmol) as internal standard. No indication of signals
referring to toluene or xylene could be found in the corresponding NMR-spectra as
indicated in Figure 16 when compound A4 (2.0 %w/v and 7.0 %w/v) was used in PSG
induced by the classical heating-cooling method. Additionally also only little indication for
the presence of non-gelled gelator A4 (below 2% of the initially applied concentration) in
the aqueous phase was found. The excellent properties of azobenzene containing peptides
in PSG made us curious to know whether the compounds can be applied for natural oil-
spill recovery. A comparison of MGC for the induction of PSG for some specific oil-water
mixtures with fresh water, 3.3 % NaCl and river water (from the Donau in Regensburg)
revealed that the gelation-efficiency is the same for all these biphasic systems (view Table
3). Interestingly the presence of NaCl or impurities in river water did not affect the

gelation-ability.
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Fig. 16 *H-NMR spectra of D,0 containing DMF (0.1 mmol) as internal standard when compound A4 was
used in experiments to induce PSG by the heating-cooling method. (A) A D,O-toluene mixture (2:1 v/v) was
used with a concentration of A4 being 2.0 %w/v. (B) A D,O-toluene mixture (2:1 v/v) was used with a

concentration of A4 being 7.0 %wiv.

Tab. 3 Comparison of MGC necessary to induce PSG for different aqueous phases for some model cases. ?

MGC [% w/v]

Entry Solvent Gelator pure water 3.3 % NaCl river water
1 Toluene Ad 2.0(0.2) 2.0(0.2) 2.0(0.2)
2 Gasoline A4 2.4(0.2) 2.4(0.2) 2.4(0.2)
3 Diesel A4 2.0(0.2) 2.0(0.2) 2.0(0.2)
4 Toluene bis-A4 0.5(0.1) 0.5(0.1) 0.5(0.1)
5 Gasoline bis-A4 25(0.2) 25(0.2) 25(0.2)
6 Diesel bis-A4 2.0(0.2) 2.0(0.2) 2.0(0.2)

 Values in brackets indicate experimental errors from at least two random measurements. The heating-

cooling method to induce PSG was applied.

In order to illustrate the potential application in oil-spill recovery, a model scenario was set
up as demonstrated in Figure 17 by adding toluene (5 mL) to a compared large volume of
agueous 3.3 % NaCl-solution (40 mL). The aqueous layer was stained with CuSQO, for
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better visualization of the two-phase nature of the mixture. The toluene-layer could be
effectively gelled by adding a warm and concentrate solution of compound A4 (27.5
%w/V) in toluene in a small volume (0.4 mL) resulting in a concentration of the gelator of
2.0 %w/v in the overall toluene-phase. The resulting gel-phase can be easily separated by
filtration, melted by heating and destilled to recover about 82 % of the toluene by volume.
This experiment can also be repeated using other oil phases like gasoline and Diesel with
similar results for the recovery of the oils (80 and 76 % respectively). The relative high
mechanical strength of the gel-materials as demonstrated in Figure 15 (A) in combination
with a high temporal stability (inverted vials containing PSG can keep the weight of the
aqueous phase for at least 2 month while remaining stable) make them very interesting

alternative for the application in oil spill recovery.

Fig. 17 Model scenario for oil-spill recovery using PSG properties of azo-containing peptides. Compound A4
(2.0 %wi/v) was used as a model. (A) Biphasic mixture of toluene (5 mL) and aqueous 3.3 % NaCl (40 mL)
stained with CuSO,. (B) Addition of a warm and concentrate solution of compound A4 in toluene (27.5
%wl/v; 0.4 mL). (C) Complete PSG of the toluene layer at a concentration of 2.0 %w/v of the gelator with
respect to the overall volume of the oil-phase. (D-G) Separation of the oil-phase by filtration and subsequent

distillation. (H) Recovered toluene after distillation (82 % in volume).

Taking advantage of such a PSG property we were additionally able to use these peptide

gelators to quantitatively remove water-soluble dyes*® (e.g. ruthenium red, crystal violet)
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from aqueous mixtures within minutes, which constitutes a subject for further investigation
(view Figure 18). In a model example compound bis-D4 (1.0 %w/v) was able to remove

crystal violet (1.0x10™ molL™) from an aqueous solution using a toluene-water biphasic
system within 15 min.
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Fig. 18 Absorption spectra of crystal violet (1.0x10° molL™; t = 0) in water and of the aqueous phase after

PSG using bis-D4 (1.0 %wi/v) in toluene (water:toluene = 2:1 v/v; t = 15 min). H-C = heating-cooling.

— Compound synthesis and characterization, general remarks on gel-formation and
preparation, additional photographs and gel-characterization and a collection of *H and

3C-spectra of the synthesized compounds can be found in the electronic supplementary
information (ESI) on the enclosed CD.
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2. Organophotocatalysis in nanostructured soft gel materials as tunable reaction

vessels: Comparison with homogeneous and micellar solutions'

Riboflavin tetraacetate-catalyzed aerobic photooxidation of 1-(4-methoxyphenyl)ethanol
was investigated as a model reaction under blue visible light in different soft gel materials,
aiming to establish their potential as reaction vessels for photochemical transformations.
Three strategies involving different degrees of organization of the catalyst within the gel
network were explored, and the results compared to those obtained in homogeneous and
micellar solutions. In general, physical entrapment of both the catalyst and the substrate
under optimized concentrations into several hydrogel matrices (including low-molecular-
weight and biopolymer-based gels) allowed the photooxidation with conversions between
55-100% within 120 min (TOF ~ 0.045-0.08 min: keps ~ 0.011-0.028 min'l), albeit with
first-order rates ca. 1-3-fold lower than in solution under comparable non-stirred
conditions. Remarkably, the organogel made of a cyclohexane-based bisamide gelator in
CH3CN not only prevented the photo degradation of the catalyst but also afforded full
conversion in less than 60 min (TOF ~ 0.167 mint: kops ~ 0.073 min'l) without the need of
additional proton transfer mediators (e.g., thiourea) as it occurs in CH3CN solutions. In
general, the gelators could be recycled without detriment of their gelation ability and

' Reproduced with permission from: J. Bachl, A. Hohenleutner, B. B. Dhar, C. Cativiela, U. Maitra, B. Konig
and D. D. Diaz, J. Mater. Chem. A, 2013, 1, 4577-4588. Copyright 2013 The Royal Society of Chemistry.
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reaction rates. Moreover, kinetics could be fine-tuned according to the characteristics of
the gel media. For instance, entangled fibrillar networks with relatively high mechanical
strength were usually associated to lower reaction rates, whereas wrinkled laminated
morphologies seemed to favor the reaction. In addition, the kinetics results showed in most
cases a good correlation with the aeration efficiency of the gel media.”

2.1. Introduction

Inspired by nature, much effort has been devoted over the last decade to the study of meso-
, micro- and nano-scale reactors. The main reason for this is the fact that many chemical
reactions take place with high efficiency in natural confined environments where the
motions of reactant molecules are restricted to that in free solution. Through biomimetic
principles, a significant number of self-assembled and compartmentalized molecular (e.g.,
micelles, vesicles, microemulsions, multilayered capsules, inorganic frameworks),
macromolecular (e.g., polymersomes, polymer micelles) and biomacromolecular
nanoreactors (e.g., viruses, protein cages) have been investigated in the context of chemical
reactivity and highlighted in several excellent reviews.'® Therein, numerous advantages
have been attributed to the use of synthetic nanoreactors including, among others, the
possibility of tailoring additional functionalities, organization and orientation of solvent,
catalyst and reactant molecules, controllable molecular diffusion, large surface area to
volume ratios and reduction of overheating/concentration effects. Thus, an improved
control over the efficiency and selectivity of reactions carried out in constrained spaces
compared to conventional solution or heterogeneous media has been demonstrated in many
of those examples. Nevertheless, predicting the outcome of a chemical process in a
potential nanoreactor continues being a scientific challenge mainly due to the number of

thermodynamic and interfacial effects that should be considered and rationalized.™

Looking now at the plethora of chemical processes, photocatalysis constitutes
undoubtedly a subject of increasing technological and economic importance owed to its

critical role in many of today’s energy and environmental concerns. Also here, the

" Compounds 10 and 12 in Figure 1 have been prepared by A. Hohenleutner. Compound 15 in Figure 4 has
been prepared both by A. Hohenleutner and J. Bachl. Kinetic data (K.ps) represented in Tables 1-3 and Figure
6 have been cross-checked by B. Dhar. All other experiments were carried out by J. Bachl.
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literature contains numerous investigations directed towards understanding photochemical
processes in nanophotoreactors based on either porous inorganic structures or organized
molecular assemblies (e.g., titania spheres, lipid vesicles, foams, oil-in-water emulsions),
which demonstrate the importance of these studies in the field of materials chemistry.** On
the other hand, soft gel materials** have been also studied as structured reaction vessels

13. 14 although truly biomimetic catalysis® has not yet been

and reusable catalysts,
demonstrated with these materials. In addition, the study of photochemical processes in gel
media, involving embedded reactants that do not participate in the assembly of the
viscoelastic network has been scarcely explored.’® ** In this sense, Bhat and Maitra
published the most relevant study in 2007,*° showing that the photodimerization of
acenaphthylene occurs with higher syn/anti selectivity in bile acid-based hydrogels than in
micellar solutions. Two years later, Shinkai and co-workers reported the selective
photocyclodimerization of anthracene derivatives within an organogel matrix.*’
Eswaramoorthy, George and co-workers have demonstrated that clay-dye hybrid
supramolecular hydrogels can act as efficient light-harvesting soft materials*® to promote
Forster resonant energy transfer.'® Haldar and co-workers have also reported the successful
formation of a charge-transfer complex between a tripeptide-based gelator and picric acid
in gel phase.?’ Very recently, Biradha’s group has described different effects of crystalline
and gel states on the photodimerization of unsymmetrical olefins.?* These few reports
envisage the significant influence that the properties of the gel media and the local

microenvironment may have on the outcome of a photochemical reaction.

From our point of view, the reduced number of photocatalytic studies inside metal-
free gels is leastwise surprising if we consider, for example, that hydrogels and natural
cells (including those where light-driven reactions take place) have been found to share
many features such as dynamic nature, water structuring, exclusion of solutes via phase-
transition, physical consistency, multiple cooperative non-covalent interactions,? and
therefore self-adaptivity.> Motivated by this paradigm and the appearance of new forms of
gel bio-inspired materials with great potential for coacervate domains,?* we aimed here to
gain insights into the impact of different gels on both kinetics and selectivity of flavin-
mediated aerobic photooxidation of benzyl alcohols as model photocatalytic reaction. A
comparative analysis was also made with the reaction performed in homogeneous and

micellar systems.
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2.2. Experimental section

221 Materials

Unless otherwise specified, all reagents, starting materials and solvents (p.a. grade) were
purchased from commercial suppliers and used as received without further purification.
See ESIf for detailed information about instrumentation, synthetic procedures, compounds

and material characterization.

2.2.2 Gelation experiments

In a typical gelation experiment (approach 1), a weighted amount of all the required
components (i.e., gelator, substrate, and catalyst) and the appropriate solvent system (1
mL) were placed into a 4 mL screw-capped glass vial (4.5 cm length x 1.2 cm diameter)
and heated gently with a heat gun until an isotropic solution was formed. In some cases,
sonication of the mixture in an ultrasound bath for 30 s before heating allowed a faster
dissolution of the solids. The resulting homogeneous solution was then allowed to slowly
cool down to RT and left for at least 12 h to ensure equilibration. After this time, the so-
formed soft materials were preliminary classified as “gels” if they did not exhibit
gravitational flow upon upside-down the vial. The gel state was further confirmed by
oscillatory rheological measurements. The gels were kept overnight in the dark for
stabilization purposes before irradiation. Experimental details on other strategies
(approaches II and III) are given in ESIf.

2.2.3 Typical procedures for catalytic photooxidations

Each experimental data point used for kinetics calculations represents the average value

from at least two randomized measurements.
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Representative reaction in homogeneous solutions

Riboflavin tetraacetate (RFT) (10.9 mg, 0.02 mmol) and 1-(4-methoxyphenyl)ethanol (1)
(30.4 mg, 0.2 mmol) were placed into a conical flask and the mixture diluted with
H,O/DMSO or CH3CN to reach a total volume of 40.0 mL containing 2% (v/v) DMSO.
The mixture was stirred for 30 min in the dark to allow complete solubilization of both the
catalyst and the substrate under aerobic conditions (without additional saturation with
0,).2° Thiourea (0.5 mM) was used in some experiments as electron-transfer mediator to
enhance reaction rates in CHsCN solutions (Table 1).2° The homogenous solution was split
into several plastic-capped vials (4 cm length x 1.9 cm diameter; total volume of solution =
1 mL) equipped with a magnetic stirring bar. The reaction mixture was irradiated during
the desired time under stirring (250 rpm) by means of a light-emitting diode (LED) (Amax =
440 nm, 3 W). The vial was placed vertically above the aperture of the LED and the
temperature of the mixture was held at 20 = 1 °C during the experiments via a custom
made cooling apparatus (see ESI). Work-up for reactions made in aqueous solutions:
Reaction mixtures were diluted with brine (5 mL) and extracted with CH,Cl, (5 x 5 mL).
The combined organic phases were dried over Na,SQO,, filtered and the solvent was
evaporated under reduced pressure (< 250 mbar). The obtained residue was redissolved in
CDCl3 (0.7 mL) for subsequent NMR analysis. Work-up for reactions made in CH3;CN
solutions: Solvent was directly evaporated to dryness under reduced pressure and the
residue redissolved in CDCl3 (0.7 mL) for NMR analysis.

Representative reaction in micellar solutions

RFT (10.9 mg, 0.02 mmol), 1 (30.4 mg, 0.2 mmol) and sodium deoxycholate (11)*" (199
mg, 480 mmol) were placed into a conical flask, diluted with H,O (40.0 mL total volume)
and the mixture stirred for 3 h in the dark to allow micelle formation and solubilization of
both the catalyst and the substrate (resulting concentrations in the micellar solution: 11 =
12.0 mM, RFT = 0.5 mM, 1 = 5 mM). The homogeneous solution was then split into
several sample vials (4 cm length x 1.9 cm diameter; total volume of solution =1 mL) and
submitted to LED irradiation (Amax = 440 nm, 3 W) under stirring at 20 + 1 °C (see ESIY).
After irradiation, the samples were diluted with brine (5 mL), and extracted with CH,Cl, (5
x 5 mL). The combined organic phases were dried over Na,SOy, filtered, and concentrated.
The obtained residue was redissolved in CDCI3 (0.7 mL) for NMR analysis or in iPrOH (1
mL) for HPLC-analysis after filtration through a PTFE filter.
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Representative reaction in gel media

RFT (50 puL from a 0.01 M solution in CH,Cl,) and 1 (50 uL from a 0.1 M solution in
CH,Cl,) were added to a 5 mL sample vial (4 cm height, 1.9 cm diameter) containing the
specified amount of the respective gelator. The solvent was then allowed to slowly
evaporate, and the mixture diluted with the appropriate solvent system for gelation (1 mL).
The gels were prepared as described above. Alternatively, the gelator was weighed into a
vial and 1 (50 pL from a 0.1 M solution in CH,CI,) was added. After evaporation of the
solvent, resuspension of the mixture and gel formation, RFT (50 puL from a 0.1 M solution
in CH,Cl,) was carefully added on top of the gel and allowed to diffuse overnight. After an
equilibration period (12 h), the samples were submitted to LED irradiation (Amax = 440 nm,
3 W) at 20 £ 1 °C (see ESIt). For kinetics calculations, irradiation was stopped after a
certain time and the gels dissolved by dilution, heating, and mechanical agitation. The
solutions of the destroyed gels were extracted with CH,Cl, (5 x 5 mL). The combined
organic phases were dried over Na;SO,, filtered, and evaporated. The residue was
redissolved in CDCI3 for NMR analysis or in iPrOH for HPLC-analysis as described for

micellar systems.?®

2.3. Results and discussion

Flavin cofactors such as riboflavin (vitamin B2), flavin adenine mononucleotide (FMN),
and flavin adenine dinucleotide (FAD) are well known as versatile catalysts in both one-
electron and two-electron redox processes, playing a key role in a number of light-
regulated biological processes.?® Moreover, riboflavin-based organocatalysis has recently
gained much attention as a green and economic alternative to the corresponding metal-
catalyzed reactions.*>® For this investigation, we selected 1-(4-methoxyphenyl)ethanol(1)
as a model activated substrate to study its photo induced oxidation in different media upon
irradiation with blue visible light (Amax = 440 nm) in the presence of RFT as non-toxic
photocatalyst and aerial O, as terminal oxidant (Scheme 1). As it occurs with other flavin-

derivatives, RFT-mediated photooxidation of benzyl alcohols®: % 343

takes advantage of
the increased oxidation power of the chromophore in its oxidized state (RFTo) upon
excitation by visible light.?® In the presence of an electron-donor (e.g., benzyl alcohol),

triplet-excited RFT,x undergoes a subsequent two-electron reduction and protonation to
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generate the corresponding dihydroflavin (RFTeq). Finally, RFTq is rapidly and
stoichiometrically reoxidized to RFT o by aerial O, yielding H,0; as the sole byproduct.*®

OH

H
E\'//
NH
H20;

1
0
0 N o
oallD ve:
~0 N \N/&O
2 AcO.
RFT,,
A0~ 0pc
AcO
A =440 nm

Scheme 1 Catalytic cycle of aerobic photooxidation of 1 under blue visible light catalyzed by RFT.

In order to draw meaningful comparisons, the reaction Kinetics was first studied in
homogeneous and micellar solutions as a reference scenario, and subsequently in several
gel systems including those made from low-molecular-weight (LMW) and biopolymer-
based gelators. Both aqueous and organic environments were also considered in this
investigation. All reactions were performed under aerobic conditions using commercially
available LEDs with emission maximum centered at Amax = 440 nm as light source, which

corresponds roughly to the longest wavelength absorption maximum of RFT .

2.3.1. Photooxidation in homogeneous and micellar solutions

For comparative purposes, the maximum catalyst loading (i.e., 10 mol%) in these
experiments was chosen based on the ability of the gel systems to integrate the catalyst
without mayor disruption of the fibrillar gel network (vide infra). Under these conditions,

92



Organophotocatalysis in nanostructured soft gel materials as tunable reaction
vessels: Comparison with homogeneous and micellar solutions

the kinetics of the reaction was studied in both aqueous and CH3CN solutions (Table 1,
entries 1-5).%® Apparent first order rate constants (kops) Were estimated from the slopes of
In[1] against time plots.*® In agreement with previous observations made by some of us,?
26 almost complete conversion of 1 into ketone 2 upon irradiation with blue visible light
was achieved without formation of byproducts* within 30 min in aqueous stirred solution,
whereas only 5% conversion was reached in CH3CN after the same reaction time.? Thus,
the catalyst activity (average TOF) resulted 33-fold higher in aqueous than in CH3CN
solution under comparable conditions (Table 1, entry 1 vs 3). As expected, the addition of
thiourea (0.5 mM) as proton transfer mediator for the first reaction step caused a
remarkable enhancement of the photooxidation rate in CH3CN by a factor of ca. 12 under
the conditions described in Table 1 (entry 3 vs 4), although catalyst deactivation was

observed after 40 min (ca. 50% conversion).? 2

Table 1 Kinetic parameters of RFT-catalyzed photooxidation of 1 in homogeneous and micellar solutions,
and effect of stirring®

1 RFT U NaDC IT conversion TOF k t
entry solvent sys’[emb s ! ] [ru] : ] TON o V2
(mmolL™) (mol%) (mmolL™) (mmolL™) (min) (%) (min?)  (x 10° min) (min)
1 H,O/DMSO* 5 10 30 100 10.0 0.33 154.2+7.71 4.5+0.21
2 H,0/DMSO®¢ 5 10 90 100 10.0 0.11 37.3+£0.78 18.6+0.38
3 CH;CN 5 10 240 25 25 0.01 1.3+0.07 533.2+2.86
4 CH;CN 5 10 0.5 120 69 6.9 0.06 15.5+0.57 44.7+1.59
5 CH4CN¢ 5 10 0.5 240 43 43 0.02 2.6+0.07 266.6+6.99
6 H,O 5 10 12.0 20 100 10.0 0.50 251.9+9.33 2.8+0.10
7 H,0° 5 10 12.0 90 100 10.0 0.11 60.6+3.47 11.4+0.62

# Reaction conditions: T = 20 + 1 °C; light source = LED blue visible light (Amax = 440 nm, 3 W); stirring at
250 rpm unless otherwise indicated. Abbreviations: RFT = riboflavin tetraacetate; TU = thiourea; NaDC =
sodium deoxycholate = 11; IT = irradiation time; TON = turnover number (catalyst productivity); TOF =
turnover frequency (catalyst activity); ko,s = rate constant; ty, = half life. Square brackets refer to
concentration. ® Total solvent volume = 1 mL. © 2% (v/v) DMSO was here necessary for complete
solubilization of all components. ¢ Reactions carried out without stirring. ¢ Reaction conversion over time for
kinetics calculations was determined by 'H NMR analysis. Estimated error = + 1.5%. For additional

catalyst/substrate molar ratios, see ESIt.
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On the other hand, previous investigations have demonstrated that performing
photochemical reactions in the presence of bile salt micelles could significantly alter their
course and selectivity.** ** For this reason, and considering the wide use of bile salts also as
LMW gelators,** we additionally performed the above reaction as comparative control in
micellar solutions of sodium deoxycholate (NaDC) (Table 1, entries 6-7). Micellar
medium was prepared by adjusting the concentration of NaDC to 12 mM as previously
described.?’ In this case, the micellar medium allowed complete solubilization of both the
substrate and the catalyst without the need of organic co-solvents like DMSO, achieving
quantitative conversion within 20 min under stirring conditions. Thus, the micellar medium
caused a modest enhance of the rate constant (ca. 1.6-fold increase) in comparison to that
in H,O/DMSO solution.

Nevertheless, it is important to remark that the catalyst activity in the above media
underwent a 3-6-fold drop when carried out without moderate stirring (Table 1, entries 2, 5
and 7), which is in good agreement with previous observations® and suggests the existence
of non-homogeneous microphases and a more complex nature of the Kinetics. Moreover,
HPLC analysis of the reaction mixture showed that the chiral microenvironment provided

by NaDC did not induce any enantioselective oxidation of (+) 1.2

2.3.2. Photooxidation in gel media

In principle, we could expect both diffusion-controlled and electron-transfer processes to
be altered within viscoelastic gels due to constrained molecular mobility and light
scattering phenomena.”> However, among a number of potential advantages of gel
materials as reaction vessels,'® their two-phase nature and highly solvated 3D-network
could facilitate the separation of catalysts and products, provide a much higher
accessibility of small reactants in comparison to other heterogeneous catalysts, and/or
promote different orientations of the chromophore.

In this work we considered three different strategies in order to assess the actual
potential of nanostructured soft gel materials as tunable reaction vessels for the RFT-
catalyzed photooxidation of 1 under irradiation with blue visible light: Use of systems with
the photocatalyst physically entrapped into the gel matrices (approach I); systems where
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the photocatalyst is covalently attached to a complementary gelator structure (approach 11);
and bicomponent gelator systems, in which one of the complementary partners needed for

building the 3D gel network is the own photocatalyst (approach IlI).

* Approach I: For this strategy we considered a number of known bio-based polymers (i.e.,
Figure 1: methylcellulose (3), k-carrageenan (4), gelatin (5)), and LMW gelators (i.e.,
Figure 1: compounds 6-12) with distinctive properties in order to evaluate their possible
effects on both selectivity and reaction kinetics. In the case of NaDC (11), the micellar
concentration was ca. 4-fold increased to reach the minimum gelation concentration
(MGC, 48.25 mM).
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Fig. 1 Library of structurally diverse gelators used to study RFT-catalyzed photooxidation of 1 in gel media
(approach I).
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All compounds could form stable hydrogels under different conditions, except bisamide 7
that was selected as a versatile organogelator for comparison with the less efficient
reaction in CH3CN solutions. Moreover, chiral hydrogelators were selected in order to
investigate also any possible enantioselective recognition of the racemic substrate enabled
by attractive forces with the self-assembled fibers. Such possible interactions*® may
provide regions of lower polarity within a chiral environment, in which photosensitizers
and/or substrates with moderate water-solubility could be preorganized in a selective
manner.*”* In principle, a similar reasoning could be also made for the approaches Il and
Il.

Initially, a series of experiments were necessary to define the conditions (e.g.,
concentration of components, solvent system) to entrap both the catalyst and the substrate
into the gel matrices without causing major disruption of their microstructure and
viscoelastic properties. As shown in Figure 2, the relative opacity of the pure gels was also
preserved upon incorporation of RFT and 1. In general, the opacity of the materials made
from gelators 7-10 suggested the formation of aggregates smaller than the visible
wavelength range. The use of a custom made cooling apparatus (see ESIT) was especially
important for the kinetics experiments under LED irradiation (Amax = 440 nm, 3 W). Thus,
a constant reaction temperature far below the gel-to-sol phase transition temperatures (Tger)
was ensured to prevent disruption of the organized self-assembled fibrillar networks by a
thermal shock and further melting of the gels. The stability of the bulk materials upon
doping and irradiation was confirmed by the absence of visible liquid phase, as well as FT-
IR analyses before and after irradiation. In general, the spectra showed no significant
modification of the H-bonding pattern (e.g., amide I at v = 1638-1740 cm™, amide I at v =
1525-1635 cm™, H-bound OH stretching at v = 3315-3335 cm™) after doping the materials
(under optimized concentrations), and during irradiation.?’ Furthermore, the absorption
properties of RFT were in general maintained upon incorporation into the gel matrices as
demonstrated by UV-vis spectroscopy.?® Minor disruption of the nanostructures was also
confirmed by electron microscopy imaging (vide infra).”® We were delighted to observe
that RFT-catalyzed photooxidation of 1 proceeded, under the above conditions, with
conversions in the range 23-100% (Table 2). Regardless the reaction media, control
experiments carried out in the absence of RFT or light irradiation (Amax = 440 nm)
showed no conversion of substrate 1. In addition, quantitative analysis of different sections

of gel samples demonstrated a reasonably homogeneous distribution of the reaction
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product, which was in agreement with the intrinsic dynamic nature of the gels and a
relatively uniform irradiation along the bulk materials.?® However, it should be noted that
potential gradient of light intensity in the case of larger reaction volumes could influence
catalyst activation. As expected for diffusion-controlled processes, photooxidation rates of
1 in hydrogel media were on average 10-20-fold lower than those in stirred solution, but
only 1-3-fold lower under non-stirred conditions, which represents to some extent a more

similar scenario to the reactions inside the gels.

Gelators used to prepare the gels
3 4 5 6 7 8 9 10 1 12

Fig. 2 Photographs of upside-down vials containing stable gels prepared with each gelator (i.e., 3-12) at
given concentration (see Table 2) in the absence and presence of substrate 1 (5 mM) and RFT catalyst (10
mol%) using 1 mL of solvent (optimized conditions). The bright yellow color is derived from the catalyst.
Solvent used in each case: [3-5, 8-9] = H,0; [6] = H,O/DMSO (95/5 v/v); [7] = CH3CN; [10] = 0.5 M NaCl;
[11] = phosphate buffer; [12] = H,O/AcOH (80/20 v/v). Note that compounds 6, 10, 11 and 12 did not form
stable hydrogels in pure water. Bottom: Example of fluorescent hydrogel made of 12 under visible and UV-
light.
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Only hydrogels made of bile salt-based gelator 10 in 0.5 M NaCl (Table 2, entry 9)
resulted inefficient as reaction vessels (i.e., conversion < 5%), probably due to the
sensitivity of the excimer fluorescence towards microenvironmental changes. On the other
hand, one of the most surprising and interesting results was the rapid reaction observed in
the organogel made of bisamide gelator 7 in CH3CN (Table 2, entry 6). In contrast to the
reaction carried out in CH3CN solution, the gel environment not only prevented
deactivation of the catalyst, but also afforded full conversion in less than 60 min without
the need of thiourea and stirring. This result suggests the existence of favorable
interactions between gel fibers and substrate and/or catalyst, and will constitute the focus
of a further detailed study. A potential role of secondary amides as proton transfer
mediators, similar to thiourea, in solvents like CH3CN?® was disproved in control

experiments.?

As it occurs in solution, some of the doped gels showed significant bleaching
during irradiation at Amax = 440 nm due to photo degradation of the RFT catalyst.”° In the
case of translucent gels, such process could be easily confirmed by UV-vis spectroscopy
(Figure 3). Visual monitoring of the degree of bleaching during the experiments was in
good agreement with the decrease of the reaction rate and stagnation of the process after

certain irradiation time.?®
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Fig. 3 Evolution of the UV-vis spectrum of the doped gel made from gelator 3 during irradiation with LED
blue visible light (Amax = 440 nm, 3 W). Signals at A = 373 and 445 nm are characteristic of the RFT
catalyst. Note that time values in the spectra do not correlate to real bleaching rates observed during kinetics

experiments due to different light pathways. For additional details and examples, see ESIT.
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Table 2 Kinetic parameters of RFT-catalyzed photooxidation of 1 in different gel media under optimized

conditions®
entry gelator solvent [gelator] [1] [RFT] IT conversion TON TOF Kobs 2
System systen” (% wiv) (mmolL™) (mol%) (min) (%)° (min) (x 10 min?) (min)
1 3 H,O 5.0 5 10 120 83 8.3 6.9 17.3+0.07 40.1+0.16
2 4 H,O 2.0 5 10 120 90 9.0 7.5 20.8+0.49 33.3+.78
3 3+4¢ H,O 2.0 5 10 120 96 9.6 8.0 28.2+2.76 24.6+2.19
4 5 H,O 15 5 10 120 76 7.6 6.3 12.3+0.42 56.4+1.86
5 6 H,O/DMSQ? 0.3 5 10 120 23 2.3 1.9 2.7+0.21 256.7+18.53
6 7 CH;CN 0.5 5 10 60 100 10.0 16.7 72.6+8.34 9.6+0.98
7 8 H,O 3.0 5 10 120 70 7.0 5.8 11.0+0.07 63.0+0.40
8 9 H,O 3.0 5 10 120 69 6.9 5.8 11.5+0.57 60.3+2.85
9 10 0.5 M NaCl" 2.0 5 10 360 14 1.4 0.4 0.5+0.07 1386.3+19.4
10 11 PBS' 2.0 5 10 120 55 55 4.6 19.3+3.18 35.9+5.08
11 12 H,O/AcOH! 2.0 5 10 120 100 10.0 8.3 19.7+0.64 35.2+1.11
12 15+11° PBS' 2.0 5 10 120 54 54 4.5 18.7+0.07 37.1+0.14
13 RFT+16' H,O 35 5 10 480 63 6.3 13 13.5+1.48 51.3+5.07

& Reaction conditions: T = 20 + 1 °C; light source = LED blue visible light (Amax = 440 nm, 3 W).
Abbreviations: RFT = riboflavin tetraacetate; IT = irradiation time; TON = turnover number (catalyst
productivity); TOF = turnover frequency (catalyst activity); ko,s = rate constant; t;, = half life. Square
brackets refer to concentration. ® Total solvent volume = 1 mL. ¢ Reaction conversion over time for kinetics
calculations was determined by 'H NMR analysis. Estimated error = + 1.5%. ¢ Weight ratio = 1:1. ¢ Molar
ratio of gelator system [15 : 11] = 1 : 96.5. " Molar ratio of gelator system [RFT : 16] = 1 : 1. ¢ Volume ratio
= 95/5. " Although these gels could be also formed in the presence of up to 20% of organic solvents such as
MeOH or DMSO, no enhancement of the conversion was observed. ' Phosphate buffer solution, pH 7.5.
Volume ratio = 80/20.

It is also worth to mention that both LMW and polymer gelators could be easily recovered
(i.e., 92-98% of the original weight) after the photochemical reaction and reused for further
experiments without any appreciable deterioration of the gelation ability and
photoconversion rates. The purity of recycled materials was confirmed by ‘H NMR

spectroscopy. In general, recycling experiments in the case of hydrogels involved

99



Organophotocatalysis in nanostructured soft gel materials as tunable reaction
vessels: Comparison with homogeneous and micellar solutions

lyophilization, liquid-solid extraction of the corresponding xerogels, and drying under
vacuum. In the case of organogels, the first two steps were replaced by solvent evaporation
and subsequent recrystallization of the gelator.?® On the other hand, it should be considered
that, in contrast to other immobilized flavins,? the use of doped photoluminescent xerogels
(produced from the corresponding doped gels by the freeze-drying method) is not
appropriate for the purposes of this work due to visible leaching of the RFT catalyst when
swollen in aqueous or organic solutions (even under non-stirred conditions), and in

sufficient amounts to catalyze the reaction.?

* Approach II: In order to gain additional insights into the effects of the gel-like
microenvironment of the chromophore on the catalytic activity, we also explored a second
strategy based on flavin-based catalysts covalently tethered to a complementary gelator
structure. In principle, such systems may provide a different catalyst-gel network interface
compared to the previous non-covalent approach, which could have an impact on the

catalytic process.

ClH3 N
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Fig. 4 Synthesis of catalyst 15 and hydrogel formation upon being co-assembled with gelator 11 (approach
I1). Substrate 1 was incorporated into the gel for comparative kinetic experiments as described in Table 2.

Herein, we synthesized conjugate 15 by EDC-coupling of cholic acid (13) and flavin
derivative 14 bearing an ethylene linker with a primary amine (Figure 4). Although 15 did
not present gelation ability, its design allowed further co-assembly with structurally related

gelator 11 (sodium deoxycholate) under adequate concentrations in order to obtain stable
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hydrogels. UV-vis and fluorescence spectra of this hybrid showed no shift of the
characteristic absorption and emission bands, respectively, in comparison to the solution
state. In terms of scope, this behavior was also found with alternative conjugates (e.g., [15
+ 12]).%® Therefore, although no firm conclusions could be drawn regarding the
hydrophobicity of the chromophore environment in the gel matrix, preservation of the
spectroscopic properties made this type of hydrogels also suitable as reaction vessel for
testing the photooxidation of 1. However, at least in our case, the expected better
organization of the catalyst within the gel network defined by gelator 11 did not show a
significant effect on the photooxidation rate (Table 2, entry 12 vs 10).

* Approach I1I: Finally, photooxidation of 1 was also studied using gel-based materials in
which the flavin-based catalyst was forming part, as an indispensable component, of the
supramolecular gel network. This approach was inspired in a recent report from Nandi and
co-workers, in which the formation of a highly fluorescent H-bounded complex between
riboflavin and 6-methyl-1,3,5-triazine-2,4-diamine (16) (1:1 molar ratio) was described to
prepare a stable hydrogel.” We found that riboflavin could be also exchanged by RFT
(Figure 5) to form an analogous hydrogel, which was more appropriate as a model medium
for our studies. Interestingly, the use of RFT instead of riboflavin allowed the formation of
hydrogels with higher thermal-mechanical stability, and without significant bleaching even
after 2 h of irradiation.”® In general, the results obtained with this system (Table 2, entry
13), even at much higher catalyst loading, showed ca. 4-6-fold reduction of the catalyst
activity in comparison to the values obtained using the approach 1.2% Thus, the degree of
participation of the photocatalyst in the construction of the gel network resulted inversely
correlated to its catalytic activity. Kinetic studies revealed a lower reaction conversion
even under 4-fold increased irradiation times (i.e., 63% conversion after 480 min), which
could be explained by unfavorable substrate-catalyst interactions, significant restricted
diffusion of reagents and/or hindered excimer formation.

Control experiments were done with related hydrogels made of riboflavin or RFT
and salicylic acid instead of acetoguanamine. In these cases, the different H-bonding
moieties caused quenching of photoluminescence due to a less efficient formation of a
hydrophobic core based on p-stacking interactions, which seems to be responsible for the
stabilization of the excited state by resonance.”® As a consequence, the photooxidation of 1

was completely inhibited in these hydrogels,?® pointing out the importance of the specific
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H-bonding pattern (involving the isoalloxazine moiety of the riboflavin catalyst) in this

approach.

Fig. 5 Bicomponent supramolecular hydrogel made of an equimolar mixture of RFT and 16 (approach I11).

Substrate 1 was incorporated into the gel for comparative kinetic experiments as described in Table 2.

A comparative analysis of the first-order kinetics plots?® (Figure 6) clearly demonstrated
the possibility of fine-tuning the photooxidation kinetics (i.e., kops range ~ 0.005-0.073 min’
1) depending on the characteristics of the gel media (see next section for extended
discussion). In addition, it should be noted that both substrate enantiomers were equally
photooxidated, as confirmed by HPLC,? in all gel media tested in this work. This result
suggests the absence of favored hydrophobic interactions between one specific enantiomer

and the corresponding gel network.

~— gelator 10
~— gelator 6

V% gelator 8
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Fig. 6 First-order Kkinetics plots of RFT-catalyzed photooxidation of 1 in different gel media according to
selected entries in Table 2. Each data point represents the average of two independent measurements.
Abbreviations: Cinfi = final concentration, at infinite time; Ct = concentration at a given time t; CO = initial

concentration, at t = zero time.

102



Organophotocatalysis in nanostructured soft gel materials as tunable reaction
vessels: Comparison with homogeneous and micellar solutions

Gel properties and relationships with kinetics

Mechanical, thermal, morphological and aeration efficiency of all gels were studied as part
of their characterization, and to identify any underlying connection with the reaction
kinetics (Table 3). Thus, oscillatory rheological experiments confirmed the viscoelastic
nature of all systems, showing an average storage modulus (G') with low dependence on

the frequency (i.e., G' ~ %0

), and at least one order of magnitude higher than the loss
modulus (G") within the linear regime.?® The higher internal resistance was observed for
some biopolymer-based hydrogels (Table 3, entries 2, 4 = gelators 4, 5) according to the
lower loss factors (tan 6 < 0.1). Interestingly, similar damping properties were also found
for the bicomponent supramolecular hydrogel (Table 3, entry 13 = gelator [RTF + 16]),
whereas other LMW hydrogels were slightly weaker (Table 3, entries 5, 8-9 = gelators 6,
9, 10). In contrast, methylcellulose, some bile acid and serine based LMW gelators (Table

3, entries 1, 7, 10-11 = gelators 3, 8, 11, 12) presented poorer mechanical strength.

In general, the same tendency was observed after incorporation of reagents (under
optimized concentrations) into the gel matrices, albeit with a certain detriment of the
thermal stability. For instance, the decrease of the Tg value upon doping was in general
relatively small (ATgel ~ 5-15%) suggesting preservation of the global gel structure, which
was further confirmed by field emission electron scanning microscopy (FESEM).?® The
only exception was found with the hydrogel made of cystine-based gelator 6 (ATge ~ 42%),
which was also found useless as reaction vessel. If necessary, a possibility to compensate
the thermal destabilization of the gels after doping would be to enhance the gelator
concentration, which in some cases could be 4-foldincreased without causing major

changes on the rate constants.

Figure 7 provided some insights on the microstructure of the different gel systems.
Interestingly, well-defined and entangled fibrillar networks were in general associated to
lower reaction rates in the case of LMW hydrogels (kos < 0.005 min™; e.g., Figures 7d,
7h), whereas extended or wrinkled laminated structures with visible porosity or secondary
clusters seemed to favor the reaction in both LMW and polymer gels (0.005 min™ < Kops <
0.03 min*; e.g., Figures 7a, 7c, 7f, 7j-1). The only exceptions to the rule were the fastest
kinetics observed in the densely packed fibrillar organogel made of 7 (Figure 7e), and the

relatively slow reaction in the hydrogel made of 11 in PBS (Figure 7i). Nevertheless, one
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should be very prudent regarding specific conclusions based on SEM images, as solvation
21,52

in the gel phase may modify the structural packing in comparison to the dried state.

Fig. 7 Selected FESEM images of xerogels prepared by the freeze-drying method from the corresponding
doped gels (i.e., prepared in the presence of substrate/catalyst under optimized conditions as described in
Table 2). Gelator concentrations are given in parentheses: A) xerogel made of 3 (5% w/v); B) xerogel made
of 4 (2% wi/v); C) xerogel made of 5 (1.5% w/v); D) xerogel made of 6 (0.3% w/v); E) xerogel made of 7
(0.5% wiv); F) xerogel made of 8 (3% wi/v); G) xerogel made of 9 (3% wi/v); H) xerogel made of 10 (2%
w/v); 1) xerogel made of 11 (2% wi/v); J) xerogel made of 12 (2% wi/v); K) xerogel made of [15 + 11] (2%
w/v); L) xerogel made of [RFT + 16] (3.5% w/v). See ESIt for additional images of both pure and doped
gels.

Finally, although material rigidity could not be directly associated to product yield, the
lower conversions were obtained in LMW gels of relatively high strength (e.g., Table 3,
entries 5, 9). However, contrasting results obtained with other LMW and polymer gels
(e.g., Table 3, entries 1, 8, 11) suggested the influence of more complex variables
connected to the diffusion of reagents and/or excimer formation. Indeed, a reasonably good
correlation was found between reaction rates and the aeration efficiency of most of the gels
before saturation. This may be in agreement with better availability of O, molecules for the
photocatalytic cycle inside the materials. This trend was typically observed for both LMW
and polymer gels when they were considered separately, suggesting a multivariate
dependence of the aeration phenomenon. Thus, an increase of the aeration efficiency was
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generally accompanied by an increment, albeit not proportionally, of both conversion and

reaction rate.?

Table 3 Representative thermo-mechanical properties and aeration efficiency of gels used as reaction vessels
for RFT-catalyzed photooxidation of 1.2

entry gelator solvent G' G" s Tgel (£2°C) Tgel (x2°C) AZ:)E::JH conv. Kobs
system system (Pa)° (Pa)° (pure)® (doped)? @) (x10°min)
(Srl)e
1 3 H.0 11939 8164 0.64+0.33 34 31 0.041 83 17.3:0.07
2 4 H.0 24711338 192431 0.08+0.03 51 43 0.066 90 20.8+0.49
3 3+40 H.0 1549246 245248 0.16£0.04 38 36 0.069 96 28.2+2.76
4 5 H.0 166+31 63 0.0420.02 53 46 0.029 76 12.3:0.42
5 6 H,ODMSO? 110201483 1494231  0.14:0.04 7 42 0.047 23 2.7:0.21
6 7 CH4CN 26229+868 52071180  0.20:0.04 80 72 0.093 100 726834
7 8 H.0 16292748676 729694511  0.45:0.02 57 53 0.051 70 11.0£0.07
8 9 H.0 320206:22091  82532:1403  0.140.01 91 78 0.066 69 1154057
9 10 0.5MNaCI"  28995:1371 2809+151  0.12:0.03 98 93 0.034 14 0.5:0.07
10 1 PBS' 293+24 24022 0.85£0.03 56 47 0.050 55 19.3:3.18
1 12 H,O/ACOH! 235:21 85£21 0.3620.06 64 53 0.065 100 19.7:0.64
12 154110 PBS' 19661 160£47 0.82£0.01 56 49 0.057 54 18.7+0.07
13 RFT+6 H.0 218034052 173417 0.08+0.02 92 79 0.052 63 13.5+1.48

2 See ESIT for additional information. ® Average values calculated from randomized DTS (dynamic time
sweep) experiments carried out within the linear viscoelastic regime as defined by DFS (dynamic frequency
sweep) and DSS (dynamic strain sweep) measurements. Conditions: Frequency = 1 Hz, strain = 0.1%,
temperature = 25 °C. © Gels prepared in the absence of substrate and catalyst, using the gelator concentration
shown in Table 2. ¢ Concentration values: Substrate 1 (doped gels) = 5.0 mmol L™, RFT catalyst (doped
gels) = 10 mol%, total solvent volume = 1 mL, and gelator concentration as defined in Table 2. Irradiation
time = 120 min, except for the organogel made in CH3CN (entry 6) that was 60 min. All Ty values were
determined by IFM. ® Aeration coefficient determined using dissolved oxygen microelectrode at T = 23 + 1
°C and a constant air flow rate at 0.06 bar. Estimated error = + 3 x 10 s™*. Note that this coefficient does not
represent a measurement for the reaction rate within the bulk material.  Reaction conditions: Light source =
LED blue visible light (Anex = 440 nm, 3 W); T = 20 £ 1 °C. Reaction conversion over time for kinetics
calculations was determined by *H NMR analysis. Estimated error = + 1.5%. ° Weight ratio = 1:1. " Molar
ratio of gelator system [15 : 11] = 1 : 96.5. ' Molar ratio of gelator system [RFT : 16] =1 : 1. Volume ratio =
95/5. ¥ Phosphate buffer solution, pH 7.5.' Volume ratio = 80/20. Abbreviations: G' = storage modulus; G" =

loss modulus; tan ¢ = loss factor; conv. = conversion; kg,s = rate constant.
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2.4. Summary and conclusion

The foregoing results demonstrated that both micellar and soft gel media, including LMW
and biopolymer-based gels, may serve as tunable reaction vessels for the RFT-catalyzed
aerobic photooxidation of 1-(4-methoxyphenyl)ethanol (1) under LED blue visible light
irradiation (Amax = 440 nm). Photooxidation rates of 1 in hydrogel media were on average
10-20-fold lower than those in stirred solutions, but only 1-3-fold lower under non-stirred
conditions. Moreover, the gelators could be recycled without detriment of their gelation
ability and reaction conversion. Detailed kinetics studies confirmed first-order rates and the
possibility to be fine-tuned according to the characteristics of the confined media. In
general, physical entrapment of both the catalyst and the substrate under optimized
concentrations into various hydrogel matrices (approach 1) permitted reaction conversions
between 55-100% within 120 min (TOF ~ 0.045-0.08 min™), albeit with kinetics rates ca.
1-3-fold lower than in solution under equivalent non-stirred conditions. Remarkably, in
contrast to the reaction in CH3CN solution, the fibrillar organogel medium made of
bisamide gelator 7 not only prevented photo degradation of the catalyst but also afforded
full conversion in less than 60 min (TOF ~ 0.167 min; ks ~ 0.073 min'l) without the
need of thiourea. Other strategies (approaches Il, IlIl) based on a higher degree of
organization of the catalyst within the gel network led to slower reaction rates in
comparison to the first approach. In addition, despite the presence of a chiral environment
(approaches 1, 1l) both substrate enantiomers were equally oxidized, suggesting the
absence of selective interactions with the fibrillar gel structure. Although no unambiguous
associations could be made between reaction kinetics and morphology of the gels, the
former was generally in good agreement with the relative aeration efficiency of the gel
media. This study constitutes one of the few reports so far dealing with photochemical
reactions inside gels. The comprehensive kinetics analyses and the demonstrated influence
of the local environment may help to design new gel materials as biomimetic nanoreactors

for photochemical transformations.

— Additional information on compound synthesis and characterization, gel

characterization and kinetic experiments can be found in the ESI on the enclosed CD.
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3. Synergistic computational-experimental approach to improve ionene polymer-

based functional hydrogels'

The manifold applications of ionene-based materials such as hydrogels in daily life,
biomedical sciences and industrial processes are a consequence of their unique physical and
chemical properties, which are governed by a judicious balance between multiple non-
covalent interactions. However, one of the most critical aspects identified for a broader use
of different polyelectrolytes is the need of raising their gelation efficiency. In this work, we
focus on surfactant-free ionene polymers 1-3 containing DABCO and N,N’-(x-
phenylene)dibenzamide (x = ortho-/meta-/para-) linkages as model systems to develop a
combined computational-experimental approach to improve the hydrogelation through a
better understanding of the gelation mechanism. Molecular dynamics simulations of isomeric
ionenes 1-3 with explicit water molecules point out remarkable differences in the assembly
of the polymeric chains in each case. Interchain regions with high degree of hydration (i.e.,
polymer---water interactions) and zones dominated by polymer---polymer interactions are
evident in the case of ortho- (1) and meta- (2) isomeric ionenes, whereas domains controlled

by polymer---polymer interactions are practically inexistent in 3. In excellent agreement,

' Reproduced with permission from: J. Bachl, D. Zanuy, D. E. Lépez-Pérez, G. Revilla-L6pez, C. Cativiela,
C. Alemén and D. D. Diaz, Adv. Funct. Mater., 2014, accepted. Copyright 2014 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.
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ortho-ionene 1 provides experimentally the best hydrogels with unique features such as

thixotropic behavior and dispersion ability for SWNTs."

3.1. Introduction

Polyelectrolytes are of fundamental and practical importance since many of them play
critical biological functions in nature.'” Within this type of macromolecules, synthetic
ionenes represent an important subgroup in which the ionic groups form part of the

polymer backbone.*"?

In general, the term refers to polycations carrying quaternary
ammonium as the charged species. From a synthetic point of view, ionenes are typically
accessible either by (1) chain or step polymerization of suitable monomers (e.g.,
Menshutkin reaction between bis-tertiary amines and activated dihalides, self-polyaddition
of aminoalkylhalides) or (2) cationic functionalization of reactive precursor polymers.“’ 12
Since the first synthesis of an ionene more than 80 years ago by Marvel and co-workers,'
' they have been the subject of intensive investigations in diverse fields including
chemistry, biology, physics, medicine and materials science. Such tremendous research
activity has culminated with the development of manifold applications of these
macromolecular materials in daily life, biosciences and industrial processes (e.g., as
antibacterial agents or building blocks for the preparation of chromatography stationary
phases, symplexes or functional gels, among other uses)." The unique physical and
chemical properties of these polymers are the result of a judicious balance between

multiple interactions including hydrophobic, charge transfer and long-ranged electrostatic

interactions. As for all polycations, besides the density and charge distribution along the

" All results related to computational and mechanistic studied as illustrated in Figures 3, 4 and 10 in sections
3.2.2. and 3.2.4. have been conducted by D. Zanuy, D. E. Lopez-Pérez and G. Revilla-Lépez. All other
experiments have been carried out by J. Bachl.
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backbone, the nature of the counterion, the molecular weight, flexibility and H-bonding
capability of the polymer chain are also critical aspects that may markedly influence the
conformation and dynamics of polymer chains. Additionally, their considerable structural
versatility (e.g., achievable via counterion exchange, chemical modification of monomers,
polymerization method) and key features such as electrostatic stabilization of colloids and
tunability of their mechanical properties can be used to induce the formation of stable
polyelectrolyte hydrogels for applications in biomedicine, engineering and food science.'™
' Yet one of the critical technical issues identified for the practical use of a broader range
of organic polyelectrolytes is the necessity of increasing the efficiency of gelation.'’
However, despite numerous efforts to establish structure-property relationships, the
understanding of the gelation mechanism of such complex systems remains a major
challenge. This is mainly due to (1) non-uniform distribution of ionic groups along the
polymer chain,'® ' and (2) the fact that several experimental results are typically poorly
described from a microscopic point of view, which makes difficult the prediction of
gelation properties through simple theoretical models and the rational design of more
efficient gelling agents. In this sense, conversely to other polyelectrolytes, ionenes
constitute ideal systems to study ionic aggregation phenomena since the ionic sites are
precisely situated along the macromolecular unit. On the other hand, theoretical description
of polyelectrolyte hydrogels at the atomistic level is very challenging because of the
conformational complexity of polymer chains, which increases with the number of degrees
of freedom in repeat units, the description of excluded volume interactions involved in
these hydrophilic polymeric networks containing large amounts of water, and the huge
dimensions of the systems necessary to represent these water-swollen ionic aggregates.”
Thus, in spite of the interest in polyelectrolyte hydrogels, the intrinsic complexity of

gelated systems and the significant amount of computational resources needed to describe
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their chemical details and physical properties, have severely restricted their atomistic
modeling. However, in the last few years, computational advances (i.e., parallel computer
architectures and efficient scalability of computer programs) have allowed the study of
some of the most important polymeric hydrogels.?' Because of these recent advances,
approaches combining computer simulations and experimental methodologies are currently
expected to be successful in the rational design of hydrogels with advanced properties.
Herein, we reasoned that using different structural isomers of phenylenediamine as
molecular core for the construction of ionene polymers would lead to different types of
cross-linked networks in water and, hence, potential superior hydrogels. We demonstrate
that a combined computational-experimental approach can be used to rationally design
more efficient ionene hydrogelators in terms of gelation kinetics as well as mechanical and

functional properties of the resulting hydrogels.

3.2. Results and discussion

Hydrogels based on surfactant-free linear ionenes having N,N’-(-para-
phenylene)dibenzamide linkages were first described by Yoshida and co-workers.?
Motivated by the remarkable properties and potential applications shown by these systems,
we envisioned the possibility to develop a combined computational-experimental paradigm
with the aim of enhancing the gelation efficiency of these valuable functional materials.
Among the number of tertiary diamines that can be used as spacers for building the ionenes
we focused for this work on 1,4-diazabicyclo[2.2.2]octane (DABCO), as this moiety has
also proven useful in the development of polycations for other applications such as
template synthesis of porous nanomaterials?’ and gene delivery.?® Our approach takes
advantage of the structural isomerism of the phenylenediamine core (view Figure 1).
Depending on the substitution pattern of the phenyl ring, it is possible to grow the two
polymeric arms of the ionene forming different angles to each other (i.e., &= 60°, 120° or
180°). Such well-defined topological variations not only impact the net dipole moment of
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the polymers but also their inter- and intramolecular interactions, which are expected to
influence significantly the gelation phenomenon. Thus, information provided by advanced
computational modeling of these interactions at the atomistic level combined with
experimental parameters of the ionenes could serve as a versatile and accurate tool to

predict their hydrogelation ability.

OPDA MPDA PPDA

Fig. 1 Phenyl ring substitution angles in phenylenediamine structural isomers: OPDA = ortho-
phenylenediamine; MPDA = meta-phenylenediamine; PPDA = para-phenylenediamine. Different net dipole

moments derive from vector addition of the moments of the respective monosubstituted compounds.

3.2.1. Synthesis and characterization of ionenes

Following the general procedure reported by Yoshida and co-workers, the ionenes 1-3
(view Figure 2) were rapidly synthesized via a two-step reaction sequence. Briefly,
amidation of isomeric phenylenediamines OPDA, MPDA and PPDA with 4-
(chloromethyl)benzoyl chloride in the presence of EtsN in CH,Cl, afforded the
corresponding bis-benzamides (dielectrophilic monomers) in good vyields (87-96%) upon
recrystallization (Scheme S1). Their subsequent step-growth copolymerization with
DABCO (dinucleophilic monomer) under equimolar conditions in DMF at 80 °C gave the
desired polycations 1-3 as precipitates within 2-3 days in good yields (69-98%) after a
simple filtration, washing and drying protocol (ESI). Fundamental structural analyses of
ionenes 1-3 were carried out by NMR, FT-IR, elemental analysis, SEC, TGA, and DSC
measurements (Figures S1-S7). *H-NMR spectra in D,O clearly distinguished the expected
three sets of broad resonances for each pure polymer corresponding to aromatic protons (d
~ 7.1-8.0 ppm), benzylic methylene protons (d ~ 4.1-4.7 ppm), and methylene protons
bonded to quaternized nitrogen atoms (d ~ 2.9-3.9 ppm). In agreement, FT-IR

measurements exhibited broadening of the bands centered at ca. 1650 cm™ (C=0O
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stretching, amide 1) and 3310 cm™ (N-H stretching) in comparison to precursor monomers,
and new resonance features at ca. 980-1130 cm™ associated to C-N* stretching vibration. In
order to achieve adequate solubility and mobility of the polymers for GPC/SEC
measurements (thus, avoiding undesired polymer-column interactions), counteranion
exchange of chloride by bis(trifluoromethanesulfonyl)amide (TFSA) anions was carried
out using LiTFSA in hot water.?® The results for our polymer batches showed dispersity
values (P = M,/M,) ranged from 2.1 to 2.9, which is expected for ionenes made via step-
growth polymerizations and fairly consistent with previous data.’® In principle, the
differences in the observed average molecular weights for a given batch of ionenes (i.e.,
8.1 x 10° Da for 1-TFSA; 1.2 x 10* Da for 2. TFSA,; 1.7 x 10* Da for 3-TFSA, with degrees
of polymerization n < 10), could have a certain impact on the thermal, mechanical and/or

gelation properties (vide infra).

r A
Wi
o >4 o
NH HN o
L 1 o
Cl Cl
LAk

- 0 ““1 0
[".\I cl x N e \__\_\_:__.’-', - N
N H H
N P 2

3

)

-0

b= |

cl o | O
o}

SN G ’”""N"
DR
~NF 3

- -n

Fig. 2 Synthesized DABCO-containing ionene polymers 1-3 with N,N’-(x-phenylene)dibenzamide linkages
(x = ortho-/meta-/para-). A symbolic representation of each ionene is given for ease of reading and

interpretation.

Moreover, the lack of optical birefringence domains under crossed nicols reflected the
isotropic nature of the solid polymers. Simultaneous TGA-DSC analysis of the three

ionenes revealed similar thermal stability with a series of events associated to (1)
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endothermic moisture/solvent loss (weight loss ~ 5-7%, T ~ 78-80 °C) and (2) multi-step
thermal degradation of the polymers. In general, the primary degradation pathway of these
high charge density polymers begins at temperatures around 200-250 °C, which correspond
to the dequaternization (Hofmann elimination) of backbone nitrogens.® Specifically, the
starting degradation temperature for 1, 2 and 3 was estimated from the first endothermic
transition in the DSC traces after solvent loss at ca. 234 for 1 and 254-255 °C for 2-3. In
concordance with the SEC results, the higher starting decomposition temperature observed
for 2 and 3 is attributed to their higher molecular weight (hence, a higher content of
quaternized nitrogen groups) in comparison to 1. These results point out the hygroscopic
and amorphous nature of the polymers, as well as a relative indirect influence of the core
topology on the thermal stability due to the different degree of polymerization obtained
using OPDA, MPDA or PPDA. In this sense, the ionic aggregation is more prevalent when
the molecular weight is higher, and hence more thermal energy is needed to dissociate the

aggregates.

3.2.2. Computational studies

With the aim of using computer simulations as a predictive tool for the hydrogelation of
isomeric ionenes, we performed atomistic molecular dynamics (MD) simulations of 1-3
using molecular models formed by two polymer chains with n = 6 immersed in a
simulation box filled with explicit water molecules. Initially, two identical ionene polymer
molecules were placed at a distance of approximately 9 A. Figure 3 provides representative
snapshots of the simulated systems during the production trajectory (i.e., after
thermalization and density relaxation). Apparently the assembly between the two chains of
1 and 2 is different than that of 3. Thus, although both 1 and 2 show regions between the
two chains with a high degree of hydration, zones dominated by polymer:--polymer
interactions are also evident. In contrast, polymer---water are practically the only
intermolecular interactions in 3, polymer---polymer interactions being very scarce (i.e.,
domains controlled by polymer---polymer are practically inexistent). These observations
are corroborated in Figure 4a, which displays the radial distribution function for pairs of
carbon atoms belonging to different chains, gc.c(r). Thus, the shape of the gc.c(r) profile is
largely influenced by the molecular architecture of the ionene polymers. 2 shows a very
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high and well defined peak centered at 4.2 A reflecting that intermolecular interactions
between two polymer molecules are relatively strong. This peak is less intense but still
prominent in 1, remaining centered at 4.2 A, which is consistent with a slight reduction in
the strength of polymer---polymer interactions with respect to 2. However, 1 shows other
well defined peaks centered at 6.2 and 9.7 A and a shoulder at 8.2 A, which are not
detected in 2, suggesting that the assembly formed by the two polymer chains is very
stable. In contrast, 3 only shows a broad shoulder centered at 5.2 A suggesting that

interactions between the two ionene chains are very weak, or even practically inexistent.

Fig. 3 Representative snapshots of the three simulated systems. The numbers refer to the ionene polymer in
each case. For each case, only the central zone of the simulation box, which contains the polymer chains, is

displayed while the rest has been omitted for the clarity.

Similar conclusions are reached by analyzing the existence of intermolecular
polymer:--polymer hydrogen bonding and m-m stacking interactions. Intermolecular
hydrogen bonds in 1-3 have been examined through the radial distribution functions for
N---O pairs belonging to different chains, gn.o(7), which are represented in Figure 4b. The
peak centered at 3.7 A, which reflects the formation of intermolecular N-H---O hydrogen
bonds, is higher for 2 than for 1, whereas the peak found for 3 is shifted to 4.2 A and
significantly smaller than for the other two systems. Quantitative analysis of the number of

intermolecular hydrogen bonds with a N---O distance < 4 A indicates that this kind of
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interactions are 1.3 and 3.3 times more abundant for 2 than for 1 and 3, respectively. In
order to compare the stability of these interactions, the life time (i.e., amount of time in
which a given interaction remains formed without any disruption) of each detected
interaction has been evaluated. After this, hydrogen bonds have been categorized in n
groups, which reflect the number of interactions (N) with a life time comprised between (n-
1)-500 ps and 7-500 ps. Thus, hydrogen bonds belonging to groups with n=1, 2, 3 or 4
refer to interactions with life times comprised within the following intervals: [0-0.5 ns],
[0.5-1.0 ns], [1-1.5 ns] or [1.5-2.0 ns], respectively. Figure 4c, which depicts N against n
for the three simulated systems, indicate that 46% / 35% / 6% of hydrogen bonds found in
1 show life times higher than 0.5 ns / 1.0 ns / 1.5 ns. In contrast, 91% of hydrogen bonds
detected in 2 display life times lower than 0.5 ns while only 4% of such interactions remain
for a time comprised between 1.0 and 1.5 ns. Finally, hydrogen bonds in 3 are not only
scarce but also relatively unstable (i.e., only 5% exceed 0.5 ns and none reached 1.0 ns).
According to these results, N,N’-(-para-phenylene)dibenzamide linkages affect not only to
the abundance of intermolecular hydrogen bonds but also to the stability of such
interactions. On the other hand, the radial distribution functions calculated for pairs of
centers of masses of aromatic rings belonging to different chains, gxcm-xem (i.€., Xcm refers
to the center of masses of aromatic rings), has been used to explore the possible existence
of intermolecular m-n stacking interactions. As it can be seen in Figure 4d, gxcm-xem Shows
a high and relatively sharp peak centered at 3.9 A for 2, which becomes smaller for 1. The
practically flat profile obtained for 3 suggests that this kind of interactions is very scarce
for polymers with N,N’-(para-phenylene)dibenzamide linkages. According to these results,
the number of intermolecular n-w stacking interactions grows in the following order: 3 <1
< 2. Considering a threshold distance < 6 A, the number of interactions detected for 2 is

2.1 and 4.4 times higher than that found for 1 and 3, respectively. Analysis of the angles
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(0) formed by the planes of two interacting rings led to an average value of 47 + 33°, 26
14° and 67 = 26° for 1, 2 and 3, respectively, evidencing important differences in the
relative orientation of the two aromatic entities. More specifically, m-m stacking
interactions in 2 are essentially dominated by a parallel disposition of the aromatic rings
(i.e., relatively close to the ideal planar configuration with 6 =~ 0°) while rings prefer a
perpendicular arrangement in 3 (i.e., relatively close to the ideal T-shaped configuration
with 0 = 90°). Interestingly, the average angle displayed by 1, as well as its large deviation,
reflects an intermediate situation, suggesting the coexistence of parallel and perpendicular
configurations. Categorization of the n-n stacking interactions according to the life time is
provided in Figure 4e. As it can be seen, the life time of 88% of the interactions found in 2
is lower than 0.5 ns while 72% / 50% / 23% of the n-m stacking interactions detected in 1
show life times larger than 1.0 ns / 1.5 ns / 2.0 ns. Overall these results clearly indicate that
the topological constraints derived from the substitution of the phenyl ring affects very
significantly to the intermolecular interactions pattern (i.e., abundance and stability of both
hydrogen bonds and n-rt stackings), which is also expected to have a large influence on the
gelation phenomenon. The average life times calculated for intermolecular hydrogen bond
/ m-m stacking interactions of 1,2 and 3 are 0.7 /1.7, 0.1 /0.3 and 0.2 / 0.2 ns, respectively.
These averages combined with results displayed in Figure 4 allow us to conclude that the
stability of the assemblies predicted by MD simulations decreases as follows: 1 > 2 >> 3.
On the other hand, the formation of specific hydrogen bonding interactions between the
polymer chains and the explicit solvent molecules has been analyzed snapshot-by-
snapshot. Figure 4e represents the number of water molecules hydrogen bonded to the
amide groups contained in the polymer chains of each system against the number of
analyzed snapshots. As it can be seen, the maximum of hydrogen-bonded waters is 45, 40

and 45 for 1, 2 and 3, respectively, even though such high number is only observed in one
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snapshot. Moreover, only 145, 235 and 154 snapshots are able to retain 10 or more water
hydrogen bonded to the amide groups of 1, 2 and 3, respectively. These results indicate
that the hydration of polymer chains, which is illustrated in Figure 3, essentially occur
through non-specific water- - -polymer interactions. Moreover, the inset displayed in Figure
4e clearly shows that the formation of water---amide interactions is slightly more favored

for 2 than for 1 and 3.
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Fig. 4 Radial distribution functions for the A) C---C and B) N---O pairs of atoms belonging to different
ionene polymer chains. C) Number of N---O hydrogen bonds (N) with life times comprised between 0 and
0.5ns (n=1),0.5and 1.0 ns (n =2), 1.0 and 1.5 ns (n = 3) and 1.5 and 2.0 ns (n = 4). D) Radial distribution
functions for pairs of centers of masses of aromatic rings belonging to different ionene polymer chains. E)
Number of m-n stacking interactions (V) with life times comprised between 0 and 0.5 ns (n = 1), 0.5 and 1.0
ns (n =2), 1.0 and 1.5 ns (n = 3), 1.5 and 2.0 ns (n = 4) and 2.0 and 2.5 ns (n = 5). F) Number of water
molecules involved in hydrogen bonding interactions with the amide groups of the polymer chains against

the number of snapshots (a decreasing order is displayed for the three evaluated systems).
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The temporal evolution of the radius of gyration (R,) has provided qualitative information
of the molecular flexibility of 1-3 (Figure S14). The resulting average R, value *
2-standard deviation is 21.1 + 3.56 A, 27.8 + 4.36 and 35.8 £ 2.81 A for 1, 2 and 3,
indicating that the flexibility grows in the following order: 3 < 1 < 2. Evaluation of the
hydrodynamic radius (Ry) leads to similar conclusions, the average value being 21.5 £ 1.5
A, 24.6 £2.0 and 28.8 + 1.2 A for 1, 2 and 3, respectively. Correlation of these structural
parameters with the intermolecular interactions discussed above allows us to predict that
the ability to form polymer assemblies increases with the molecular flexibility, which in
turn is directly related with the structural isomerism of the phenylenediamine core.
However, the stability of the formed polymer assemblies is also significantly affected by
the molecular flexibility, as is clearly evidenced by the analyses of the residence times.
More specifically, although 1 shows less intermolecular interactions than 2, the molecular
flexibility of the latter perturbs their strength and stability, which are weaker than those of
1. Accordingly, the hydrogelation capacity is controlled by the density of intermolecular
interactions, which allows to discriminate 3 with respect to 2 and 1, and also by the
stability of such interactions, which is significantly higher for 1 than for 2. In order to
examine the reliability of the studied models, additional simulations were carried out using
an extended system of 2 (model 2e), which was selected because of its abundant
intermolecular interactions. Results obtained for model 2e (Figure S16 and S17), which
consists of four polymer chains with n» = 6 immersed in a simulation box with 98498
explicit water molecules (Figure S15), are fully consistent with those reported in Figure 4
for 2 corroborating the assembling ability predicted for the system with N,N’-(meta-
phenylene)dibenzamide linkages). Thus, enlargement of the number of polymer chains
does not alter the structural organization and the main characteristics of the interaction

pattern obtained for 2, which is based on the coexistence of regions dominated by a large
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number of polymer---polymer with hydrated polymer zones. The maximum number of
water molecules forming hydrogen bonds with the polymer chains is 10 and 15 per
molecule of 2 and 2e, respectively. However, the average R, and Ry values calculated 2e
(32.6 £ 3.6 and 31.4 + 1.5 A, respectively) indicate that, as expected, the length of the
molecular chain increases slightly with the number of assembled molecules while the
flexibility decreases. On the other hand, the influence of the molecular weight in the
hydrogelation ability of ionenes 1 and 2 has been evaluated by considering models made of
two polymer chains with » = 8 (1w and 2w, respectively) immersed in a simulation box
filled with explicit water molecules, respectively. Results obtained for 1w and 2w (Figure
S18) are similar to those displayed in Figure 4, this feature being particularly outstanding
for the latter system. Accordingly, the assembly behavior discussed above for the polymer
with N,N’-(meta-phenylene)dibenzamide and N,N -(ortho-phenylene)dibenzamide linkages
are practically independent of the number of repeat units in terms of abundance and
stability of the intermolecular polymer:--polymer interactions. Density Functional Theory
(DFT) calculations using small model dimers, which are described in the ESI, were carried
in both the gas-phase and aqueous solutions to get additional information on the relative
hydrophobicity and hydrogelation ability of the three investigated systems. Evaluation of
the free energies of solvation (AGs) indicated that the interaction of such dimers with the
solvent is more favorable for 3 than for 2 and 1 by 0.8 and 3.6 kcal mol, respectively.
Accordingly, the relative hydrophobicity of these dimers, which decreases with increasing
separation the aromatic rings containing in the repeat unit, follows the same order that the
gelation ability: 1 > 2 > 3. This feature together with the calculated binding energies and
intermolecular geometries (Table S1 and Figure S20) indicate that the hydrogelation ability

of 1 and 2 are higher than that of 3. Moreover, the complex and dense network of hydrogen
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bonding and m-m stacking interactions found for 1 (Figure S20) suggest that N,N -(ortho-

phenylene)dibenzamide linkages are the most appropriated to form stable hydrogels.

3.2.3. Experimental hydrogelation

lonenes 1-3 were subjected to thermal hydrogelation tests that consisted in cooling to RT
the isotropic solutions of a weighted amount of a given ionene in 1 mL of doubled-distilled
water (organogelation tests were negative). The material phase was first classified as a gel
if no gravitational flow was observed upon turning the vial upside-down, and further
confirmed by rheological measurements. 1 induced the most effective gelation at the
lowest critical gelation concentration (CGC = 25 + 2 g L™), which corresponded to a ca. 4-
fold and 2-fold drop with respect to 2 and 3, respectively (view Figure 5). All hydrogels
were thermoreversible over several heating-cooling cycles without any noticeable
detriment of their properties. A typical hysteresis loop between gel-to-sol and sol-to-gel
transition temperatures of 10-15 °C was also observed under controlled heating-cooling
rates. Remarkably, and in agreement with the rheological data (vide infra), we observed
that the gel-to-sol transition of the hydrogel made of 1 could be also induced by sonication
instead of heating as external stimulus, and the gel phase restored upon quiescence. In
sharp contrast, sonication treatment of the hydrogels made of 2 or 3 lead to a
heterogeneous mixture of solvent, precipitate and pieces of jelly-like material that did not
returned to a uniform hydrogel over time. Simple changes in the molecular geometry of the
ionenes not only influenced the CGC, but also the gelation kinetics. Figure 5 suggests
complex decay kinetics of the supramolecular assembly with increasing concentration of a
given ionene. Ln-Ln plots revealed that for an equivalent increment in concentration with
respect to the CGC the materials based on 3 and 2 evolved ca. 1.7-fold and 1.5-fold faster,
respectively, than 1 to reach gelation within ca. 2-3 min (Figure 5). However, in absolute
terms, the much lower CGC of 1 makes this ionene the best choice to achieve rapid
gelation within a wide range of concentrations. For instance, the gelation times achieved at
100 g L™ were ca. 5 min, 1.3 h and 21 h for 1, 3 and 2, respectively. Even at the CGC, 1
showed the faster gelation (e.g., ca. 19 h for 1 vs. 47 h for 3).
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Fig. 5 Gelation kinetics for each ionene gelator. Inset: Normalized Ln-Ln plot of the gelation time against the
corresponding percentage increases in concentration.

Physical properties of hydrogels

Anticipating unique structure-property relationships, the hydrogels made of each ionene
were subsequently characterized in terms of their thermal-mechanical stability, optical and
morphological properties. The thermal stability of the hydrogels prepared from the
isomeric ionenes at a concentration of 100 g L™ (this corresponds to the CGC of 2, which
is the largest CGC value among the three ionenes) was comparable between 2 and 3, and
slightly superior in ca. 5-6 °C for 1. However, a more realistic vision could be obtained by
looking at the percentage increases of the variable over the entire range of permitted
concentration until reaching a plateau value of Tqe. As expected for physical gels, the gel-
to-sol transition temperature (Tge) Values increased considerably with the gelator
concentration. Very interestingly, homogeneous and stable hydrogels could be formed at
very high concentrations, defined by the solubility limit of the ionene in hot water,
following the order 1 (1500 g L™) > 2 (750 g L™) > 3 (400 g L") (view Figure 6A). This
feature allowed for the preparation of hydrogels with a wide range of Ty values (ATgel =
58-74 °C) even well above the boiling point of water. The Ln-Ln plot of the percentage
increases before the plateau regions showed an almost perfect linear relationship between
the increment in the gelator concentration and the consequent increment in the Tge With
respect to the initial values at the CGC (Inset Figure 6A). Thus, within the end-limits

defined by the CGCs and the maximum Tg Vvalues, the slopes of these straight lines
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indicated that 3 causes a 1.2-fold and 1.6-fold higher percentage increment of Tge than 2
and 1, respectively.
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Fig. 6 A) Evolution of Ty with ionene concentration. Inset plot: Normalized Ln-Ln graphic of the
corresponding percentage increases. Inset photographs: Representative phase thermoreversible transition for
the hydrogel prepared from 1 at 25 g L™. Abbreviation: HWSL = hot-water solubility limit; m = slope; H =
heating; C = cooling. B) Increment of opacity with the ionene concentration for the hydrogel prepared from
1.

Oscillatory rheological measurements confirmed the viscoelastic gel state of the materials.
Their storage modulus (G") and loss modulus (G") were first measured at RT as a function
of the frequency (dynamic frequency sweep experiment, DFS) and shear strain (dynamic
strain sweep experiment, DSS) to determine the linear viscoelastic regime (solid-like
response) associated to each material (view Figure 7A and 7B). Reproducible and
relatively constant dissipation factors (tan 0 = G"/G' = 0.1) during the dynamic frequency
sweep indicate a good tolerance of the hydrogels to external forces. Within the linearity
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limits of deformation, G' was always about one order of magnitude higher than G" over the
entire range of frequencies. Further dynamic time sweep (DTS) measurements at critical
strain at yield (y = 0.1%) and 1 Hz frequency confirmed the stability of the hydrogels as a

function of the ageing time at RT.
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Fig. 7 Rheological characterization of hydrogels made from 1-3 at the same concentration (c = 100 g L™). A)
DSS test at 1 Hz frequency and RT. B) DFS tests at 0.1% strain and RT. C) Thixotropy-loop test of the
hydrogel prepared from 1 at CGC. D) Evolution of the storage modulus at different temperatures after

termination of the large stress (t = 30 min). Inset: Arrhenius plot of the relaxation time.

In general, for the same ionene G' increased and tan o decreased with increased
concentration, whereas the crossover point of G' and G" shifted to lower strain, indicating
an enhancement of the mechanical damping properties and brittle nature of the materials
(Figure S9). It is worth mentioning that both thermal and flow properties of hydrogels

based on oligomeric electrolytes are also influenced by the salt content.*! Focusing on the
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effect of the polymer topology, the mechanical strength of the hydrogels prepared from
ionenes 1-3 at 100 g L™ (higher CGC among the studied ionenes) decreased in the order 1
(G'~ 14 kPa) > 3 (G' = 11 kPa) > 2 (G' = 2.5 kPa). However, when the hydrogels were
prepared at their respective CGC the tan ¢ increased in the order 2 < 1 < 3, which indicates
that concentration affects differently to the gel properties depending on the topology of the
ionene polymer (Figure S10). Remarkably, we also found that only the hydrogel made of 1
displayed a thixotropic response against the mechanical stress caused by large-amplitude
oscillations. Figure 7C shows a loop test based on successive cycles of low-high strain
separated by enough time to ensure complete gel-to-sol (G' < G") and sol-to-gel (G' > G")
transitions while minimizing inertial effects between the steps. The results showed that the
original gel properties were fully recovered within 220 + 3 min after termination of the
large stress. The enthalpy change for the exothermic gel-recovery was found to be AEy = -
13.0 £ 0.5 kJ mol™ from the Arrhenius equation (Figure 7D). Such self-healing behavior at
RT was also macroscopically observed within ca. 16 h after a vigorous shaking-resting
process applied directly to the glass vial containing the hydrogel. These results suggest that
ionene 1 behaves similarly to other ionene gelators (i.e., poly[pyridinium-1,4-
diyliminocarbonyl-1,4-phenylene-methylene chloride),** albeit the underlying relationship
between ionene structure and thixotropic behavior still remains unclear pending further
investigation. In terms of optical appearance, the difference in the CGC values associated
to each ionene was accompanied by the formation of transparent gels from 1, whereas
opaque white gels were obtained in the case of 2 and 3 at their respective CGC (Table S1
and Figure S8). As expected, an increase in the concentration of 1 increased also the
opacity of the hydrogel (Figure 6B), suggesting the gradual formation of aggregates greater
than the wavelength of visible light (ca. 380-780 nm). Moreover, the hydrogels showed
distinctive birefringence domains under crossed nicols depending on the ionene structure
and concentration (view Figure 8 and Figure S13), indicating the presence of different
anisotropic aggregates. The reduced birefringence observed for the hydrogels made of 2 in
comparison to 1 and 3 at the same concentration suggested the formation of less extended
networks in the former, which was in agreement with their weaker mechanical strength
(vide supra). Noteworthy is that the possibility of tuning the optical properties of these
thermo-sensitive hydrogels based on the topology of the ionene gelator may help to expand

also their range of potential applications to optoelectronic devices.*
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Fig. 8 Optical and morphological features of hydrogels prepared from ionenes 1 (A-D), 2 (E-H) and 3 (I-J) at
c¢=100 g L™ (A, E, I) Digital photographs of upside-down vials with the hydrogels. (B, F, J) Optical images
(10x) of the hydrogel films under crossed nicols. Inset in (B): Optical image (50x) of the hydrogel prepared
from 1 at CGC (¢ =25 g L™). (C, G, K) TEM and (D, H, L) FE-SEM microphotographs of the corresponding

xerogels.

Further electron microscopy imaging of the xerogels, obtained by freeze-drying the
corresponding hydrogels, confirmed the induction of different anisotropic morphologies
caused by each ionene (Figure 8). TEM images clearly revealed overlapped laminar
structures consisting on large and homogeneous sheets for the xerogels from 1 and 3,
whereas the xerogel from 2 showed a complete different morphology consisting on rough
domains without discernible fibrillar or laminar regions. In good agreement, further FE-
SEM images of the specimens confirmed the described morphology in greater detail. Thus,
dense macroporous networks formed by connected leaf-like structures with interlaminar
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distances in the range of ca. 5-10 um were observed for the xerogels from 1 and 3. In sharp
contrast, globular shaped agglomerates resembling pebble stones (& =~ 0.5-1 um for
individual particles) were characteristic of the xerogel obtained from 2. Augment of the
cross-linking density and loss of anisotropy was observed in all cases upon extensive
increase of ionene concentration, as evidenced by the formation of distorted

microstructures of reduced birefringence.

Dispersion of single-walled carbon nanotubes (SWNTs)

The insolubility of SWNTSs in aqueous solutions due to entanglement and hydrophobic
association of the nanotubes is considered one of the major practical limitations of these
promising materials, especially in fields such as biomedical engineering and
biochemistry.>* ** Hence, a considerable research effort has been devoted during the last
decade to the development of cost-effective methods to readily disperse SWNTs either by
covalent or non-covalent strategies that preserve their functional properties.’® Within non-
covalent approaches different research groups have explored the use of surfactants®’ and
polycations®®*® as dispersants. Moreover, the preparation of SWNTs-hydrogel composites
has also received a growing interest due to the potential synergic combination of properties
from both materials.’® *'*** In comparison to ionenes 1-3, other polyelectrolyte dispersants
are built either from a different rigid core or different spacers. During our research, we
were delighted to confirm that the modification of the substitution angle in the
phenylenediamine core of DABCO-containing ionene gelators resulted also crucial to
provide such additional functionality to these specific hydrogels (i.e., use of DABCO as
molecular spacer). Despite the structural similarities with other polyelectrolyte dispersants,
in which the planar mt-surface of the phenylene core seems to be crucial for the st-stacking

interaction with the carbon nanotubes,”® opaque hydrogels based on ionenes 2 and 3 at
131



Synergistic computational-experimental approach to improve ionene-polymer
based functional hydrogels

their CGC were unable to hold a dispersion of SWNTs. However, the use of the ionene
gelator 1 at CGC allowed for the facile preparation of thermoreversible and homogeneous

SWNTs-hydrogel composites (view Figure 9A).
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Fig. 9 Optical and morphological characterization of SWNTs-hydrogel composite made of 1 (¢ =25 g L™)

SWNTS

1(CGC, gel)

and SWNTs (¢ = 0.1 g L™). A) Upside-down vial containing the hybrid hydrogel. B) Optical image (20x) of
the composite film under crossed nicols. C) TEM and D) FE-SEM images of the hybrid xerogel. (E) Top:
General preparation of SWNTs-hydrogel composite and its reversibility. Bottom: Dispersion of the SWNTs
was not possible by sonication or heating-cooling treatment of the mixtures at concentrations of 1 below

CGC.

Interestingly, other transparent hydrogels obtained using flexible diamine spacers (e.g.,
N,N,N',N'-tetramethyl-1,6-hexanediamine, N,N,N',N'-tetramethyl-1,3-propanediamine) and
PPDA showed a similar dispersion ability. In general, an increase of the gelator
concentration leading to more opaque gels was accompanied by a gradual detriment of the
dispersibility. Thus, the aggregates size and morphology seem to play a key role among the
parameters influencing the dispersion of SWNTs within surfactant-free ionene hydrogels.
In contrast to previous systems,”® hybrid hydrogels could be prepared by addition of the

SWNTs on top of the hydrogel made of 1 followed by sonication and a final quiescent state
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at RT (Figure 9E). The so-prepared materials maintained the same T either upon heating-
cooling or sonication-resting cycles. Interestingly, we observed that the use of the
preformed hydrogel was crucial in order to disperse by sonication the over layered SWNTs
and form the stable hybrid gel. Thus, the addition of the SWNTSs to an isotropic solution of
1 at the CGC (prepared by heating or sonication) resulted in the hydrogel formation with
precipitated instead of dispersed SWNTs (Figure 9E, top). The use of concentrations
higher than CGC accelerated in all cases the gelation process but, as mentioned above, it
did not improve the dispersion of the nanotubes. Thus, the hydrogel prepared from 1 at
CGC behaves as a unique system for the dispersion of SWNTs and subsequent formation
of SWNTs-hydrogel composites. It is worth to mention that although sonication usually
leads to transient exfoliation of the nanotubes, the favorable interaction with the ionene
gelator, like with other polymeric dispersants, may stabilize the exfoliated tubes preventing
further aggregation.** Moreover, sonication-induced sol-to-gel transition could be repeated
several times, without the necessity of the heating-cooling process, which indicated the
preservation of the thixotropic gel network. The maximum concentration of SWNTSs that
could be homogenously dispersed was 0.1 g L™, which did not cause a major change on the
thermal-mechanical stability of the gel matrix (i.e., ATqe = 2-5 °C; Atan J = 0.04) (Figure
S11 and S12). Under these conditions, the gel-like SWNTs dispersions showed vis-NIR
absorption (Figure S13), maintained the uniform black color for several months (e.g., no
precipitation of nanotubes was observed after 3 months) and displayed birefringence under
polarized light (Figure 9B). Precipitation of the SWNTSs and a clear supernatant solution
were obtained when the dispersion was attempted by sonication or heating in the presence
of 1 below the CGC (i.e., ¢ = 10 g L™) (Figure 9E, bottom). Therefore, the gel network
(and not only the polyelectrolyte) provides the necessary microenvironment for the optimal
stabilization of the nanotubes dispersion. Moreover, electron microscopy imaging (i.e.,
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TEM, FE-SEM) of the specimens clearly visualized the perfect embedment of the SWNTSs
within the highly dense gel matrix (Figure 9C and 9D). The above results were in
concordance with both the conserved anisotropy of the gel phase and the high stability of

these dispersions without aggregation of the nanotubes.*®

3.2.4. Mechanistic considerations

It has been already anticipated that cooperative hydrogen bonding, st-rt, cation-st, and other
electrostatic interactions may play an important role in the gelation mechanism of
ionenes.? In fact, the bonding energy for only H-bonding (ca. 20 kJ mol™) is much higher
than the global activation energy for the gel formation estimated by rheology. As expected,
comparative FT-IR spectra confirmed the expected participation of hydrogen-bonded
amides and aromatic interactions during the gelation process. Thus, hydrogen bonding in
the ionene hydrogels shifted both CO and NH resonances to lower energy with respect to
the solid ionene (e.g., from ca. 1656 to 1531 cm™ for amide | bands, and from ca. 3390 to
3275 cm™ for NH stretching bands). Although the gel-to-sol transition occurred with
increasing temperature, the IR bands arising from hydrogen-bonded amide groups
decreased only slightly in the isotropic solution indicating that these interactions are
already significant in the solution phase (ESI). In agreement with previous observations,*®
additional contributions arising from dynamic interactions between amide groups and
water molecules through the chloride anions is also reasonable based on the observation of
amide proton signals at ca. 12.3 ppm in the NMR spectrum in DMSO-ds (ESI). Moreover,
anion/cation-m interactions in these ionenes should also be considered, especially in a polar
medium where most other intermolecular forces are considerably attenuated. In this sense,
it is important to realize that strongly associated ion pairs can diminish the strength of the
cation-st bonding by up to 80%.%" In our case, this interaction could be rather important in
the gelation mechanism because the ionenes were unable to form hydrogels upon exchange
of chloride by TFSA anions, which should hinder the ammonium-mt interactions due to the
expected stronger association of the TFSA-tetraalkylammonium ionic pair in comparison

to chloride-tetraalkylammonium in water. In order to get more conclusive information
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about the gelation mechanism, MD results for the three simulated ionene polymers have
been used to examine the possible existence of interactions different to those discussed
above (i.e., intermolecular hydrogen bonds and intermolecular =-rt stacking in Figure 4b
and 4c, respectively). Figure 10a and 10b represent the radial distribution functions for
N*--Xcm (Gnx) and Cl-+-Xem (gerix) pairs, respectively, where X refers to the center of
masses of aromatic rings. It is worth noting that gn+/x(r) and gci/x(r) are related with the
formation of cation-mt and anion-mt interactions, respectively. The number of pairs with a
N*---Xcm distance lower than 5.0 A is very low for 1 and 2, the only system with a peak
below such threshold distance being 3. Indeed, cation-st interactions are 5.2 and 7.5 times
more abundant for 3 than for 1 and 2, respectively. Combination of this result with the
experimental evidences discussed above suggests that the importance of cation-m
interactions in the gelation process is relatively low. In order to corroborate this feature, the
gn+/x(r) profile was calculated for 2e, results being included in Figure 10a. Comparison of
the profiles obtained for 2 and 2e indicates that number and strength of cation-m
interactions decreases and increases, respectively, with the number of polymer chains
contained in the model. Despite of this, the strength of such kind of interactions is
significantly lower for 2e than for 3, confirming their little influence in the gel formation.
The gcrx(r) profiles calculated for 1-3 (Figure 10b) are relatively similar, evidencing the
existence of Cl™---X¢n pairs at distances as short as 3.22 A. From a quantitative point of
view, the population of CI™--- X pairs at distances shorter than 5.0 A is similar for 1 and 2
(i.e., 4% larger for the latter) but 15% lower for 3 than for 2. Furthermore, the amount of
anion-m interactions in 2 is 1.1 times higher than the number of cation-s interactions in 3.
Comparison of the profiles obtained for 2 and 2e indicates that both the strength and the
amount of CI -7t interactions do not change when the number of polymer molecules in the
simulated model increases from two to four. Although the amounts of anion-t interaction
detected for the three molecular systems show differences that are smaller than for
intermolecular hydrogen bonds and n-n stacking, they grow as displayed in Figure 4 for
the latter interactions (i.e., 2 > 1 > 3), Accordingly, anion-t interactions may play a crucial
role in the gelation mechanism since their strength is not negligible as compared to
intermolecular hydrogen bonding and n-n stacking interactions.*®° The average residence
time for anion-t interactions is 431, 173 and 316 ps for 1, 2 and 3, respectively. Attractive
interactions between the N—H of amide groups and the =-cloud of aromatic rings belonging

to different chains have been also invoked to explain the gelation mechanisms. The
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possible existence of such kind of intermolecular interactions in 1-3 has been analyzed by
examining the radial distribution functions for (N-)H ---X¢ pairs, gu-x(r), which are
displayed in Figure 10c. As it can be seen, no peak is detected for 3 evidencing that the
formation of such kind of interactions is not particularly favored in the polymer N,N’-
(para-phenylene)dibenzamide linkages. In contrast, 1 and 2 show a well-defined peak
centered at 4.17 and 4.32 A, respectively. The height of the peak is significantly more
pronounced for 2 than for 1 evidencing that N-H---7 interactions are considerably more
abundant in the former than in the latter. More specifically, integration of the area of the
peaks within the distance interval defined by the crossing of the two profiles at r = 7.47 A
indicates that the population of N-H- - interactions through the trajectories is 60% higher
for 2 than for 1, even though the average residence time is slightly higher for the latter than
for the former (i.e., 368 and 319 ps for 1 and 2, respectively). Inspection of the gu-x(r)
profile calculated for 2e (Figure 10c) indicates that the preference of the ionene polymer
with N,N’-(meta- phenylene)dibenzamide linkages is practically independent of the
number of explicit molecules used in the simulated model. Thus, a pronounced peak
centered at 4.17 A, similar in high to that found for 2, is also detected for 2e. On the other
hand, detailed analyses of the stored snapshots evidenced that the amount of weak specific
interactions at the intramolecular level (i.e., hydrogen bond, n-r stacking and N—H---m) is
very small or practically null. This feature reflects that the role of intramolecular
interactions in the gelation of the three ionenes studied in this work is null. This result
combined with both the experimental observations previously discussed and the radial
distribution functions represented in Figure 4 and 10 indicate that the hydrogels studied in
this work results from the combination of multiple specific intermolecular interactions.
Specifically, hydrogen bonding, m-n stacking, anion-st and N-H---7t interactions play a
fundamental role in the formation of 1-3 hydrogels. Furthermore, the stability of the
formed assemblies is also crucial for understanding the gelation ability. Accordingly,
interactions are clearly more numerous in 2 than in 1 while, in opposition, they are more
stable in 1 than in 2, 3 being the less favored in all cases. These results clearly reflect the
large influence of the substituted phenylenediamine isomerism in the strength, abundance
and stability of intermolecular interactions, being responsible of the differences observed
in the gelation of such ionene systems. It is worth mentioning that we have also observed a
superior ability of 1 to gel not only water but also HCI solutions, which constitute the

subject of a separate investigation.
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Fig. 10 Radial distribution functions for the A) N---Xcn, B) CI™-+- X, and C) (N-)H --- X, pairs, belonging

to different ionene polymer chains, where X, refers to the center of masses of aromatic rings.

3.3. Conclusion

In conclusion, a combined computational-experimental approach can be applied to
optimize the structure of ionene polymers in order to enhance their gelation efficiency and
achieve hydrogels with superior properties without adding external additives. As a proof of
concept, surfactant-free ionene polymers 1-3 containing DABCO and N,N’-(x-

phenylene)dibenzamide linkages (x = ortho-/meta-/para-) were used as model systems.
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Molecular dynamics simulations of the isomeric ionenes with explicit water molecules
allowed for the comparison of polymer---water and polymer---polymer interactions (i.e.,
hydrogen bonding, n-n stacking, cation-t, anion-s) in each case through the corresponding
radial distribution functions. The results showed that the topological constraints derived
from the substitution pattern of the core aromatic ring drastically affects the intermolecular
interactions pattern, which is also expected to have a large influence on the gelation
phenomenon. Specifically, although domains with high degree of hydration were
visualized for the three systems, polymer---polymer interactions were only evident in the
case of ortho- (1) and meta- (2) isomeric ionenes. The predictive models were consistent
upon a range of repeating units and explicit polymer chains. In good agreement with the
theoretical assembly models, 1 provided experimentally the best hydrogels among the three
ionenes 1-3. Heating-cooling treatment allowed for the preparation of thermoreversible
hydrogels in each case, but only in the case of 1 sonication was also found to induce
gelation very efficiently. Moreover, 1 displayed the lowest critical gelation concentration
(CGC = 25 + 2 g L™), the highest thermal stability at CGC, superior optical properties, a
rapid gelation kinetics within a wide range of concentration, a self-healing behavior, and
the ability to disperse pristine SWNTSs. Neither optical transparence, nor self-healing, nor
dispersibility of SWNTs could be achieved with meta- (2) and para- (3) DABCO-
containing ionenes. In principle, this approach could be applied for the topological
optimization of other gelators based on either polymers or low-molecular-weight
compounds in order to tune the molecular self-assembly and achieve multifunctional gels
with superior properties. Detailed investigations on additional properties of gelator 1,
property-ionization state relationship studies, and the preparation of biohybrid materials

are currently underway in our laboratories.

3.4. Addendum: Enhanced gelation properties in dilute aqueous solutions of

hydrochloric acid

Potential gelation of acids by hydrogelator-compounds is an interesting topic of research,
due to the harmful properties of the acids on natural environments and practical
applications of corresponding materials.”® Unfortunately, only little reports exist on
effective gelation of dilute mineral acids in the literature so far.?® ®! Probable explanations
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for this phenomenon could be the presence of labile moieties inside the structures of
gelating agents and their potential cleavage in the presence of acidic media or simple

protonation events. As reported by Yoshida et al.,?

a surfactant free ionic polymer based
on a N,N'-(p-phenylene)dibenzamide linkage bearing a flexible spacer (5-CI) exhibits such
interesting property of gelating dilute HCI-solution (0.1 M), unfortunately lacking further
investigations on the effects of the acid-medium on the physical properties of the resulting
hydrogels. Due to the structural similarities with compounds we describe in this section,
we were curious on further investigating such phenomenon. Interestingly we found
effective gelation of dilute HCl-solution (0.1 M) for compounds 1 and 3 at their
corresponding critical gelation concentration (CGC) in pure water (25 and 48 mg/mL) in
similarity to compound 5-Cl, while compound 2 was lacking such behavior even when

increased concentrations (up to 200 mg/mL) were applied.

Tab. 1 Effect of different aqueous environments containing various acid and Cl™-ion sources on the gelation

ability of compounds 1-3 in respect to the CGC in pure aqueous solution. ¥

Medium CGC [mg/mL]
1 2 3
H,0 25 (2.0) 100 (10.0) 48 (5.0)
HCI (0.1 M) 22 (2.0 - 33(3.0)
AcOH (0.1 M) 43 (4.0) - 100 (10.0)
H3PO, (0.1 M) 46 (4.0) - 105 (10.5)
H,SO, (0.1 M) - - -
NaCl (0.1 M) 84 (9.0) - -
CsCl (0.1 M) 85 (9.0) - -
NH,4CI (0.1 M) 100 (10.0) - -
CaCl, (0.05 M) 85 (9.0) - -

? Values in brackets indicate experimental errors from at least two randomized measurements. A very similar

effect of the varying media on compound 5-Cl is also present, but was not the focus of further investigations.

A potential explanation for the behavior of compound 2 could be that additional non-

classical interactions (cation/anion-m interactions) caused by the presence of H" and CI'-
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ions compete in a negative way with more common and stable intermolecular interactions
(classical H-bonding of amides and aromatic n-n stacking) necessary to promote gelation
in difference to compounds 1 and 3. Further investigations revealed that compounds 1 and
3 were also able to promote effective gelation of HCI at concentrations even lower than the
CGC reported for pure aqueous environments as indicated in Table 1. Fascinated about
these results we were curious, if such properties can be extended to other acids. We could
observe positive results on additional gelation of AcOH (0.1 M) and H3PO,4 (0.1 M) also,
but an increase of the gelator concentration by a factor of ca. 2 was necessary to promote
effective gel-formation. On the other hand no gelation of dilute H,S04 (0.1 M) could be
observed as indicated in Table 1, resulting in the formation of turbid solutions at
concentrations between 10 and 200 mg/mL. Taking also a potential effect of the CI'-
counterion into consideration, we could observe gelation of salts like NaCl, CsCl, CaCl,
and NH4CI (0.1 M in respect to CI") at increased concentrations (3.5-4 fold excess in
concentration is necessary) in comparison to the CGC of the pure aqueous phase and also
exclusively for compound 1. The application of compound 3 resulted in precipitation of

materials at concentrations between 10 and 200 mg/mL.

Tab. 2 Determination of the optimum amount of HCI for enhancement of typical gelation-properties of

compounds 1 and 3 at the CGC of the gelators in pure water as indicated in Table 1. ?

conc. (HCI) Gelation-time [min] Tee [°C] Optical appearance

M] 1 3 1 3 1 3

0.00 1080 (60) 2640 (240) 56 (1) 49 (1) TPG oG
0.10 20 (2) 50 (5) 60 (2) 63 (1) 0G 0G
0.25 20 (5) 65 (5) 59 (1) 56 (2) 0G 0G
0.50 40 (5) 180 (15) 51 (1) 43 (2) 0G 0G
1.00 140 (20) - 42 (2) - SG CS
2.00 - - - - CS CS

% Values in brackets indicate experimental errors from at least two randomized measurements.
Abbreviations: TPG = transparent gel; OG = opaque gel; SG = soft gel (exhibits gravitational flow after

inverting a test tube within 30 min); CS = clear solution.
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Such findings suggest that the presence of both H™ and Cl™-ions is necessary to facilitate
the formation of materials with enhanced properties in terms of CGC and hence only HCI
was used as medium for further investigation. Additional positive effect of the presence of
HCI was obvious by comparing the time necessary to promote gelation and the thermal
stabilities of corresponding gel materials at comparable concentrations. A drastic reduction
of the gelation time to about 20% of the value necessary for pure aqueous solution was
visible for both compounds 1 and 3. Furthermore thermal gel-to-sol transition temperatures
(Tger) were found to be increased by 4 and 14 °C respectively. The ideal content of HCI in
aqueous solution was determined by testing different concentrations of the acid at the CGC
of the corresponding gelator in pure water and investigations of the effect on typical
gelation properties. The results are summarized in Table 2 and Figure 11 and indicate that
a total concentration of HCI of 0.1 M promotes gelation in a most effective way ongoing
with an enhance of typical properties like the gelation-time and Tge-values. A maximum
concentration of 1.0 and 0.5 M can be applied to promote gelation of compounds 1 and 3,
whereas the formation of clear solutions, which still promote an increase of the solutions
viscosity, can be observed by applying higher concentrations of HCI. Very interesting to
mention is a clear change in the optical appearance of hydrogels derived from 1. In the
presence of HCI, opaque hydrogels are formed indicating the formation of aggregates
bigger than the wavelength of visible light (350-750 nm), whereas completely transparent

gel-materials are formed in pure water (view Figure 11 F).

Tab. 3 Determination of mechanical properties by oscillatory rheology of gels derived from compounds 1
and 3 in pure water and 0.1 M HCI at the CGC of the gelators in pure water as indicated in Table 1. ?

G'[Pa] G" [Pa] Max. strain at break
Compound
H,O HCI H,O HCI H,O HCI
1 510 (96) 4646 (138) 72 (2) 634 (33) 15 (7) 4 (0.6)
3 218 (27) 1916 (461) 37 (6) 234 (74) 32 (9) 13(0.2)

% Values in brackets indicate experimental errors from at least two randomized measurements.

Dynamic oscillatory rheology was conducted in order to prove the gel-state of materials
and to compare overall mechanical stabilities towards external shear forces. Corresponding

dynamic frequency sweep (DFS), dynamic strain sweep (DSS) and dynamic time sweep
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(DTS) experiments reveal a strong enhancement of mechanical stabilities of gels in HCI as
indicated by higher absolute values for G' (almost one order of magnitude increase; view
Figure 11 D). On the other hand, the materials derived from HCI seem to be more brittle in
nature as indicated by a smaller maximum strain at break of the gels (view Figure 11 C).
Additionally the smart thixotropic behavior of compound 1 is also preserved
macroscopically in the presence of 0.1 M HCI and proven by a three-step loop test, which

has been described earlier (view Figure 11 E).
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Fig. 11 (A+B): Representative bar graphs demonstrating the effect of HCI-concentration on typical gelation
properties of compounds 1 and 3 at the corresponding CGC of the gelators in pure water as indicated in Table
1 (A: gelation-time; B: Tgl-values). (C+D). Comparative oscillatory rheology of gels derived from
compounds 1 and 3 in pure water and 0.1 M HCI respectively at the CGC of the gelators in pure water as
indicated in Table 1 (C: DSS-plots; D: DFS-plots). (E) Three-step loop test to demonstrate the smart
thixotropic behavior of gels derived from 1 (25 mg/mL) in 0.1 M HCI. The asterixes indicate the application
of a high shear strain (100 %). After the second cycle of relaxation 97 % of the original value in G' could be
reached. (F): Representative digital photographs of upside-down vials containing gels derived from

compound 1 (25 mg/mL) in pure water (left) and 0.1 M HCI respectively (right).
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Optical microscopy of compound 1 (25 mg/mL) in both 0.1 M HCI and pure water
revealed the presence of distinctive domains of birefringes under crossed nicols conditions
dependent on the nature of the aqueous medium, indicating the formation of different

anisotropic aggregates (view Figure 12 A-D).

— 100 pum

1 pum

Fig. 12 Optical and morphological features of hydrogels prepared from ionenes 1 (A-F and I-K) and 3 (G and
H) at the concentration of the CGC of the corresponding pure hydrogel as indicated in Table 1. (A, C)
Optical images (10x) of the hydrogel films under crossed nicols. (B, D): Optical image (50x) of the hydrogel
films under crossed nicols. (E-H) FESEM and (1-K) TEM microphotographs of the corresponding xerogels.
(A, B, E, G, 1) Materials derived from pure aqueous environment. (C, D, F, H, J, K) Materials derived from
acidic environment (0.1 M HCI). (L) Elemental analysis profile of cubic structures derived from compound 1

(25 mg/mL) in 0.1 M HCI.

The higher birefringence for gel-materials in acidic environment at comparable
concentrations suggests the formation of more extended networks as compared to pure

hydrogels, which is in good agreement with their higher mechanical and thermal resistance
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(vide supra). Additional electron microscopy of corresponding xerogels, obtained by the
freeze-drying method, confirmed the induction of different morphologies caused by the
nature of the aqueous environment (view Figure 12 E-K). FE-SEM images of the materials
describe dense and macroporous networks formed by connected leaf-like layers with
interlamellar distances in a range of 5-10 um for the xerogels of 1 and 3 in pure water. In
sharp contrast much rougher and denser agglomerates could be observed in the presence of
0.1 M HCI. Agglomerates resembling pebble stones (average diameter for individual
particles ~ 1-5 pum) were characteristic for xerogels from compound 3. TEM-images
derived from compound 1 in pure water clearly reveal the overlapped lamellar structures
consisting of large and homogeneous sheets, which is in good agreement with the findings
obtained by FESEM. On the other hand materials derived from acidic environment reveal
the presence of very dense and non-layered structures. Very interestingly additional very
uniform cubic structures with average edge lengths of ca. 5-15 um could be observed from
xerogels of compound 1 in 0.1 M HCI. Subsequent elemental analysis of such cubes
furnished the formation of NaCl-crystals during the preparation process of the
gels/xerogels or during an aging-process. As expected, comparative FT-IR studies
confirmed the participation of hydrogen-bonding amides and aromatic interactions during
the gelation process in both pure aqueous and acidic environment as demonstrated for
compound 1 (25 mg/mL) in Figure 13. Thus, hydrogen bonding in the ionene hydrogels
shifted both CO and NH resonances to lower energy with respect to the solid ionene (e.g.,
from ca. 1656 to 1531 cm™ for amide 1 bands, and from ca. 3390 to 3275 cm’ for NH
stretching bands) independent on the nature of the aqueous phase. At the moment
computational studies are conducted in order to set up probable mechanisms for the effect
of the presence of HCI in the gelation process and to explain its positive effect on typical

gelation properties.
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Fig. 13 Comparative FT-IR of hydrogels derived from compound 1 (25 mg/mL) in pure water and 0.1 M
HCI.

— Additional information on compound synthesis and characterization, and further

computational studies can be found in the electronic supplementary information (ESI) on
the enclosed CD.
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4. Ultrasonication enhanced gelation-properties of an amphiphilic formamidine-

based gelator’
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Enhancement of typical physical gelation properties of various organogels based on a
formamidine compound by treatment of isotropic solutions with ultrasound is reported.
The time necessary to promote gelation and critical gelation concentrations could be
decreased significantly in comparison to values obtained by applying a classical heating-
cooling protocol to induce gelation. On the other hand thermal stabilities as determined by
thermal gel-to-sol transition temperature measurements and mechanical strength of model
materials as determined by dynamic oscillatory measurements could be clearly improved.
Additionally, an almost perfect linear correlation of typical gelation-properties with
inductive Hammett-parameters in several aromatic solvents was explored giving rise of
potential insight into prediction of certain behaviours of gel-materials. The injectable,
smart thixotropic nature of the materials completes a versatile multi stimuli-responsive
nature of the tested model systems, which also includes a colorimetric response against
some metals-ions resulting in a potential application in the field of heavy-metal sensors.
We are also delighted to report the first hydrogel formation of a gelator bearing a
formamidine unit, which exhibits high temporal stability and ability of controlled drug

release.

"In this chapter, all experiments were carried out by J. Bachl.
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4.1. Introduction

Formamidines have been studied extensively during the last decades because of their facile
preparation and high potential of biological or pharmacological activity.! Some prominent
insecticides like chlordimeform® * and amitraz® * have been developed already since the
late 1960s and have found broad industrial application, before some of them were found to
exhibit carcinogenic potential. Also the concept of incorporating formamidine units into
well studied drug-systems has been found to increase bioactivity in comparison to parent
drugs and is hence a well accepted key modulation in medicinal chemistry.> On the other
hand especially organo-metallic chemists also register interest on formamidines as
complexing agents for metals in catalysis due to their high diversity of binding modes and
structural variety.® Formamidines have been found to act as effective supporting ligands in
e.g. zinc-catalyzed hydrosilylations,” iron-catalyzed epoxidations,” lanthanide-catalyzed
Tishchenko reactions,® ruthenium-catalyzed olefin metathesis® or palladium-catalyzed
cross additions®® amongst others. In the fields of organocatalysis formamidines serve as
important precursors for the preparation of N-heterocyclic carbenes (NHC),'* which have
proven their high activity and tremendous amount of reactions catalyzed for at least 20
years.’> New developments on synthetic approaches towards multi-substituted
formamidines even resulted in findings of gel-formation in protic organic solvents, which
opens potential applications in the field of material science.’® Viscoelastic gels,** which are
one specific type of stimuli-responsive materials, have gained a lot of interest during the
last decades due to their huge potential in fabricating new devices in the fields of
biomedicine, catalysis, sensing, cosmetics, food and agriculture.”® Gels, which are

14 a)-c), 16

continuous in structure and solid-like on their rheological behaviour, can be classified

according to e.g. the nature of the solvent (organogels for organic solvents and hydrogels for

I*” or physical'® gels). The

water) or the types of interactions forming the network (chemica
solid-like appearance of the gels is a result of entrapment of liquid (major compound) in the
interstices of a solid 3D matrix of large surface area (minor component) predominantly
through surface tension and capillary forces.’*® ¥ In the case of gels based on low-
molecular-weight (LMW) compounds, the formation of the solid matrix is a consequence of
the entanglement of 1D suprapolymeric strands of LMW-molecules, which is typically
induced by cooling hot isotropic solutions to room temperature.’® 2° Despite the classical

heating-cooling (HC) protocol of gel-formation, some compounds are also known to
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undergo transformation into stable gels by ultrasound (US) treatment,® although it was
assumed previously that ultrasonic waves would disrupt self-assembly in solution.”? The
potential of ultrasound sonication lies in the formation of materials or architectures that are
not accessible by other routes and is hence a valuable method for preparing functional soft
materials. It is also known that ultrasonication can fasten or modulate the gelation kinetics
and properties of certain gelator-systems.? In this context, we report a novel amphiphilic
gelator molecule bearing a formamidine unit, which shows enhancement of typical gelation

properties by US treatment in comparison to a standard HC protocol.

4.2. Experimental section

4.2.1. Materials

Unless otherwise specified, all reagents, starting materials and solvents (p.a. grade) were
purchased from commercial suppliers and used as received without further purification.
Double-distilled water was purified additionally using a Millipore water-purifying system
(Merck) prior usage. Xylene as mixture of isomers was used after double-distillation.
Gasoline (95 octanes) and diesel were commercially available from Shell Company
(Germany). See ESIf for detailed information about instrumentation, synthetic procedures,

compounds and material characterization.

4.2.2. Preparation of organogels via a heating-cooling cycle

Typically, a weighted amount of the formamidine-based gelator 1 and an appropriate
organic solvent (0.5 mL) were placed into a screw-capped glass vial (4 cm length x 1 cm
diameter) and gently heated with a heat gun until the solid material was completely
dissolved. In some cases ultrasonication of the samples before heating could facilitate the
dissolution of the compound. The resulting isotropic solution was then spontaneously
cooled down to RT. No control over temperature rate during the heating-cooling process

was applied. The material was preliminary classified as “gel” if it did not exhibit
152



Ultrasonication enhanced gelation-properties of an amphiphilic formamidine-
based gelator

gravitational flow upon turning the vial upside-down at RT. The state was further

confirmed by rheological measurements.

4.2.3. Preparation of organogels via ultrasound treatment

An isotropic solution consisting of compound 1 and an appropriate solvent obtained by
gentle heating was treated with ultrasound while still be warm using a VWR™ ultrasonic
cleaner (USC200TH, 45 kHz, 120 Watt) keeping a constant temperature of 232 °C.
During sonication stable gels were formed in situ during time intervals varying from a few
seconds to several minutes, which were defined as the time necessary to promote gelation.
Sole ultrasound treatment without applying heat did not facilitate gelation due to simple

solubility issues of 1 in most organic solvents.

4.24. Preparation of hydrogels

Hydrogelation of the formamidine compound could be achieved by building a pH gradient
in aqueous solution. The procedure of formation of hydrogels at optimized conditions is
given as following: A certain amount of the formamidine (35 mg) is placed in a screw-
capped glass vial when water (0.4 mL) was added. A minimum amount of 1M HCI (0.05
mL) is added to the mixture in order to dissolve the compound by gentle heating. Thereto
1M NaOH is added in portions of 0.01 mL (in total 0.04 mL) during treatment with
ultrasound until a translucient gel-material at a final concentration of 71+8 mg/mL was

formed in situ.
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4.3. Results and discussion

4.3.1. Compound design and synthesis

Several research groups have spent much effort on improving synthetic procedures towards
the formation of substituted formamidine derivatives.™ * # Especially formamidine acetals
have found to be useful precursors in the synthesis of N,N-dimethyl formamidines, which
can undergo exchange reactions of the dimethylamine fragment in the presence of suitable

nitrogen-nucleophiles, to yield diverse mixed formamidine compounds.*® 249

H H
. I A

veo one T MeNTN—Q) O TtN_O
H

= Amine, Amide
= Amine, Hydrazine, Hydrazide, Hydroxylamine

Fig. 1 Synthetic route for the production of mixed substituted formamidine-derivatives.

Taking advantage of such efficient synthetic routes, we were able to design an amphiphilic
formamidine-based molecule (1), which consists of an apolar tail built by a chain of
carbons on one side of the formamidine nucleus and a polar phenylalanine-based head
group on the other side. Such structural motif is a key concept for the preparation of
functional soft materials like gels, which draw tremendous interest because of their huge
amount of potential applications in fields mentioned above. Additionally donation of the
lone-pair of the hydrazide moiety increases significantly the stability towards hydrolysis as
described earlier.”

4.3.2. Gelation ability and effect of ultrasound treatment

The gelation ability of compound 1 was systematically investigated for 30 organic solvents

of different nature (apolar, polar aprotic or polar protic) by applying a classical heating-
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cooling cycle. Materials that did not exhibit gravitational flow according to the “stable-to-
inversion” method® were preliminary classified as gels and their solid-like appearance was
further confirmed using dynamic rheological measurements (vide infra). The formamidine
was found to be highly soluble in DMF, THF and chlorinated solvents like CH,Cl,, CHCl;
or 1,2-dichloroethane, while being insoluble in glycerine. Partial gels at maximum
concentrations of 200 mg/mL have been formed in alcoholic solvents like MeOH, EtOH, i-
PrOH, 2-butanol, 1-hexanol.
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Fig. 2 Amphiphilic nature of compound 1.

All 19 of the remaining solvents, including also two room temperature ionic liquids and
several oil-based solvents, were able to produce stable gels in a concentration range
varying from about 15-150 mg/mL for most samples, which opens the door for potential
applications in removal of oil spills and fabrication of conducting materials. During
investigations concerning other approaches towards the formation of stable gels different
to the classical heating-cooling (HC) cycle, it was found that ultrasound (US)-treatment
(see experimental section) of isotropic solutions of compound 1 and an appropriate organic
solvent resulted in faster gelation kinetics of up to 99 % of the original value. Interestingly
also the range of solvents gelled could be extended by the 5 alcoholic solvents mentioned
above.

4.3.3. Enhanced gelation-properties: Considerations on appearance,

concentration, thermal and mechanical stabilities

Efficient gelation of compound 1 could be observed in 80% of all tested organic solvents
by US treatment of isotropic solutions, hence extending the scope of the classical HC
procedure by 5 solvents. This finding shows the high efficiency of compound 1 to gel
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various types of solvents with varying functionalities and polarity scales exhibiting a broad

range of potential applications.

Acetone

Xylene

Fig. 3 A) Representative digital photographs of upside-down vials containing organogels derived form 1. The
materials have been prepared according to the US treatment described in the experimental section at their
corresponding CGC. Abbriviations: 2-BuOH = 2-butanol; DOX = 1,4-dioxane; 1-HexOH = 1-hexanol; IL-1
= 1-butyl-3-methylimidazolium hexafluoro phosphate; IL-2 = 1,3-dibutylimidazolium hexafluoro phosphate;
PheCl = chlorobenzene; PheCN = benzonitrile; R-oil = rapeseed oil; S-oil = silicon oil. B) Proof of
transparency of gels derived from toluene (17 mg/mL) in comparison to gels derived from MeCN (9 mg/mL).

Top: Intact gels; Bottom: gels destroyed using a spatula.

In general completely transparent (benzene, toluene, xylene) or translucient
(chlorobenzene, benzonitrile, olive-, rapeseed-, silicon oil, gasoline and diesel) appearance
of the gels derived from aromatic and most oil-based solvents could be observed
independent on the method of material preparation at comparable concentrations. Gels
derived from chlorobenzene and benzonitrile could be triggered towards the formation of
completely transparent materials by reducing the concentration as possible by applying US
treatment. On the other hand, the formation of aggregates bigger than the wavelength of
visible light (ca. 380-780 nm) was observed in all other solvents, as indicated by the
complete opacity of the organogels (view Figure 3). Independent of the nature of the
solvent or the preparation method all gels remained their solid like structure for at least 6
month inside screw capped vials. Critical gelation concentrations (CGC), defined as the
minimum concentrations of formamidine where gelation was observed, were established to

be in a range of 15-150 mg/mL for most cases applying a classical HC protocol.
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Fig. 4 Bar graphs showing the enhanced gelation properties of ultrasound treatment in comparison to a
classical heating-cooling protocol of tested systems. A) CGC; B) time necessary for gelation; C) T (values
of plots B) and C) have been determined at comparable concentrations). Solvents, where no gelation was
observed by the both preparation methods are not plotted. Abbriviations: 2-BuOH = 2-butanol; DOX = 1,4-
dioxane; 1-HexOH = 1-hexanol; IL-1 = 1-butyl-3-methylimidazolium hexafluoro phosphate; IL-2 = 1,3-
dibutylimidazolium hexafluoro phosphate; PheCl = chlorobenzene; PheCN = benzonitrile; R-oil = rapeseed

oil; S-oil = silicon oil.

Astonishingly the introduction of US treatment of isotropic solutions resulted in a decrease
of CGC values (view Figure 4) in all tested cases. Several hundreds of solvent molecules
per gelator molecule can hence be effectively immobilized inside the gel-matrices. In
solvents like silicon oil or 1-butyl-3-methylimidazolium hexafluoro phosphate the CGC
decreases from 42 to 23 and 25 to 14 mg/mL (ca 45 %) respectively, whereas the decrease

is even more visible in solvents such as EtOAc, benzene or acetone (about 80-85%).
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Moreover, CGC values of as low as 5 mg/mL could be observed by simple application of
the ultrasound protocol in some cases. The thermal stability of obtained organogels was
evaluated using their thermal gel-to-sol transition temperatures (Tge). Tger Values were
obtained using a custom made set-up as described in the ESI (view Figure S1) as a

variation of the “inverse-flow-method (IFM)”%

and cross-checked using the classical IFM.
However, the values determined by IFM strongly depend on factors such as cooling rate,
aging time, thermal history, and degree of hysteresis?’ among others, and hence were
correlated for model systems to the first endothermic transition observed by modulated
DSC. In general all gels reveal a full thermo-reversible nature without changing the Tge
significantly even after several cycles. The obtained values are quite low in a range
between ca. 35 to 50 °C, which is quite typical for LMW-based gels. Only in ionic liquids
and oil-based solvents higher Tge-values between about 60 to 80°C could be observed. But
in all tested materials an increase in thermal stability was obvious comparing a classical
heating-cooling protocol towards ultrasound treatment. In most cases only a slight increase
(ATge Of about 2-5 °C) could be observed whereas solvents like acetonitril, benzene,
toluene, acetone, olive- and silicon oil revealed higher improvement of up to 12 °C (for
tabular data on CGC, gelation time, optical appearance and Tge-values see table 1, for
detailed information on all tested systems see ESI). According to which solvents provide
the highest differences on so far established gelation properties (CGC, gelation time, Tge)
between classical heating-cooling and ultrasound preparation of gels, two model systems
were selected for further studies. Taking also the nature of the solvent into consideration an
aromatic and apolar solvent, toluene, and a polar aprotic solvent, MeCN, were chosen. As
usual in other physical gels, Tge increases significantly with increasing gelator
concentration (view Figure 5), indicating that self-assembly processes are driven by strong
intermolecular interactions affording closely packed 3D networks. Gelator concentrations
could be increased up to 300 (toluene) or 500 mg/mL (MeCN) respectively, affording
homogeneous gels. A typical plateau region for both examples (ATge = 19 and 13 °C) was
visible before the gels collapsed into partial and inhomogeneous gels with expelling some
liquid on top over short periods of time lower than 30 min. However more realistic vision
can be obtained by looking at the percental increase of a variable over the entire range of
permitted concentration until reaching a plateau value of Tg. The Ln-Ln plot of the

percentage increases before the plateau regions, showed a good linear relationship between
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the increment in the gelator concentration and the consequent increment in the Tge with

respect to the initial values at the CGC (view Figure 5 B)).

Tab. 1 Comparison of gelation properties derived from heating-cooling and ultrasonication enhanced

protocol for gelation. ?

Solvent ceC” Gel- Toa” Appearance” cec” Gel-Time™  Too™ Appearance®
[mg/mL] Time® [°C] [mg/mL] 9 [min] °C]

DMSO 54 (5) 25(5) 36(2) 0G 18 (2) 45(05)  38(1) 0G
MeCN | 110 (10) 12(2)  42(1) 0G 9(1) 08(0.1)  50(1) 0G
Et,0 27 (4) 7)) 41(D) 0G 12 (1) 13(0.1)  43(1) 0G
EtOAC 67(7)  105(0.5) 49 (1) 0G 10 (1) 08(0.1)  54(2) 0G
Benzene | 120(10) 210(15) 38(2) TPG 20 (2) 4(0.5) 48 (2) TPG
Toluene | 72 (6) 780 (60) 40 (1) TPG 17 (2) 25(02)  52(2) TPG
Xylene 50 (4) 65(5) 47(2) TPG 13 (1) 1.5(0.2) 51 (1) TPG
PheCl | 167(13) 180(30) 36(1) TLG 42 (4) 95(0.5)  44(1) TPG
PheCN | 175(15)  145(15) 47(1) TLG 47 (4) 11 (0.5) 51 (1) TPG
DOX 87 (8) 160 (20) 37 (2) 0G 28 (3) 5(0.5) 42 (1) 0G
Acetone | 87 (8) 135(15)  45(1) 0G 14 (2) 08(0.1)  55(2) 0G
Hexane 20 (2) 10(05)  40(1) 0G 8 (1) 13(01) 412 0G
IL-1 25 (3) 306)  72(1) 0G 14 (2) 85(0.5)  74(2) 0G
IL-2 48 (4) 71 78(2 0G 29 (3) 35(0.5)  82(2) 0G
R-oil 13(2) 75(10) 63 (1) TLG 5(1) 45 (5) 67 (1) TLG
O-oil 14 (2) 45(5) 62 (1) TLG 8 (1) 55(05)  72(1) TLG
S-oil 42 (4) 90 (15) 61 (2) 0G 23 (3) 13 (1) 71 (2) 0G
Diesel 85 (8) 80 (10) 44 (2) TLG 25 (3) 75(05)  53(1) TLG
Gasoline | 82 (8) 125 (15)  39(1) TLG 63 (6) 165(15)  43(1) TLG

% Values in brackets indicate errors from at least 2 randomized experiments. ® Values obtained via heating-
cooling protocol. ©® Values obtained via ultrasound enhanced protocol. ¥ Values determined at the
corresponding CGC of the heating-cooling protocol. Abbriviations: OG = opaque gel; TLG = translucient
gel; TPG = transparent gel; 2-BuOH = 2-butanol; DOX = 1,4-dioxane; 1-HexOH = 1-hexanol; IL-1 = 1-

butyl-3-methylimidazolium hexafluoro phosphate; IL-2 = 1,3-dibutylimidazolium hexafluoro phosphate;

PheCl = chlorobenzene; PheCN = benzonitrile; R-oil = rapeseed oil; S-oil = silicon oil.

Thus, within the end-limits defined by the CGCs and the maximum Tg values, the slopes
of these straight lines indicated that in toluene as solvent a slight 1.1-fold higher

percentage increment of Tge is observed in comparison to MeCN. A similar behaviour of
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gelation time with increasing gelator concentration could not be observed as the gelation
time stays pretty much constant during the whole range of concentration. Interestingly,
during increasing gelator concentration in toluene as solvent a gradual growth of particle
size could be observed, indicated by a change of optical appearance of the gels from
complete transparent to translucient (from 200 mg/mL) and opaque (from 300 mg/mL), on
the other hand gels derived from MeCN kept their opaque nature abroad the whole

concentration range.
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Fig. 5 A) Phase boundaries defined by the evolution of Ty with increasing gelator concentration for gels
formed by ultrasound treatment for both MeCN and toluene. Gradual growth of particle size in gels derived
from toluene as visual from a change of optical appearance from transparent to opaque with increasing
gelator concentration. B) Normalized Ln-Ln plot of the corresponding percental increase.

Oscillatory rheological measurements unequivocally confirmed the viscoelastic gel nature
of the materials that did not show gravitational flow upon turning the vial upside-down.
Thus, their storage modulus G' (energy storage modulus) and loss modulus G™ (energy loss
modulus) were first measured at room temperature as a function of frequency (dynamic
frequency sweep experiment, DFS) and shear strain (dynamic strain sweep experiment,
DSS) to determine the linear viscoelastic regime associated to the material (view Figure 6
A)). Relatively constant tan ¢ (G"/G") values during the frequency sweep indicate a good
tolerance of the gels to external forces. Within the linearity limits of deformation (solid-
like response), the storage modulus was approximately one order of magnitude higher than
the loss modulus during the flow experiment (e.g. G' = 7.9 + 0.5 kPa, G" =~ 1.1 £ 0.1 kPa,
for the gel made in toluene at 17 mg/mL by US treatment). The viscoelastic and brittle
nature of the materials was confirmed by the destruction of the gels at low frequency and

about 5 % of strain. Further dynamic time sweep (DTS) measurements at 0.1% strain and 1
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Hz frequency confirmed the stability (no phase transition) of the gel materials as a function
of the ageing time at room temperature (view Figure 6 B)). In general, the tan J values
between random measurements of the same material were reproducible and decreased with
the concentration of the gelator, suggesting an enhancement of the mechanical damping
properties. In general gels derived from MeCN show an enhanced mechanical stability in

comparison to toluene.
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Fig. 6 Oscillatory rheological measurements of model gels: Representative A) DSS, B) DFS and C) DTS
experiments of the gel made from 1 in MeCN and toluene. The gels were prepared by the ultrasound

enhanced protocol at their CGC as indicated in Table 1.
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Comparing the different methods for gel preparation at the concentration necessary to form
stable gels in both cases, it is obvious for the 2 model solvents that gels prepared by US
treatment show enhanced properties against the classical HC protocol in respect to the
absolute value of G', the tan ¢ and the maximum % strain at break (at least visual for

MeCN) of the material (view Table 2 and Figure 7).

A)
100000
10000 + G’ (heating)
AdAAAAAAAAAAAAL G "~ - .
g 1000 1 ‘h.“.‘ + G" (heating)
N 100 92058 Toare G’ (sonication)
*ee0d
107 4 G (sonication)
1 . .
01 1 10 100
Strain [%]
B)
100000 I |
10000 + G’ (heating)
“lAAAAAAAAAAAAAA“ B
g 1000 * G (heating)
It) 00000000:
? 100 ::::::::::no""’ G’ (sonication)
10 4 G'" [sonication)
1 . |
0,1 1 10
Frequency [Hz]
)
100000
10000 - * G (Heating)
+ G (heating)
= 1000 ‘
= G’ (sonication)
It} 100
10 4 G (sonication)
1 r ‘
0 200 400 600
Time [sec.]

Fig. 7 Comparing the 2 methods for gel preparation by oscillatory rheological measurements at the
corresponding CGC (72 mg/mL) of the heating-cooling protocol in toluene as model system (Plots for MeCN
can be found in ESI): A) DSS, B) DFS and C) DTS experiments.
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Relative high values for tan ¢ of gels derived from the HC method indicate their low
mechanical stability. These findings are in good agreement with other gelation properties
mentioned earlier. Furthermore we are delighted to report a smart thixotropic response of
almost all gels (except form gels derived from gasoline and hexane) to both macroscopic
shaking and external large straining almost independent on the nature of the solvent or the
preparation method within seconds, which is considered a key property for real-life

applications of gel-based materials.?®

Tab. 2 Comparison of oscillatory rheological properties derived from heating-cooling and ultrasonication
enhanced protocol for gelation. ?

MeCN Toluene
HC us HC us
G' [kPa] 720.3 3162.8 0.12 33.0
G" [kPa] 206.1 672.5 0.04 3.1
tan o 0.29 0.21 0.35 0.09
Strain [%] 2 6 >100 8

% Toluene and MeCN were used as model systems. Data were obtained from at least 2 randomized
experiments at the corresponding CGC of the heating-cooling protocol as indicated in table 1. Errors obtained
were always below 10 % of the absolute values.

Figure 8 shows a simple thixotropy three-step rheological loop test® for the organogel
made of 1 in MeCN (9 mg/mL) prepared by the US enhanced gelation protocol. The
experiment is based on successive cycles involving the following steps: 1) application of a
shear strain and frequency as defined by DTS experiments (gel state, G' > G", 0.1 % strain,
1 Hz frequency), 2) increase of the shear strain until the gel fractures (viscous solution, G'
< G", 100-1000 % strain, 1 Hz frequency) and 3) return at the same rate to the initial strain
% value (recovered gel state, G' > G"). In the model example shown in Figure 8 the gel
displayed more than 98 % recovery after the first and more than 85 % after the second
cycle of the thixotropic loop test. Such fast and almost complete recovery of the gel-
strength gives raise for potential applications in the field of injectable gels for lubrication

purposes or biomedicine.
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Fig. 8 Typical thixotropy loop test of the model gel made from 1 in MeCN (9 mg/mL). The strain for each
step during shear was first increased from 0.1% (linear viscoelastic regime —gel state-) to 100% (rupture of
the gel —solution state—) and subsequently returned to the original value (recovery of the gel state). Asterisks

indicate the increase of the shear strain at the time scale.

4.3.4. Correlation with solvent parameters and multi-stimuli responsive

nature

Taking a close look on the gelation behavior of formamidine compound 1 in aromatic
solvents, it was found that the substituent of monosubstituted benzene derivatives has a
significant influence on the CGC of gels obtained by the US enhanced protocol (view
Table 3). As general trend it is obvious that CGC-values decrease for electron-donating
substituents, which seems to correlate with resonance and inductive stabilization
parameters. One suitable approach to quantify this observation with experimental data is
using Hammett-parameters. The Hammett-equitation was developed based on empirical
observations investigating the rate constants of the basic hydrolysis of substituted benzoic
acid esters correlating the former with substituent induced effects that can be expressed by
the difference of corresponding Gibb’s enthalpies.® Later on Taft expanded the studies,
taking also sterical, inductive and resonance effects of the substituent into consideration
making the parameters more accurate.* Recent computational and experimental studies
revealed a clear correlation of aromatic stacking interactions with inductive Hammett-

parameters o> Computational studies support a model describing aromatic rings as
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positively charged o-frameworks that are sandwiched between two regions of negatively
charged m-electron density. Substituents on aromatic rings can either directly interact in
stacking properties or influence the arene by polarization effects. Both experimental and
theoretical investigations reveal a positive effect on the stacking affinity of arenes by
electron-withdrawing substituents. A probable explanation could be a simply reduction of
the repulsion caused by electron density, and a reciprocal effect caused by electron-
donating substituents.*® In our studies we found a clear and almost perfect linear
relationship between o' —parameters and CGC, gelation time and Tge-values in 5 aromatic
solvents tested (view Figure 9). We assume that electron-withdrawing substituents increase
intermolecular solvent-solvent interactions by positive influence on stacking-properties and
hence weaken intermolecular gelator-solvents interactions responsible for effective
gelation. On the other hand electron donating substituents of aromatic solvents enhance
gelation properties by facilitating the formation of gelator-solvent interactions in
comparison to unsubstituted benzene. A similar conclusion could be also drawn for gels
prepared by the classical HC cycle, but the correlation with Hammett-parameters is not as
perfect. The order of suitable aromatic solvents for gelation induced by compound 1 would
hence be the following: Xylene > Toluene > Benzene >> Chlorobenzene > Benzonitril.
This finding suggests a clear participation of intermolecular n-n-stacking interactions,
which seem to be next to H-bonding interactions the driving forces for effective gelation
ability of 1.

Tab. 3 Correlation of gelation properties of compound 1 in aromatic solvents with corresponding o' —

parameters of the substituents. ¥

Solvent o CGC [mg/mL]  Gel-Time [min] Tge [°C]
Xylene | -0.10 13 (1) 1.5(0.3) 51 (1)
Toluene | -0.05 17 (2) 2.5(0.3) 48 (1)
Benzene | 0.00 20 (2) 3.5(0.3) 46 (1)
PheCl | 0.47 42 (4) 10.8 (0.5) 38 (1)
PheCN | 0.59 47 (4) 12.5 (0.5) 36 (1)

3 Abbriviations: PheCl = Chlorobenzene; PheCN = Benzonitril. Values for gelation time and Tg of all
systems have been determined at the highest CGC in PheCN for comparative purposes. For Xylene the ¢' —
value caused by the CHs-group has been simply doubled for approximation. Values in brackets indicate

experimental errors.
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Fig. 9 Graphical plots of the linear correlation of corresponding aromatic solvent o —
parameters®* with gelation properties of compound 1. A) CGC, B) Gelation time and C)

Tge-plots.

The response towards external stimuli of physical gels is one of their key-features for
potential applications. As mentioned above all gels reveal a full thermo-responsive nature
without any visible changes in Ty even after several cycles of heating and cooling
independent on the nature of solvent and preparation method. Also a smart thixotropic
response against vigorous mechanical shaking or application of large strain was observed
in all gels except from hexane and gasoline. Furthermore we explored an injectable nature
of the thixotropic materials after vigorous shaking/stirring as indicated in Figure 10. These

findings complete a versatile multi-responsive map of gels derived from 1. Figure 11
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summarizes the results carried out using toluene (17 mg/mL) as model system (data for
MeCN, which exhibits similar behavior, can be found in the ESI). An isotropic solution
obtained by heating could be transformed into stable and fully thermo-reversible

organogels upon cooling or ultrasound treatment.
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Fig. 10 Digital photographs demonstrating the thixotropic and injectable nature of gels from 1 in toluene (17
mg/mL) prepared by the ultrasonication enhanced gelation protocol. Vigorous stirring of the gel for 5 min
results in the formation of a viscous solution, which can be uptaken using a syringe (1 mL volume) and

injected into a vial afterwards, resulting in reformation of a stable gel within 10 sec.

In addition, vigorous shaking of the vial afforded a viscous solution, which could return to
a stable gel state within seconds. Finally irreversible chemical response of gels within
minutes was found against addition of HCI, various electrolytes (NaCl, KF, CsCl, Na;SOq,
etc.) and many gelling and non-gelling organic solvents (except from apolar or aromatic
solvents like cyclohexane, hexane, octane, toluene or benzonitrile). On the other hand
stability of organogels could be preserved in the presence of water and NaOH, as well as
halides (TBAF, TBAB and TBACI). Furthermore we observed a gel-to-sol phase transition
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of organogels in the presence of aqueous metal-cations solutions with valences between |
and IV.

heating ? shaking
— —_—
p— o —
cooling s resting

Fig. 11 Diagram showing the preparation of multi stimuli-responsive organogels from 1 in toluene (17

mg/mL) prepared by the ultrasound enhanced protocol.

Interestingly the addition of Cu(lIl) and Fe(l1l) resulted in a change of color of the toluene
layer very different to the color of the aqueous metal solutions accompanied by a gel-to-sol
phase transition. Confirmation of the visual inspection was carried out using UV-vis
spectroscopy. The toluene layer after phase separation caused by the addition of e.g. Cu(ll)
exhibited a shift of the maximum wavelength Ayax from 808 to 418 nm. This finding could
suggests either the formation of metal nanoparticles by reductive motifs of compound 1 or
more likely, the formation of metal-formamidine complexes,®® but in order to draw firm
statements further studies like the growth of crystals still need to be carried out. On the
other hand Ag(l) and Ce(IV) solutions caused a disruption of the gel by phase separation
without any visible change of coloration indicating another mechanisms responsible for the
gel-to-sol transition. Figure 12 documents the change in coloration with digital
photographs and UV-spectra for the case of Cu(ll). This interesting observation could give
potential application of gels derived from 1 in the field of heavy metal sensing by applying
simple spectroscopic techniques.
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Fig. 12 Responsive nature of gels derived from toluene (17 mg/mL) against aqueous solutions of Cu(ll). A)
Digital photographs demonstrating the change of coloration of the toluene layer in comparison to metal-
solution accompanied by a gel-to-sol phase transition. B) Corresponding UV-spectra of aqueous CuSO,4 *
5H,0-solution (0.1M), the gel derived from toluene (17 mg/mL) and the toluene layers (diluted by a factor of
1:10) after phase separation. Documentation for Fe(l11) and Ce(1V) can be found in the ESI.

4.3.5. Morphological and spectroscopic characterization

In order to gain visual insight into the morphologies of the organogels we conducted field
emission scanning electron microscopy (FESEM) of the corresponding xerogels. A 3D
appearance of the samples surface structure was revealed resembling kind of smooth and
very dense lava-flows when toluene was used as solvent (view Figure 13 A-F). Commonly
we observed several fibres fused together to form large longitudinal fibrillar structures with
diameters varying from 0.5-20 um (e.g. Figure 13 A, B). In contrast much smaller fibrillar
structures with a diameter from 50-500 nm could be observed using more polar MeCN as

solvents, resembling porous and much rougher surfaces similar to sponges and corals,
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which can be found in the sea (Figure 13 G-L). In general more densely packed structures
could be observed by increasing the concentration of the gelator, which is kind of
predictable and in good agreement with their higher thermal stability and internal
cohesiveness as indicated by their higher Ty -values (e.g. Figure 13 C, D, 1, J).

p—rr

Fig. 13 SEM (A, B and G, H) and FESEM (C-F and I-L) images of cryogels prepared by the freeze-drying
method from corresponding organogels. A, B: xerogel from toluene (17 mg/mL) prepared by ultrasound
treatment; C, D: xerogel from toluene (72 mg/mL) prepared by ultrasound treatment; E, F: xerogel from
toluene (72 mg/mL) prepared by classical heating-cooling protocol; G, H: xerogel from MeCN (9 mg/mL)
prepared by ultrasound treatment; I, J: xerogel from MeCN (110 mg/mL) prepared by ultrasound treatment;

K, L: xerogel from MeCN (110 mg/mL) prepared by classical heating-cooling protocol.

Such findings indicate differences in intermolecular solvent-gelator and gelator-gelator
interactions, postulating a combination of H-bonding and m-m-stacking interactions as
driving forces for gelation with different quantification dependent on the nature of the
solvent. Comparing the two methods of preparation it can be seen that the solvent
dependent morphology is preserved on the first view independent on the method of
preparation (Figure 13 C-F and I-L). Paying more close attention it is obvious that
differences can be spotted out. Gels prepared by the classical HC protocol in general
exhibit less density of the networks (Figure 13 E, F and K, L). In the case of toluene as

solvent the longitudinal structures are more wrinkled and fused in the case of US
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treatment. Gels derived from MeCN show smaller pore-sizes when ultrasound is applied
indicating a denser and more compact structure. These findings are in good agreement with
other conclusions drawn previous and highlight the positive effect of ultrasound treatment
on general gelation properties, including thermal and mechanical stabilities of the
materials. Additionally transmission electron microscopy (TEM) imaging of cryogels
derived from toluene reveal dense, characteristic fibrillar networks, consisting of bundles
of twisted fibres with diameters varying from ca. 50-100 nm (smallest feature) and length
on the scale of microns (see Figure 14). The high aspect ratio of the entangled networks is
a consequence of a strong anisotropic growth process, which indicates a well ordered
molecular packing to form unit nanofibers (for a selection of SEM/FESEM imaging in

further solvents see ESI).

B)

= 200 nm

Fig. 14 Representative TEM photographs of xerogels obtained from gels in toluene (17 mg/mL) with
magnifications of 2500x (A) and 4000x (B) respectively. Inset scheme (B) indication a thin fibre bundle of
ca. 70 nm.

As expected, comparative FT-IR confirmed the participation of hydrogen-bonded amides
during the gelation process. Thus hydrogen bonding in the organogels both slightly shifted
CO and NH resonances to lower energies with respect to the solid state of the gelator 1
(e.g. from 1627 to 1617 cm™ for amide | bands, and from 3287 to 3283 cm™ for NH
stretching bands respectively in MeCN as indicated in Figure 15). Although the gel-to-sol
transition occurred with increasing temperature, the IR-bands arising from hydrogen-
bonded amide groups decreased only marginally in the solution state indicating that these

interactions are already significantly present in solution and also in the solid state. Also
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noteworthy to mention is, that the preparation method and solvent has no significant

influence on the development of IR band.
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Fig. 15 Comparative FT-IR spectra derived from MeCN (9 mg/mL) prepared by ultrasound treatment
showing solid state, gel-state and solution state (e.g. NH stretching bands are shifted to lower energies from

3287 cm™ in the solid state to 3286 and 3283 cm™ in the solution and gel state respectively.

4.3.6. Hydrogel formation and characterization

Besides the formation of organogels in various organic solvents, compound 1 was also
investigated on its potential of hydrogel formation. For this purpose many different
methodologies have been explored, but remained unsuccessful. Neither a classical heating-
cooling protocol in combination with ultrasound treatment, nor the use of water-soluble co-
solvents (5-50% v/v) like acetone, DMF, DMSO, HFIP, or MeOH resulted in the
formation of hydrogels, but in precipitation or insolubility of compound 1. Also the
potential formation of metallogels in the presence of various metal-salts (Ag(l), Cu(ll),
Fe(lll) and Ce(IV)) remained inefficient. Only the good solubility of the formamidine in
acidic media, probably due to simple protonation events, gave rise to the formation of
hydrogels by building a simple pH-gradient from acidic to more basic media, by dissolving
the compound in a minimum amount of 1M HCI and addition of small portions of 1M

NaOH during ultrasound treatment. A detailed description of the procedure can be found in
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the experimental section under optimized conditions. Hence stable and translucient
hydrogels could be formed at an effective gelator concentration of 71+8 mg/mL at a pH
between 4 and 5 as determined using a simple indicator paper test within 30 sec of
ultrasound treatment, which has been confirmed by oscillatory rheological measurements
(conditions can be found in the ESI). The hydrogels were found to be fully
thermoreversible without significantly changing their physical properties after several
cycles of heating and cooling as indicated by marginal changes of the Tge-values (44+1 °C
after the first cycle and 43+2 °C after the third cycle).
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Fig. 16 Characterization of hydrogels derived from compound 1 (71 mg/mL). A), B) Dynamic oscillatory
rheology of model gels: A) Representative DFS and DSS experiments; B) Representative DTS experiment.
Hence the following experimental values have been obtained: G' = 11020+£1482.8 Pa, G" = 1493+230.6 Pa,
tan 6 = 0.14+0.040, critical strain at break = 10£2.7 %. C), D) Representative digital photographs of xerogels
prepared by the freeze-drying method obtained by FESEM-imaging. E) Representative digital photographs

describing the gradual change of the optical appearance of hydrogels from translucient to opaque nature.

Interestingly the optical appearance of the gels gradually changed from translucient to
opaque within 36 h due to the growth of particles inside the gel as indicated by digital
photographs in Figure 16 preserving their temporal stability of at least 2 months.
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Interestingly, the hydrogels also exhibit a macroscopic smart thixotropic nature in analogy
to the behaviour of the organogels, which still needs to be confirmed by the three-step loop
test as described earlier. The morphology of freeze-dried samples visualized by FESEM
imaging resembles smooth and dense lava-flows in similarity to samples obtained from
toluene as solvent having approximately the same dimensions. As the biological activity of
formamidines is likely influenced by their rate of hydrolysis* the stability of compound 1
in acidic aqueous methanol solutions (starting concentration = 5.29x10™ M, 80% v/v in
citrate buffer pH = 4.7, approximate pH inside the hydrogels) has been investigated. The
first order rate constant for acid-mediated hydrolysis was determined to be
2.83+0.0012x10 min™ with a half-life ty, of 41 h indicating a high stability in comparable
to other similar systems studied earlier.” Interestingly the hydrogels remain a temporal
stability of at least 2 month which indicates a drastic reduction of the hydrolysis inside the
gel-matrix giving potential for applications in the field of biomedicine especially in

controlled drug release.

4.4. Conclusions

In summary, we have described effective gelation of various organic solvents by an
amphiphilic formamidine-based gelator molecule. A clear correlation of Hammett's
inductive o' parameters of several aromatic solvents was found, which can help to predict
and trigger gelation properties in such solvents. Interestingly ultrasound treatment of
isotropic solutions resulted in an enhancement of typical physical properties of gel-
materials in all tested cases. For example, the time necessary to promote gelation could be
reduced up to 85-99 % of the original value corresponding to a classical heating-cooling
induced gelation protocol. Additionally a smart thixotropic behaviour with injectable
nature of the systems was discovered with a recovery of the gel-sate after vigorous
mechanical agitation within seconds. This finding completes a versatile multi stimuli-
responsive nature of the materials including a responsive colorimetric behaviour against
some metal-ions, which gives potential application in heavy-metal sensing. Herein we also
report the first formamidine-based hydrogels, which could effectively be prepared by
building a pH-gradient in aqueous media from acidic to more basic conditions. Hydrolysis
Kinetics in acidic aqueous solutions revealed half lives of about 41 h, which is comparable
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to similar systems reported so far. Astonishingly the hydrolysis seems to significantly slow
down in gel-materials as indicated by a temporal stability of at least 2 months. Such
properties in combination with a potential biological activity of formamidine compounds

give rise for potential applications in biomedical fields such as controlled release of drugs.

— For further information on compound synthesis and characterization, additional gelation
properties and hydrolysis of 1 see the electronic supplementary information (ESI) on the
enclosed CD.
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5. Transferring a concept from medicinal chemistry into soft matter: Replacing an

amide with a triazole for modifying gelation properties'

Isosteric replacement
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The well-known concept of isosteric replacement has been transferred successfully from
medicinal chemistry into the field of soft gel-materials. The exchange of an amide moiety
of a literature-known compound Cis-Glu with an 1,4-disubstituted 1,2,3-triazole via
CUuAAC furnished the novel compound Click-Glu. It was found that Click-Glu exhibits
superior behaviour in terms of its gelation properties in polar-protic solvents. Not only
CGC values could be decreased, but also mechanical and thermal stabilities could be
improved. On the other hand an exact opposite behaviour was observed in aprotic solvents,
where Cig-Glu revealed its superior properties. Explanations on this behaviour could be
given by the differences in gelation mechanisms proposed for the two compounds based on
varying gelator-solvent and gelator-gelator interactions, caused by the two linking
moieties. Additional controlled drug release experiments using vancomycine revealed a

triggering of the release rate depending on the compound used.

"In this chapter, all experiments were carried out by J. Bachl.
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5.1. Introduction

Bioisosteric replacement® is a well accepted key concept in medicinal chemistry for
already several decades. The origin of isosteres can be traced back to 1919 and is based on
similar physicochemical behaviour of various atoms and molecules as described by
Langmuir.? Taking also the octet-rule into consideration, isosteres were initially defined as
those atoms or groups that have the same number and arrangement of electrons. Later on
the concept was extended with the Grimm’s hydride displacement law® and Erlenmeyer’s
redefinition of isosteres being atoms, ions and molecules in which the peripheral electron
shells can be considered identical.* The term bioisosterism was initiated by Friedman ° and
extended later on by Burger' ™ for atoms or groups that posses similar shapes and volumes,
approximately the same distribution of electrons and which exhibit similar physical
properties and biological activities. Of special interest in modern research is the isosteric
replacement of amide-bonds, because of its impact in peptide chemistry and the
development of petide-mimetics. Many promising approaches introducing acyclic esters,
thioamides, ureas, carbamates, and sulphonamides amongst others have been successfully
applied to improve known drug-systems or to create new compounds and materials."®" ¢ In
order to increase stabilities against hydrolysis and enzymatic cleavage as well as to
increase structural and conformational rigidity, heterocyclic isosteres for amide-bonds like
1,2,4-oxadiazoles,” 1,3,4-oxadiazoles® or triazoles” have found broad application.
Especially 1,2,3-triazoles are of special interest, due to their facile and various preparation
caused by the development of the copper-catalyzed cycloaddition of azides and alkynes
(CUAAC) in 2002."° The CUAAC yields only the 1,4-disubstituted triazole ring and hence
many effort was spent towards the formation of the 1,5-disubstituted analogue. It was
found in 2005 that the 1,3-dipolar cycloaddition could be directed towards the formation
of the 1,5-analogue using the Cp*RuCI(PPhs), catalyst, which makes this reaction a true
regiocomplementary tool in organic synthesis. Triazoles are very suitable for isosteres as
they are able to mimic either a Z or E configuration of the amide-bond depending on the

%). ) Their planar structure exhibits the ability of hydrogen bonding

substitution pattern.
due to the presence of both donor and acceptor groups, with a very similar relative position
of the hydrogen bonding sites. The main difference between a 1,4-disubstituted triazole
and a Z amide-bond is the larger distance between the substituents in the case of the former

(~ 5.0 A and ~ 3.9 A respectively), which could be overcome by the larger overall dipolar
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moment of the triazole in comparison to the amide (~ 5 D and ~3.5 - 4.0 D' respectively).
The corresponding distances for the 1,5-disubstituted triazole and an E amide-bond are

near identical (~ 2.4 A), but here differences in atom polarization occur.”
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Fig. 1 Summary of features explaining the potential use of triazoles as bioisosteres for amide-bonds.’®

Furthermore computational studies suggest that a 1,4-disubstituted triazole could be
consistent with the geometry of a B-turn.”® Besides the application of triazoles in petide-
mimetics and bioconjugation,*? they also found to be very useful structural motifs for the
fabrication of functional materials in material science.* Triazoles participate for example
in the manufacturing of sensors,'® zeolites for gas uptake and catalysis'® or even soft gel-
materials.’” To the best of our knowledge no specific reports have been published so far on
the concept of isosteric exchange of an amide bond with a triazole in soft gel materials. In
this context we wanted to investigate the effects of exchanging an amide in a known low-
molecular-weight (LMW) model compound Cis-Glu®® with a 1,4-disubstituted 1,2,3-

triazole resulting in compound Click-Glu on potential differences in gelation properties.
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5.2. Experimental

5.2.1 Materials

Unless otherwise specified, all reagents, starting materials and solvents (p.a. grade) were
purchased from commercial suppliers and used as received without further purification.
Double-distilled water was purified additionally using a Millipore water-purifying system
(Merck) prior usage. Xylene as mixture of isomers was used after double-distillation. See
ESI for detailed information about instrumentation, synthetic procedures, compounds and

material characterization.

5.2.2 Preparation of gel-materials

Typically, a weighted amount of the corresponding gelator and an appropriate solvent (0.5
mL) were placed into a screw-capped glass vial (4 cm length x 1 cm diameter) and gently
heated with a heat gun until the solid material was completely dissolved. In some cases
ultrasonication of the samples before heating could facilitate the dissolution of the
compound. The resulting isotropic solution was then spontaneously cooled down to RT.
No control over temperature rate during the heating-cooling process was applied. The
material was preliminary classified as “gel” if it did not exhibit gravitational flow upon
turning the vial upside-down at RT. The state was further confirmed by rheological

measurements.

523 Critical gelation concentration (CGC)

CGC values were estimated by continuously adding aliquots of solvent (0.02-0.1 mL) into
vials containing the corresponding gelator and performing a typical heating-cooling for
gel-formation until no gelation was observed. The starting point for CGC determinations
was 200 mg/mL.
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524 Thermal gel-to-sol transition temperature (Tge)

Tgel-values were determined using a custom made set-up (the sealed vial containing the
gel-material (total volume of solvent = 0.5 mL) was placed in a mold of an alumina block
which was heated up using an electric heating plate equipped with a temperature control
couple at 1 °C/ 5 min, verification on the independence of the position inside the apparatus
has been carried out and values obtained have been crosschecked with data from literature

known compounds).

Fig. 2 Custom made set-up for Tye-determinations. A) Front view showing the composition between electric
heating plate, alumina block and digital thermo-couple. B) Top view of the set-up during experimentation
containing vials (4 cm length x 1 cm diameter) with gel-materials. It is important to mention that the alumina
block was constructed especially for one type of vials which fit smoothly inside the molds to ensure a good

transmission of the heat-flow.

The hereby obtained values have been verified by the classical “inverse flow method”
(IFM)*® (the sealed vial containing the gel-material (total volume of solvent = 0.5 mL) was
hung horizontally into an oil bath, which was heated up at 1 °C/ 5 min) and DSC
measurements. Herein, the temperature at which the gel started to break was defined as
Tger. Each measurement was made at least by duplicate and the average value reported. Tge
values were found almost unaltered within a difference of 1-2 °C after several heating-

cooling cycles.
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525 Controlled release of vancomycin

A weighted amount of the corresponding gelator (50 mg, minimum amount of gelator to
obtain stable gels for both compounds), vancomycin (2 mg) and water (1 mL) were placed
into a screw-capped glass vial and gently heated until all solid materials were completely
dissolved. The resulting isotropic solution was then spontaneously cooled to RT resulting
in gel-formation with physically incorporated vancomycin. Obtained gel-materials were
overlaid with PBS-buffer (1 mL, pH = 7.4) 12 h after formation, which was considered as
the starting point of the experiments. At selected points of time aliquots (100 pL) were
removed and stored at -20 °C, and the release buffer was completely replaced with fresh
PBS to maintain infinite sink conditions. Drug concentration in the aliquots was
determined at the end of the experiments by UV spectroscopy after calibration using the
maximum absorbance at 280 nm. It was verified that degraded gel-materials exhibited a

minimum absorbance in the region of drug detection.

5.3. Results and discussion

5.3.1 Gelation ability and optical appearance of the materials

The two potential gelator molecules bearing either an amide (Cis-Glu) or a 1,4-
disubstituted 1,2,3-triazole (Click-Glu) moiety have been systematically investigated for
their gelation ability in an aqueous environment and 25 different organic solvents by
applying a classical heating-cooling cycle. Materials that did not exhibit gravitational flow
according to the “stable-to-inversion” method”® were preliminary classified as gels and
their solid-like appearance was further confirmed using dynamic rheological measurements
(vide infra). C15-Glu was found to be completely soluble in THF and 1,4-dioxane, while
being insoluble in viscous oil-type solvents and ionic liquids like BMIM-PFg. Precipitation
of the compound after cooling of hot isotropic solutions was observed in 1-hexanol,
DMSO, DMF, EtOAc and acetone, while partial gel-formation occurred in most alcoholic

solvents and aromatic solvents substituted with electron withdrawing groups.
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Fig. 3 Structures of model compounds Cys-Glu and Click-Glu for establishing the concept of isosteric

exchange in soft gel-materials.

In the rest of the tested solvents including an aqueous environment formation of stable gels
took place furnishing mostly complete opaque gels except from materials derived from

glycerin, which revealed a translucient appearance.

Tab. 1 Comparison of gelation properties of C15-Glu and Click-Glu. ?

Cis-Glu Click-Glu
Solvent
CGC Gel-Time Teel CGC Gel-Time Teel
. Appearance . Appearance

[mg/mL] [min] [°C] [mg/mL] [min] [°C]
MeOH 33(3) 10 (0.5) 41 (1) oG 25(2) 90 (15) 54 (1) 0G
Water 25(2) 10 (0.5) 47 (1) oG 17 (2) 35(0.3) 65 (1) oG
MeCN 110 (10) 2(0.3) 67 (1) oG 48 (4) 2(0.3) 78 (2) 0G
Et,0 18 (2) 3.5(0.5) 69 (2) oG 78 (8) 5(0.5) 49 (2) oG
CH.Cl, 100 (10) 25(03) 62 (1) oG 180 (15) 35(5) 40 (2) 0G
CHCl, 75 (8) 4(0.5) 61 (1) oG 95 (10) 7(0.5) 43(2) oG
n-Hexane 25 (2) 2(0.3) 84 (2) 0G 115 (10) 0.5(0.1) 72 (2) 0G
Xylene 84 (8) 0.8(0.3) 71(1) oG 95 (15) 05(0.1) 56 (1) oG
Toluene 90 (10) 1.3(0.3) 80 (2) oG 135 (10) 05(0.1) 52 (1) 0G
Benzene 175 (20) 3.5(0.5) 75(2) 0oG 200 (15) 1.5(0.3) 64 (1) 0G
Glycerin 20 (2) 1.5(0.3) 53 (1) TLG 12 (1) 45(0.5) 67 (1) TLG

9 Values for gelation-time and Tqe Were determined at the concentrations of the material with higher
corresponding CGC. Values in brackets indicate experimental errors from at least two randomized
experiments. Abbreviations: OG = opaque gel; TLG = translucient gel.

The complete opacity of most gels is an indication for the formation of particle-aggregates

bigger than the wavelength of visible light (~ 350-750 nm), while the translucient nature of
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glycerin-gels indicates the formation of smaller particles. Click-Glu exhibits a quite
similar behavior towards gelation in the tested solvents. Besides the formation of stable
gels in the same solvents as Cig-Glu (sharing similar optical appearance as indicated in
Figure 4), additional gelation of EtOH, i-PrOH and DMSO was observed extending the
scope by 3 polar solvents (see Table 1 for a detailed summary). Interestingly Click-Glu
also revealed in situ gelation of DMSO/water mixtures at concentrations of ca. 200 mg/mL

during its synthesis as indicated in Figure 4 B.

[Benzeney

Hexane Xylene

Fig. 4 Representative digital photographs of upside-down vials containing gels derived from compounds Cjg-
Glu (A) and Click-Glu (C) at the corresponding CGC in aqueous environment and various organic solvents
as indicated in Table 1. B: Representative digital photograph demonstrating in situ gelation of Click-Glu

during its synthesis in DMSO/water (2:1 v/v) at a concentration of ca. 200 mg/mL.
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532 Considerations on CGC-values, temporal, thermal and mechanical

stabilities and stimuli-responsive nature

Critical gelation concentrations (CGC), defined as the minimum concentrations of
compound where gelation was observed, were established to be in a range of 10-200
mg/mL for most cases applying a classical heating-cooling protocol for gel-formation.
Interestingly it was found that Click-Glu exhibited lower CGC-values in comparison to
Cis-Glu when polar protic (water, MeOH and glycerin) and polar aprotic solvents (e.g.
MeCN) were used (see Figure 5).
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Fig. 5 Bar graphs indicating differences in gelation properties of C.s-Glu and Click-Glu. A CGC-values; B
Gelation-time; C Tgq-values. For comparative purposes: Values for gelation-time and Ty Were determined at

the concentration of the material exhibiting a higher corresponding CGC.
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On the other hand an opposite behavior was observed in apolar (Et,O, CHCI3, CH,ClI, and
hexane) and aromatic solvents (benzene, toluene and xylene) (between 10 and 75 %).This
finding already indicates the potential influence on the gelation-ability and Kkinetics of the
isosteric replacement of an amide-moiety with a triazole. Independent on the nature of the
solvent or the compound all gels exhibited a full thermo-reversible nature and a temporal
stability for at least 12 months. The time necessary to promote gelation is relative fast for
both compounds and is located in a range between several tens of seconds and several tens
of minutes. In general no clear correlation at comparable concentrations between the
gelation-time and the type of compound can be drawn, but it seems as if gelation-kinetics

are significantly slower in polar solvents (see Figure 6 C, D).
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Fig. 6 A, B Evolution of Ty with increasing gelator concentration (A: water as solvent; B: CHCl; as
solvent). Inset-plots: Normalized Ln-Ln plots of the corresponding percental increments. C, D Gelation
kinetics of compounds Cys-Glu and Click-Glu (C: water as solvent; D: CHCI; as solvent). Inset-plots:
Normalized Ln-Ln graphs of the gelation-time against percental increments of concentration. Abbreviations:

m = slope; SL = stability limit.

The thermal stability of obtained gel-materials was evaluated using their thermal gel-to-sol
transition temperatures (Tger). Tgei-values were obtained using a custom made set-up as
described in the experimental section (view Figure 2) as a variation of the “inverse-flow-

method (IFM)™* and cross-checked using the classical IFM. However, the values
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determined by IFM strongly depend on factors such as cooling rate, aging time, thermal
history, and degree of hysteresis?* among others, and hence were correlated for model
systems to the first endothermic transition observed by modulated DSC (see ESI). The
obtained values are quite low in a range between ca. 40 to 70 °C and quite independent on
the nature of the solvent, which is quite typical for LMW-based gels. In similarity to the
trends observed for CGC-values, it was found that Click-Glu exhibits higher Ty -values at
comparable concentrations in polar protic and polar aprotic solvents, whereas Cig-Glu
revealed superior behaviour in apolar and aromatic solvents (results are summarized in
Table 1 and Figure 5, detailed information can be found in the ESI). Up to 40 % increase
of the Tye-values could be observed when the compound and the solvent-polarity matched.
Remarkable in this context is the ability of both compounds to form gel-materials where
Tgei-values are very close to or even exceed the boiling point of the corresponding solvent.
In n-hexane (b.p. = 69 °C) for example the Tge-values for C1g-Glu and Click-Glu are as
high as 84+2 and 72+2 °C respectively. For further investigation on other typical gelation
properties, two model solvents have been selected for convenience. Dependent on the
results carried out so far and on the nature of the solvent, water as polar protic solvent and
CHCl; as apolar solvent have been selected. As usual in other physical gels, Tge increases
significantly with increasing gelator concentration (view Figure 6) independent on the
nature of the solvent or the compound, indicating that self-assembly processes are driven
by strong intermolecular interactions affording closely packed 3D networks in both cases.
Gelator concentrations could be increased up 500 mg/mL for C.s-Glu in both water and
CHCI3, affording homogeneous gels. For Click-Glu concentrations could be even
increased up to 700 (CHCI3) and 900 (water) mg/mL respectively. A typical plateau region
for all examples (ATgel = 20-33 °C) was visible before the gels collapsed into partial and
inhomogeneous gels with expelling some liquid on top over short periods of time lower
than 4 h. However more realistic vision can be obtained by looking at the percental
increase of a variable over the entire range of permitted concentration until reaching a
plateau value of Tge|.22 The Ln-Ln plot of the percentage increases before the plateau
regions, showed a clear linear relationship between the increment in the gelator
concentration and the consequent increment in the Tge With respect to the initial values at
the CGC (view Figure 6). Thus, within the end-limits defined by the CGCs and the
maximum Tge Values, the slopes of these straight lines indicated that in water as solvent a

slight 1.3-fold higher percentage increment of Tg is observed when Cig-Glu is used as
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gelator (view Figure 6 A). The opposite trend is visible in CHCI3 as solvent where a 1.2-
fold higher percentage increment can be observed for Click-Glu (view Figure 6 B).
However absolute maximum values for T are higher for Click-Glu in water and higher
for Ci5-Glu in CHCIs. Corresponding Ln-Ln plots of gelation-time vs. concentration
revealed that for an equivalent increment in concentration with respect to the CGC
materials based on either Cig-Glu or Click- Glu in water as solvent evolve nearly
identical, but materials based on Click-Glu show faster absolute gelation-kinetics at the
corresponding CGC (view Figure 6 C). In CHCI; as solvent both absolute and incremental
gelation-kinetics are nearly identical for C1g-Glu and Click-Glu (view Figure 6 D).

Oscillatory rheological measurements unequivocally confirmed the viscoelastic gel nature
of the materials that did not show gravitational flow upon turning the vial upside-down.
Thus, their storage modulus G' (energy storage modulus) and loss modulus G™ (energy loss
modulus) were first measured at room temperature as a function of frequency (dynamic
frequency sweep experiment, DFS) and shear strain (dynamic strain sweep experiment,
DSS) to determine the linear viscoelastic regime associated to the material (view Figure 7
A).

Tab. 2 Summary of rheological properties of compounds Cy5-Glu and Click-Glu in two model solvents. ?

Compound | Solvent | G'[kPa]  G" [kPa] tano  Strain [%] "
Cig-Glu H,O 15+1.8 4+0.2 0.30£0.01 6+1.3
Cig-Glu CHCI; | 778£6.0 101+1.9 0.13+0.00 4+0.8

Click-Glu H,O 102+10.6 19+0.4 0.19+0.02 9+1.4
Click-Glu | CHCIl; | 109+1.7 45+4.0 0.41+0.03 2+0.7

% Water (25 mg/mL) and CHCI; (100 mg/mL) were used as model systems. Data were obtained from at least
2 randomized experiments at the concentration of the material exhibiting the higher corresponding CGC as

indicated in Table 1. ® Maximum strain at break of the gel-material.

Relatively constant tan ¢ (G"/G') values during the frequency sweep indicate a good
tolerance of the gels to external forces. Within the linearity limits of deformation (solid-
like response), the storage modulus was approximately one order of magnitude higher than
the loss modulus during the flow experiment (e.g. G' = 778.4 £ 5.9 kPa, G" = 100.8 £ 1.9
kPa, for the gels made form C1g-Glu in CHCI3 at 100 mg/mL). The viscoelastic and brittle

nature of the materials was confirmed by the destruction of the gels at low frequency and
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between about 2-10% of strain. Further dynamic time sweep (DTS) measurements at 0.1%
strain and 1 Hz frequency confirmed the stability (no phase transition) of the gel materials
as a function of the ageing time at room temperature (view Figure 7 B). In general, the tan
o values between random measurements of the same material were reproducible and
decreased with the concentration of the gelator, suggesting an enhancement of the
mechanical damping properties. Comparative oscillatory rheology measurements at the
concentration of the material exhibiting a higher CGC revealed a similar behavior as
already observed from CGC and Ty -determinations. Cig-Glu provides more mechanical
stable materials in aprotic solvents like CHCI; as indicated by higher absolute G'-values,
lower tan ¢ and higher maximum strain at break. An exact opposite behavior can be
observed in polar solvents like water where Click-Glu exhibits superior properties (view
Table 2 and Figure 7).
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Fig. 7 Representative plots of oscillatory rheological experiments of Cye-Glu and Click-Glu in the two
model systems water (25 mg/mL) and CHCI; (100 mg/mL) at the concentration of the material with the
higher corresponding CGC as indicated in Table 1. A: DFS-plots. B: DSS-plots. C: DTS-plots.
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The response towards external stimuli of physical gels is one of their key-features for
potential applications. As mentioned above all gel-materials independent on the type of
compound used or the nature of the solvent exhibited full thermo-reversible behavior
without any remarkable changes in Tg-values even after several cycles of heating and
cooling. Figure 8 summarizes a versatile multi-responsive map of gels derived from Click-
Glu in water (17 mg/mL). Irreversible gel-to-sol phase transitions could be observed by
mechanical agitation and addition of certain chemical substances. Gel-materials were
dissolved in the presence of NaOH, while being stable towards neutral and acidic
conditions. Also treatment with certain electrolytes (e.g. Na,;SO4, NaCl and CsF), buffered
solutions (phosphate buffer saline (PBS; pH = 7.4) and borate buffer (pH = 9.2)) and
organic solvents (THF and 1,4-dioxane) resulted in phase transition. A smart response
towards metal-ions (Ag*, Cu?*, Fe** and Ce*"), halides (TBACI, TBAB and TBAF), other
organic solvents (n-hexane, toluene, cyclohexane, EtOAc, MeCN, MeOH, DMSO, DMF,
acetone and CH,Cl,), ultrasound treatment or UV-irradiation could not be observed. Gels
derived from Click-Glu in CHCI3; behaved approximately the same, as also gels derived
from Cy5-Glu in both water and CHCI3, except from being stable against electrolytes and
PBS-buffered solutions. In general the response towards external stimuli is quite fast being
in a range between 30-240 min resulting in complete dissolution or destroyal of

corresponding gel-materials (view ESI for detailed information on other model systems).

Fig. 8 Representative diagram showing the preparation of multi-stimuli responsive gels derived from Click-

Glu in water (17 mg/mL). Abbreviations: C = cooling; H = heating.
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5.3.3 Morphological and spectroscopic considerations

In order to gain visual insight into the morphologies of the organogels we conducted field
emission scanning electron microscopy (FESEM) of the corresponding xerogels (view
Figure 9 A-H). The morphologies of materials based on C1s-Glu are very similar to those
reported before. *® In polar-protic environment formation of nanodiscs-like structures is
revealed with diameters in a range of 1-5 um, whereas ribbon-like microstructures that
tend to form layered lamellar assembles are observed in CHCIs. The ribbons exhibit widths
of ca. 5-10 um and lengths of 15-50 um and consist of several nanofibers (smallest feature

of diameter: 30-50 nm) fused together.

Fig. 9 FESEM (A-H) and TEM (I-J) images of cryogels prepared by the freeze-drying method of materials
derived from C-Glu and Click-Glu at comparable concentrations. A, B, I: Cig-Glu in water (25 mg/mL);
C, D: Cyg-Glu in CHCI3 (100 mg/mL); E, F, J: Click-Glu in water (25 mg/mL); G, H: Click-Glu in CHCl;
(100 mg/mL).

An exact opposite trend is visible for materials based on Click-Glu. In aqueous
environment wrinkled lamellar structures are formed consisting of intercalated ribbons
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exhibiting dimensions of several pm in length and 100-500 nm in width. On the other hand
in CHCl3, the formation of disk-like structures is revealed with diameters between several
hundreds of nm and few pum. Additionally transmission electron microscopy (TEM)
imaging of cryogels derived from water reveal dense, characteristic fibrillar very dense
networks, consisting of bundles of twisted fibers with diameters in a range of tens of nm
(smallest feature) and length on the scale of microns (view Figure 9 I, J). The high aspect
ratio of the entangled networks is a consequence of a strong anisotropic growth process,
which indicates a well ordered molecular packing to form unit nanofibers (for a broader
selection of SEM/TEM imaging in further solvents see ESI). When Click-Glu is used as
gelator the density of the fiber-bundles is much higher in respect to materials where Cig-
Glu is used as a gelator. The same observation was made during gas-adsorption
measurements using N, where C1g-Glu revealed an approximate 2.4-fold higher porosity
as the Click-Glu analogue (53.4 and 22.6 m?/g respectively; more detailed information can
be found in the ESI).

As reported before'® the formation of different nanostructures could be explained by
different hydrogen-bonding (H-bonding) patterns caused by an either polar-protic or apolar
environment. For Cyg-Glu in protic environment it is supposed, that intermolecular chiral
H-bonds between the amide NH-bond and the CO-group of the acid moiety next to the
chiral centre occur and hence molecules assemble in spiral molecular bilayers like
nanodiscs. Additionally free acid-groups can form inter- and intra-layered intermolecular
H-bonds between adjacent acid-groups in the spiral structure.'® % In CHCIs intramolecular
H-bonds are favored and the formation of both intramolecular H-bonds between amide and
acid-moieties and then intermolecular H-bonds between free acid-groups could lead to the
assemble of nanofibers through hydrophobic and hydrophilic interactions. ‘® Due to the
isosteric replacement of an amide by a triazole it seems as the more favorable solvent-
driven H-bonding patterns change and hence triggering towards desired molecular
architectures could be possible as indicated by the exact opposite formation of nano-
structures in the case of Click-Glu. In order to confirm the statements concluded from
morphological observations FT-IR was conducted. Examining the powdered and xerogels
states of materials derived from C;5-Glu in CHCI3 and water significant differences can be
found as illustrated in Fig. 11. In CHCI; a clear shift in the amide-11 band from 1544 cm?
in the powdered state to 1539 cm™ in the xerogel state is visible indicating that the amide

NH-group forms H-bonds, which is further confirmed by the shift of the vyy-band from
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3310 to 3332 cm™. The participation of amide CO-groups in H-bonding is suggested by a
shift in the amide-1 band from 1649 to 1644 cm™. No shift of the vc-o bands of the
carboxylic acid-groups at 1730 and 1717 cm™ indicate free, laterally H-bonded and
bifurcated acid-groups, which are necessary for the formation of intra- and inter-layered H-

bonds between intermolecular acid and/or amide groups.'® %

Fig. 10 Potential models of favoured H-bonded self-assembly into nanofibers and ribbons dependent on the
nature of the solvent and molecular H-bonding moieties in C.g-Glu and Click-Glu respectively. Red lines

indicate intermolecular H-bonding and green lines indicate intramolecular H-bonding.*®

In water on the other hand, the amide-1l band is only slightly shifted in xerogel-state from
1544 to 1545 cm™ indicating only a small participation of NH-groups in H-bonding, which
is supported by the marginal shift of the vyy-band from 3310 to 3311 cm™. No shift of the
signals was observed for the amide-1 band centered at 1644 cm™. Interestingly vc-o bands
of the carboxylic acid-groups centered at 1730 and 1717 cm™ were significantly shifted to
1700 and 1689 cm™ respectively indicating a strong participation of the carboxylic acid
moieties in H-bonding. Hence results obtained by FT-IR confirm the potential models of
H-bond driven gelation mechanisms illustrated in Figure 10 suggesting that C15-Glu forms
solely intermolecular H-bonds in water, whereas both intra- and intermolecular H-bonds
occur in CHCI3. Examining powdered and gel-states of materials derived from Click-Glu
it is obvious that they behave in an opposite way as compared to materials based on Cjg-
Glu. In water as solvent vcy-bands of the triazole moiety significantly shift from 3155 to

3069 cm™ indicating strong participation of the donor-H in H-bonding.

199



Transferring a concept from medicinal chemistry into soft matter: Replacing an
amide with a triazole for modifying gelation properties

100 pretmesinbemeiy e (__,.,.... V,,-:,;i?'“",";"‘-—-

80

I
=
g 60 ‘

——Powder ——Water CHCI3

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber [om']

nsmittancy [%]

Tra

——Powder ——CHCI3 ——Water

1000 3600 3200 2800 2400 2000 1600 1200 200 100
Wavenumber [anl]

Fig. 11 Comparative FTIR of powder, gels or xerogels of Cs-Glu (A, xerogels) and Click-Glu (B, gels)
respectively illustrating potential mechanisms of H-bonded driven gelation.

Additionally vc=o bands centered at 1749 and 1699 cm™ are shifted towards 1733 and 1674
cm™ respectively in the gel-state indicate the participation of the carboxylic acid moieties
in H-bonding. On the other hand in CHCIj3 as solvent only little participation of the triazole
H-donor is visible as indicated by a marginal shift from 3155 to 3154 cm™. Additionally
the strong vc=o bands are not shifted in comparison to the powdered state indication free
and laterally H-bonded necessary to intermolecular H-bonds as mentioned above and
confirming the mechanisms of H-bonding dependent on the solvent as mentioned above.
Hence it is obvious that Click-Glu forms solely intermolecular H-bonds in CHCIs,

whereas both types of H-bonding occur in water.

534 Considerations on controlled release of vancomycin

As mentioned earlier triazoles are very important building blocks for the development of
novel drug-systems or fabrication of biomimetic materials such as peptide-mimetics and
have hence found broad application in medicinal chemistry. On the other hand,
supramolecular gels and in specific hydrogels have been recognized as promising materials
in the fields of catalysis, sensing, cosmetics, environmental remediation and also
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biomedicine.?® The physical properties of hydrogels, resembling those of natural systems,
combined with the concept of incorporating a triazole could result in the formation of
materials, which are very attractive for bioscience and biotechnology. Many gel-systems
have already proven to be suitable systems in controlled drug release.?’ In this context
investigations on controlled drug release using hydrogels based on C;s-Glu and Click-Glu
were carried out. The hydrochloric acid salt of vancomycin was selected as model drug.
Vancomycin is a type of glycopeptide antibiotic and used in the treatment of infections
caused by Gram-positive bacteria. It is one of the quite rare natural haloorganic compounds
and was first isolated in 1953.® Hydrophilic drugs like vancomycin are known to
predominately distribute into the solvent phase rather than in the gel resulting in a relative
quick and mostly complete release during drug release experiments, which makes this type

of drug very interesting for potential application.”
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Fig. 12 Chemical structure of vancomycin (A) and controlled drug release studies from hydrogels based on
C1s-Glu (B, C) and Click-Glu (D, E) at 50 mg/mL against PBS.

As mentioned earlier hydrogel-materials based on Click-Glu dissolve in the presence of
PBS-buffer (< 3 h), whereas materials based on Cs-Glu remained stable for at least 7 d.
This feature of selective degradation of the materials could have interesting influences in
the release rate of drugs and is a key-advantage against conventional hard non-hydrogel
materials like PLGA or hydroxyapatite.” Controlled release experiments of vancomycin

(for detailed information see the experimental section) revealed a quite fast and complete
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release of the drug from materials based on Click-Glu within 3 h as expected by a
complete dissolution of the materials in the presence of PBS. On the other hand much
slower, but complete release was observed in materials based on C1g-Glu after 72 h (view
Figure 12). Release kinetics could be easily and smoothly fitted against 1% order rate-laws
in the case of Cig-Glu resulting in kops = 4.6 + 0.18 x 10 h™. Release from Click-Glu
materials revealed a two step process with a relative slow start (until 45 min from the start
of the experiments) kops = 22.3 + 2.67 x 10 h™ before the material significantly starts to
dissolve and a relative fast step kops = 135.1 + 34.17 x 102 h1 afterwards. In an overall
view vancomycin is released ca. 17-fold faster from Click-Glu based hydrogels mainly
due to dissolution of the materials in the presence of PBS.

5.4. Conclusions

In summary we were able to successfully transfer the known concept of isosteric
replacement of amides with triazoles from medicinal chemistry into the field of soft gel-
materials. The two model compounds Cig-Glu and Click-Glu revealed significant
differences in gelation properties during the studies carried out. Click-Glu revealed
superior behavior with respect to CGC, Ty and mechanical stabilities in polar protic
solvents whereas Cig-Glu exhibited improved properties in apolar and aromatic solvents.
Investigations on the morphology of the model-compounds in water and CHCI3 conducted
by electron microscopy give indication for inter- and/or intramolecular H-bonding driven
changes for the formation of nanostructures dependent on both solvent-polarity and the
nature of the compounds. Further confirmation of the participation of certain H-bonding
interactions was obtained by FT-IR experiments. Additional controlled drug release studies
of vancomycin reveal potential applications of both systems in biomedicine and

biotechnology.

— For further information on compound synthesis and characterization, further gel
characterization and gas-sorption experiments see the electronic supplementary
information (ESI) on the enclosed CD.
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2D

3D

ADP

AFM

Asp

ATP

azoPhe

Boc

Bzl

CD
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CuAAC

DABCO

DFS

DFT

DMF
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1-dimensional
2-dimensional
3-dimensional

adenosine diphosphate
atomic-force microscopy

aspartic acid

adenosine triphosphate

p-(phenylazo)-L-phenylalanine

tert-butoxycarbonyl
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critical gelation concentration

Cu-catalyzed azide alkyne

cycloaddition
1,4-diazabicyclo[2.2.2]octane
dynamic frequency sweep
density function theory
dimethyl formamide

dimethyl sulfoxide
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DOPA

DSC
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EDC

ESI

EtOH

FE

FT

H-

HC

HFIP

HG

HOBt

deoxyribonucleic acid
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differential scanning calorimetry
dynamic strain sweep

dynamic time sweep
extracellular matrix

N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride
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field emission
Fourier transformed

storage modulus

loss modulus
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IFM inverse flow method PNIPAAmM poly(N,N'-isopropylacrylamide)
IR infrared POP pure organic phase

Kobs rate constant PPDA para-phenylenediamine

LCST lower critical solution temperature ~ PSG phase selective gelation

LED light emitting diode PSOG phase selective organogelator
LMW low molecular weigth QD guantum dot

MD molecular dynamics RFT riboflavin tetraacetate

MeCN acetonitrile RGD arginine-glycine-aspartic acid
MeOH methanol RNA ribonucleic acid

MGC minimum gelation concentration rpm rounds per minute

MPDA meta-phenylenediamine RT room temperature

MW molecular weight SAFIN self-assembled fibrillar network
NaDC sodium deoxycholate SEC size exclusion chromatography
NMR nuclear magnetic resonance SEM scanning electron microscopy
NP nanoparticle SWNT single-walled carbon nanotube
OG organogel tan o loss factor

OPDA ortho-phenylenediamine TEM transmission electron microscopy
PBMA poly(butylmethacrylate) TFA trifluoroacetic acid

PBS phosphate buffer saline TFSA bis(trifluoromethanesulfonyl)amide

poly(N,N'-diethylaminoethyl ] ) )
PDEAM TGA thermo-gravimetric analysis
methacrylate)

PEG poly(ethylene glycol) Tel gel-to-sol transition temperature
Phe phenylalanine T™MV tobacco mosaic virus
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TOF turnover frequency uv ultra-violet
TON turnover number Vis visible
us ultrasound

212



F Curriculum Vitae

Persdnliche Angaben

Name: Bachl

Vorname: Jirgen Walter

Geschlecht: mannlich

Geburtsdatum/-ort: 29.04.1986 in Furth im Wald, Bayern

Familienstand: ledig

Staatsangehdrigkeit: Deutsch

Adresse: Fichtenweg 5, 93485 Rimbach

Mobil: 0171-7782497

Mail: bachl_j@web.de

Schule und Studium

06/2005

Abitur (Note 2,6) am Benedikt-Stattler-Gymnasium in Bad Kotzting

10/2005

Beginn des Chemiestudiums and der Universitat Regensburg

09/2008

Bachelor of Science (B. Sc.) in Chemie (Note 2,2) an der Universitét

Regensburg mit der Arbeit ,,Entwicklung eines lipophilen molekularen

Schalters zum Einbau in Liposome* (Note 1,3 unter Betreuung von
Prof. Dr. Burkhard Konig )

09/2010

Master of Science (M. Sc.) in Chemie (Note 1,7) an der Universitat

Regensburg mit der Arbeit ,,Synthesis, characterization and evaluation

of supramolecular gels as nanoreactors in photochemical processes

(Note 1,3 unter Betreuung von Prof. Dr. David Diaz Diaz)

Seit 10/2010

Promotion an der Universitit Regensburg mit dem Thema

,,Engineering new supramolecular gels: From catalysis to drug

delivery* unter Betreuung von Prof. Dr. David Diaz Diaz.

213




F Curriculum Vitae

Forschungsaufenthalt am Institut fir organische Chemie der Universitét
02/2013 - 04/2013 .
Zaragoza unter Betreuung von Prof. Carlos Cativiela

Stipendien, Forderung und Anstellungen

Anstellung als wissenschaftliche Hilfskraft an der Universitét
02/2010 - 09/2010
Regensburg

Forschungsstipendium des ,Ministerio de Ciencia e Innovacion-

FEDER (CTQ2010-17436)*

12/2010 - 06/2011

Festanstellung als wissenschaftlicher Mitarbeiter an der Universitat
07/2011 - 06/2013 ) . )
Zaragoza mit Arbeitsstelle in Regensburg

Festanstellung als wissenschaftlicher Mitarbeiter an der Universitat
07/2013 - 10/2013
Regensburg

Forschungsschwerpunkte in Stichworten

Organische Synthese — Polymere — Farbstoffe — ,,Click-Chemie“ — Nachhaltige Chemie — Weiche
Materialien — (Photo-) Katalyse — Anwendungen in der Biomedizin — Funktionale Materialien —
Kolloide — Formamidine — Hydro-/Organo-/Metallogele — Peptide — Supramolekulare Chemie —

Reaktivitat in geordnet-strukturierten Systemen — Kohlenstoff-Nanoréhren — Komposit-Materialien

Konferenzen und Symposien

Posterpriasentation bei ,,4th Congress of the European Association for

Chemical and Molecular Sciences (EuCheMS)” in Prag mit dem
08/2012

Beitrag ,,Exploring organophotocatalysis in nanostructured soft gel

materials: Comparison with homogeneous and micellar solutions”

Publikationsliste

2010 Bachl, J: Diazz D. D. in  N,N'-12-Phenylenebis[4-

214




F Curriculum Vitae

(chloromethyl)benzamide], Molbank, 2010, M705

2010

Bachl, J.; Diaz, D. D. in N,N'-1,2-Phenylenebis[4-
(azidomethyl)benzamide], Molbank, 2010, M707

2012

Bachl, J.; Wolfbeis, O.; Cativiela, C.; Diaz, D. D. in (Z)-N-(7-Cyano-
9,9,15,15-tetramethyl-9,10,11,13,14,15-hexahydro-6H-
benzo[4",5"]imidazo[1",2":1",2"]pyrido[3'.4':5,6]pyrano[2,3-
flpyrido[3,2,1-ijJquinolin-6-ylidene)pent-4-ynamide, Molbank, 2012,
M783

2012

Kapoor, I.; Schoen, E.-M.; Bachl, J.; Kuehbeck, D.; Cativiela, C.; Saha,
S.; Banerjee, R.; Roelens, S.; Marrero-Tellado, J. J.; Diaz, D. D. in
Competition between gelation and crystallization of a peculiar

multicomponent liquid system based on ammonium salts, Soft Matter,
2012, 8, 3446-3456

2012

Bachl, J.; Huber, T.; Kuehbeck, D.; Schoen, E.-M.; Brunner, G.; Kraus,
B.; Heilmann, J.; Codelli, J. A.; Bertozzi, C. R.; Cativiela, C.; Diaz, D.

D.in Hybrid bioactive hydrogels containing single-walled carbon

nanotubes covalently integrated via strain-promoted azide-alkyne

cycloaddition, Nanoscience and Nanotechnology Asia, 2012, 2, 200-209

2013

Fatas, P.; Bachl, J.; Oehm, S.; Jiménez, A. |.; Cativiela, C.; Diaz, D. D.

in Multistimuli responsive supramolecular organogels formed by novel

low-molecular-weight peptides bearing side-chain azobenzene moieties
, Chemistry - A European Journal, 2013, 19, 8861-8874

2013

Bachl, J.; Hohenleutner, A.; Dhar, B. B.; Maitra, U.; Koenig, B.; Diaz,
D. D. in Organophotocatalysis in nanostructured softgel materials as

tunable reaction vessels: Comparison with homogeneous and micellar
solutions, Journal of Material Chemistry A, 2013, 1, 4577-4588

2013

Kuehbeck, D.; Schoen, E.-M.; Bachl, J.; Gotor-Fernandez, V.; Diaz, D.

D. in Gelatin protein-mediated direct aldol reaction, Helvetica Chimica

Acta, 2013, angenommen

2014

Saha, S.; Bachl, J.; Kundu, T.; Diaz, D. D.; Banerjee, R. in Amino acid-

based multiresponsive low-molecular-weight metallo-hydrogels with

215




F Curriculum Vitae

load-bearing and rapid self-healing ability, Chemical Communication.,
2014, 50, 3004-3006.

2014

Bachl, J.; Zanuy, D.; Lopez-Pérez, D. E.; Revilla-Lépez, G.; Cativiela,

C.; Aleman, C.; Diaz, D. D. in Synergistic computational-experimental

approach to improve ionene polymer-based functional hydrogels,

Advanced Functional Mateials, 2014, angenommen.

Erfahrungen in Lehre und Koordination

Betreuung von Bachelorarbeiten

2011 Jager, Stefanie: ,,Gelation properties of Phe-Phe dipeptide derivatives
(1), Institut fiir Organische Chemie, Universitdt Regensburg

2011 Kolb, Anika: ,,Gelation properties of Phe-Phe dipeptide derivatives
(1%, Institut fiir Organische Chemie, Universitdt Regensburg

2011 Mayr, Judith: ,,Synthesis, characterization and evaluation of different
surfactant free, ionic polymer isomers, forming hydrogels®, Institut fiir
Organische Chemie, Universitit Regensburg

2011 Keseberg, Pia: ,,Effects of non-covalent inclusion of phthalocyanines on

the properties of low and high molecular weight gels“, Institut fiir

Organische Chemie, Universitit Regensburg

Betreuung von Forschungspraktika

2010 Smith, Justin: ,,Studies of several gel-related projects: catalytic
hydrogel beads, gel-phase photo chemistry, and orthogonally
synthesized biopolymer matrices for pollutant removal®, Institut fiir
Organische Chemie, Universitat Regensburg

2010 Gillick, Paul: ,,New azo-containing low-molecular-weight peptides and

their evaluation as organogelators, Institut fiir Organische Chemie,

Universitat Regensburg

216




F Curriculum Vitae

2011 Minderjahn, Julia: ,,Nanochemistry- Synthesis and characterization of

soft functional materials®, Institut fiir Organische Chemie, Universitét

Regensburg

2013 Feldner, Tobias: ,,Synthesis, characterization and evaluation of a novel

formamidine-based organogelator for potential heavy metal-sensing*,

Institut flr Organische Chemie, Universitat Regensburg

2013 Betreuung eines Saalpraktikums der organischen Chemie fur Biologen
und Lehramtsstudenten im 4. Semester, Institut fir Organische Chemie,

Universitat Regensburg

Fachbezogene Mitgliedschaften

Gesellschaft deutscher Chemiker (GdCh)

Sprachkenntnisse

Deutsch (Muttersprache), Englisch (Fremdsprache - etwa Level C1), Spanisch (Fremdsprache -
Basiskenntnisse).

Sonstige Kenntnisse

Ausgepragte EDV-Kenntnisse im Umgang mit géngigen Office-Programmen und zusatzliche
Kenntnisse im Umgang mit fachbezogener Auswerte-Software der analytischen Chemie.

AulReruniversitires und Interessen

seit 1986 Mitglied des Fingerhaklvereins Gau Bayerischer Wald e.V. zur

Erhaltung des Volksbrauchtums

seit 1992 Mitglied des Sportvereins SV Rimbach e.V.

217




F Curriculum Vitae

2003 - 2010 Nebentatigkeit als  Kinderbetreuer im  Feriendorf  Wildgatter
(Grafenwiesen)

seit 2009 Mitglied des Dartvereins DC Riascherl Briada e.V.

seit 2014 Mitglied des Fischereivereins Furth im Wald e.V.

Interessen: Wandern, Sport (allgemein), Reisen, Angeln.

218




Academic Reference

Prof. Dr. David Diaz Diaz

Institit flr Organische Chemie

Universitat Regensburg

Universitatsstrasse 31

D-93053 Regensburg

e-Mail: david.diaz@chemie.uni-regensburg.de

phone: +49 (0)941 943 4373

219



G Acknowledgements

First of all, 1 would like to thank my supervisor Prof. Dr. David Diaz Diaz for the
allocation of an exciting research project, for excellent support, for being always available
when personal or professional requests occurred and for the creation of a nice working

atmosphere during the past years.

Special thanks goes to Prof. Dr. José Juan Marrero Tellado for acting as my second

examiner.

| also wanted to express my gratitude to Prof. Wegener and Prof. Cativiela for financial

support.

Moreover, | wanted to thank Prof. Carlos Cativiela for enabling the stay in his laboratories

at the ISQHC in Zaragoza (Spain) and supervision during the exchange program.

The years in the Diaz group were very pleasant based on a nice atmosphere in the
laboratories. Therefore, special thanks goes to my labmates Dr. Eva Schon and Dr. Dennis
Kihbeck.

| also want to express my gratitude to Peter Kreitmeier, Georg Aldolin, Klaus Doring,

Helena Konkel and Roxane Harteis for technical support and HPLC analysis.

Additionally 1 want to thank PD Dr. Rainer Muller for providing lab-space during
renovation and for being my third referee.

220



G Acknowledgements

Sincere thanks goes to Ulrike Schiel3l for assistance concerning SEM, DSC and TGA
measurements, to Ferdinand Brandl and Susanne Kirchhoff for valuable discussions about

rheology and Michaela Lutz for the tremendous amount of help during my stay in her labs.

Further thanks goes to all coworkers of the central analytics and mechanics department.

Special thanks goes to my bachelor students Pia Keseberg, Judith Mayr, Anika Kolb and
Stefanie Jager as well as to my research internship students Paul Gillick, Justin Smith, Julia
Minderjahn and Tobias Feldner for the assistance in some of the projects.

Finally | want to express my fullest gratitude to my family, friends and my girlfriend.
Without their endless love and patience, | would have never been able to reach my goals.

Therefore, my biggest thanks to Gaby, Walter, Fabian and Theresa.

221



H Declaration

Herewith, | declare that this present dissertation is a presentation of my original work
prepared single-handed. Wherever contributions from others are involved, all of them are
marked clearly, with reference to the literature, license, and acknowledgement of

collaborative research.

Regensburg, 08 April 2014

Bachl Jurgen

222



