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Résume

La chimie supramoléculaire est la science qui maitrise les interactions physico-chimiques
entre les molécules et des liaisons non-covalentes, J.-M. Lehn I’a défini comme la chimie « au-
dela de la molécule »."* Interactions entre charges ou dipdles, liaisons hydrogene, -m stacking,
forces de Van der Waals, et les effets de solvatation et hydrophobes sont les exemples les plus
courants des liaisons non-covalentes utilisées comme outils pour la formation de complexes
supramoléculaires.’

L’avantage des matériaux supramoléculaires est leur nature dynamique, les liaisons ne
sont pas fixées comme dans les matériaux covalents."? Ceci va leur permettre d’étre sensible
aux stimuli externes, et donc adaptables a I'environnement et modulables selon les nécessités.
Ces caractéristiques permettent de fabriquer des matériaux fonctionnels a base de polymeres
supramoléculaires avec des propriétés autocicatrisantes ou électroniques ou des applications
biomédicales.*

En cherchant des applications des polymeéres supramoléculaires, de nouvelles et
meilleures maniéres de contréler leur polymérisation, morphologie et/ou propriétés sont
toujours recherchées, a fin d’avoir une meilleure maitrise de ces matériaux.’

Dans cette these, trois manieres de contrdler la polymérisation supramoléculaire seront
explorés. La premiere vise a controler spatialement la nucléation de hydrogels sensibles au pH,
a partir de la diffusion de protons. Ensuite, la polymérisation supramoléculaire d’'un
hydrogélateur est modulée par un cycle réactionnel hors-équilibre. Les propriétés
morphologiques et mécaniques dépendent de la cinétique de formation du gel, et donc du cycle
réactionnel. Finalement, I'utilisation de champs magnétiques et de I'interactions de dipoles
magnétiques sont explorés pour contrdler la polymérisation supramoléculaire de molécules
organiques paramagnétiques contenant des terres rares.

Dans le Chapitre 2 la molécule BTA-1 a été synthétisée de forme qu’elle soit sensible au
pH par la présence de trois fonctions acides carboxyliques dans chaque ‘bras’. Quand le pH est

élevé, ces acides sont déprotonés et la charge globale de la molécule est de -9. La répulsion
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électrostatique fait qu'a des pH > 6 la molécule est en forme monomérique dans l'eau.
Cependant sile pH est diminué a une valeur au-dessous de 5, BTA-1 s’auto-assemble par des
liaisons hydrogeéne et 7-7 stacking en fibres unidimensionnelles de plus de 500 nm de longueur
et ~7 nm de diamétre. En mélangeant une solution tampon a pH 5.0 et une solution contenant
les monomeéres de BTA-1 dans le 'eau a pH 6.1, la polymérisation a été suivie par I’évolution
du spectre de dichroisme circulaire a la longueur d’onde de 250 nm. La cinétique a été évaluée
premiérement en variant la concentration totale de BTA-1 et par I'analyse des temps de demi-
réaction en fonction de la concentration, on peut estimer le mécanisme de polymérisation
supramoléculaire par le coefficient directeur, y, de la droite en repére log-log.° Dans notre cas,
y est égal a —0.34, proche de -0.5, indiquant un processus de polymérisation en trois étapes :
nucléation, élongation et fragmentation.>” Ensuite, la dépendance de la cinétique avec la
température a été étudié, en fixant la concentration a 80 uM, de 20 a 55 °C. L’évolution du
temps de demi-réaction avec la température suit la loi d’Arrhenius. Nous avons donc utilisé un
modele mathématique de polymérisation supramoléculaire comprenant nucléation,
élongation, fragmentation et dépendance avec la température pour obtenir les énergies
d’activation des constantes cinétiques du processus.

L’objectif suivant était de contrdler spatialement la polymérisation supramoléculaire de
BTA-1 en explorant la sensibilité au pH de cette molécule. Premieérement, un bloc de 5 a 10
mm’ d’'un hydrogel d’agarose a été trempé dans de I'acide chloridrique concentré (HCI 37 %wt)
pendant 96 h. En suite ce cube a été placé dans une cuve contenant solution de BTA-1 a 160
uM a pH = 7.4. Mais au lieu de former une couche d’hydrogel, BTA-1 précipite en solution.
Ceci indique que pour avoir un assemblage structuré de BTA-1 un matériau qui diffuse les
protons plus lentement que la cinétique de nucléation est nécessaire. Donc, un cube de
Poly(diméthylsiloxane) (PDMS) de mémes dimensions a subi le méme traitement: 96 h de
trempage dans HCI 37%wt puis il est plongé dans une solution du monomere. Cette fois, BTA-
1 nuclée a la surface du polymere et une couche de I’hydrogel grandit a partir de celle-1a en
direction inverse du gradient de protons. Comme le PDMS est moins poreux que I'agarose, la

diffusion des protons est suffisamment lente pour la nucléation de BTA-1 se passe sur la
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surface du polymere. Cette couche d’hydrogel a pu s’étendre a des distances dans I'ordre de
dizaines de millimetres. Finalement, la notion de contrdle spatial sur la nucléation et
polymérisation de BTA-1 a été approfondie par la construction d’un dispositif microfluidique
composé de deux canaux superposés perpendiculairement, séparés par une couche de 100 um
de PDMS. Un des canaux contient une solution basique de BTA-1 a 160 uM ; une solution
tampon de phtalate de potassium a pH 4 écoule dans l'autre. Aprés deux heures, des
assemblages sphériques d’environ 2 um de diamétre sont observés par microscopie confocale
sur la membrane en PDMS seulement sur I'intersection des deux canaux. Ceci rend possible un
contrdle plus précis de la polymérisation supramoléculaire du BTA-1.

Au Chapitre 3, la molécule SachCHO, contenant une fonction aldéhyde, est capable de
former des hydrogels a des concentrations a partir de 8 mg/mL.® Quand un hydrogel de
SachCHO est traité avec de Thydrosulfite de sodium (DT), les fonctions aldéhydes sont
completement transformées en a-hydroxy-sulfonates, en formant SachSOs™ aprés cinq minutes
(vérifié par RMN 'H). Ces nouvelles fonctions sont chargées négativement et la répulsion
électrostatique détruit I'hydrogel, en formant une solution transparente. Cette réaction est un
équilibre, donc par 'addition d’un aldéhyde plus réactif (formaldéhyde) le sulfonate va étre
transféré vers lui. Les molécules de SachCHO reviennent donc en solution, et aprés nucléation,
I'hydrogel est formé de nouveau. La cinétique de polymérisation a été suivie par la densité
optique UV/Visible a une longueur d’onde de 500 nm. L'opacité de I'échantillon est
directement proportionnelle au développement de ’hydrogel dans la cuvette. En tragant la
droite log-log du temps de demi-réation en fonction de la concentration, le coefficient
directeur, y, égal a -3.6 indique un mécanisme de polymérisation comprenant nucléation,
élongation et nucléation secondaire (quand une fibre polymérique déja formée catalyse la
formation d’'un nouveau noyau), avec des noyaux (primaires et secondaires) de six molécules.
La nucléation secondaire est mise en évidence par I'observation par microscopie confocale de
nouvelles fibres se formant sur des fibres déja existantes formant des agrégats en forme de
brosse. Un modele mathématique® a été utilisé pour acquérir les constantes cinétiques de la

polymérisation de SachCHO, qu’indiquent que la polymérisation est trés coopérative car la
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barriere cinétique pour former un noyau primaire est huit & neuf ordres de magnitude plus
élevée que celles de I'élongation et de la nucléation secondaire.

La prochaine étape est le contrdle temporel de I'hydrogel avec une seule addition de
produits chimiques. Formaldéhyde et hydrosulfite de sodium réagissent entre eux, ce qui rend
impossible la transformation de SachCHO en SachSO;™ si ces deux réactifs sont ajoutés en
méme temps. Hexaméthylénetétramine (HMTA) est une molécule qui se décompose dans de
eau libérant six équivalents de formaldéhyde et quatre d’ammoniac. L’hydrolyse de HMTA
est catalysée par des conditions acides. Pour cela §-Gluconolactone (GdL) est utilisé parce qu'’il
peut étre hydrolysé en acide gluconique. Donc en ajoutant DT, HMTA, et GdL simultanément
a un hydrogel de SachCHO, induit a la solubilisation compléte en cinq minutes du gel, aprés
entre 20 et 60 minutes (dépendant de la concentration de GdL) I’hydrogel se forme a nouveau.
Comme la dissociation du HMTA est catalysé par des acides, le temps du cycle gel-solution-gel
peut étre modulé par la quantité de GdL dans le cocktail chimique. Le temps de formation de
I'hydrogel varie de 70 min pour 46.8 mM de GdL a 48 minutes a 374 mM. Cest important de
noter que la vitesse de formation du gel n’augmente pas linéairement avec la concentration de
§-Gluconolactone et atteint une limite quand [GdL] > 234 mM.

En analysant les hydrogels par microscopie confocale et les gels lyophilisés par
microscopie électronique a balayage, la morphologie des fibres dépend de la méthode de
formation du gel. L’hydrogel thermodynamique (formé par le chauffage jusqu’a dissolution
compléte d'une suspension de SachCHO suivie par le refroidissement) comprend des fibres
longues et droites, de centaines de micrometres de longueur et 1 8 2 um de diameétre. Quand
I'hydrogel est formé par le cycle réactionnel, la morphologie dépend de de la concentration de
GdL, et donc de la cinétique globale. Avec une concentration de 234 mM, les fibres formés par
SachCHO sont plus courtes et avec les bords irréguliers, et des structures en forme d’étoile sont
observés par microscopie confocale. Avec 374 mM de 8-Gluconolactone des fibres fortement
ramifiées, plus fines et longues provenant d'un site de nucléation central sont observées. La
concentration de GdL n’influence pas seulement la morphologie des fibres de SachCHO, mais

aussi des propriétés mécaniques de I’hydrogel. En général, la rigidité du gel, mesurée par le



module de conservation de cisaillement, G’, augmente avec la concentration de GdL.
Finalement, SachCHO posséde une propriété appelée synérese, C’est-a-dire qu’il éjecte le
solvant quand il subit de la pression mécanique. Cette propriété a été explorée pour purifier
I'hydrogel des sous-produits du cycle réactionnel qui sont nuisible a sa répétition. Pour cela, un
gel de SachCHO a été formé dans une syringe équipée avec du coton dans le moyeu d'aiguille.
Ensuite, les carburants chimiques (DT, HMTA, GdL) sont additionnés et le cycle réactionnel
se déroule normalement, avec la formation de I’hydrogel aprés environ 30 minutes. Le piston
de la syringe est pressé, en enlevant le solvant avec les sous-produits indésirables, mais laissant
SachCHO dans le cylindre de la syringe. De l'eau avec les carburants chimiques sont
additionnés de nouveau, en recommengant le cycle a zéro. Avec cette méthodologie, le cycle
réactionnel a pu étre répété jusqu’a 13 fois.

Au Chapitre 4, Les molécules GA(III) et Y(III)-DOTA-BTA,>'? ont été explorées par les
propriétés paramagnétiques du Gadolinium.' Yttrium est utilis¢é comme le controle
diamagnétique. Quand ces molécules sont présentes dans une solution tampon citrate a 100
mM et concentration de 100 uM, elle forme des polymeéres supramoléculaires fibrillaires
d’environ 6 nm de diametre et plusieurs centaines de nanometres de longueur, observés par
cryo-microscopie électronique. Quand ces échantillons sont étudiés par diffusion dynamique
de la lumiére (DLS), deux processus peuvent étre identifiés, indiquant une distribution
bimodale des tailles des agrégats. Le processus plus rapide, P1, est la diffusion des fibres en
solution, P2 est plus lent et donc plus grand. L’analyse de la diffusion statique de la lumiére
(SLS), nous indique la dimension fractale des agrégats (dr). Pour GA(III)-DOTA-BTA, dr =
1.7 ce qui indique que le processus P2 correspond a un réseau de fibres. On peut donc dire que
P1 sont les assemblages unidimensionnels de Gd(III)-DOTA-BTA et P2 est la structure de
réseau de ces agrégats. Ensuite, une cuvette contenant I'échantillon dans les mémes conditions
citées ci-dessus a été placée entre les poles d’'un électroaimant pendant une heure, puis analysée
pendant une heure par diffusion dynamique et statique de la lumiere (DLS et SLS) et replacée
dans I'électroaimant. Ce cycle a été répété de 6 a 7 fois, pour un total de 12 a 14 heures d’essai.

On peut observer que dans les conditions normales sans champ magnétique I'intensité de la



lumieére diffusée (R(q)) par P2 de GA(III)-DOTA-BTA reste constant en fonction du temps.
Cependant, si I'échantillon est placé dans champ magnétique, R(q) augmente au long des 12h
pour atteindre un nouveau plateau 20% (1 T) a 35% (2 T) supérieur a la valeur a temps zéro.
De plus, la dimension fractale change instantanément avec la présence de champs magnétique
de 1.7 222 (1T) ou26 (27T) et reste constante pour le reste de 'essai. Ceci indique que le
champ magnétique induit a une densification du réseau de fibres. Le processus plus petit, P1,
reste inaffecté par le champ magnétique, de méme pour Y(III)-DOTA-BTA qui est
diamagnétique. On peut donc conclure que la présence d’'un élément paramagnétique dans la
structure moléculaire et la présence d’'un champ magnétique sont nécessaires pour changer les
polyméres supramoléculaires. En outre, ces effets ne sont observés que dans le réseau de fibres,
pas dans les fibres individuellement. Des calculs mathématiques, montrent que les assemblages
formés par Gd(III)-DOTA-BTA contiennent une quantité suffisante de centres
paramagnétiques pour que I'énergie magnétique soit plus importante que I'énergie thermique,
mais le mécanisme responsable pour la densification et branchement du réseau
supramoléculaire sont encore inconnus.

Les métaux terres rares possédent une anisotropie magnéto-cristalline, ou anisotropie
mono-ionique, qu’est l'interaction entre l'orbitale de I'ion magnétique avec son champ
cristallin. Cette propriété a été explorée, dans le Chapitre 5, pour controler la polymérisation
de pérylénes diimides couplés avec lanthanides (PDI-Ln, ot Ln = Ho, Er, Gd, Y), qui s’auto-
assemblent dans des solutions aqueuses par des interactions hydrophobes et -7 stacking. Les
métaux terres rares ont été choisis, par leur susceptibilité paramagnétique élevée et I'yttrium
comme un contrdle diamagnétique. Le mécanisme de polymérisation a été examiné par
spectroscopie UV/Visible et dichroisme circulaire a température variable. Le spectre UV-
Visible est typique des agrégats type H de pérylene diimides, avec trois pics a ~540 nm, ~500
nm et ~470 nm. Le degré d’agrégation (a) peut-étre estimé par le rapport des intensités des
pics Iseo/Iss0, un ratio de ~0.65 correspond a la forme monomérique en solution.” Le spectre
évolue de telle forme qu’a des températures plus élevées, le degré d’agrégation diminue. Le

méme peut étre observé avec le dichroisme circulaire. A 5 °C, un effet Cotton négatif prononcé
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est présent entre 400 et 600 nm, indiquant la présence d’une structure hélicoidale. Quand la
température augmente, le spectre devient de plus en plus plat, ce qui montre la perte de la
structure organisée dans le polymere supramoléculaire, confirmant qu’a des température plus
élevées PDI-Ln se trouvent moins agrégés. Les courbes de fusion sont obtenues a partir des
données spectroscopiques et le modele isodésmique (quand chaque étape de polymérisation a
la méme constante d’équilibre) a été utilisé pour obtenir I'enthalpie de polymérisation de PDI-
Ln.” Pour tous les métaux, I'enthalpie est d’environ -30 kJ/mol. La taille des agrégats a été
évaluée par la diffusion dynamique de la lumiére. PDI-Ho forme des particules d’environ 2.5
nm en solution, trois fois plus grandes que celles formées par PDI-Er (~ 700 nm) et sept fois
que PDI-Gd et PDI-Y (~ 350 nm). La morphologie des agrégats a été analysée par la
microscopie a force atomique, découvrant des structures presque sphériques, mais sans forme
vraiment définie pour tous les PDI-Ln. L’incorporation de centre métalliques paramagnétiques
dans polymeres supramoléculaire influence principalement la taille des structures formées en
solution. Holmium, étant I'ion a plus haute susceptibilité paramagnétique, induit ala formation
d’agrégats les plus grands. Les autres propriétés, comme la morphologie et I'enthalpie de
polymérisation, ne sont pas impactés par les interactions ion-ion entre les terres rares.

Nous avons montré quatre méthodes basées sur des principes différents pour controler
la polymérisation supramoléculaire. Premiérement, la formation d’un hydrogel sensible au pH
a partir surfaces a été accomplie par la diffusion de protons dans des matériaux peu poreux.
Ensuite, la formation et les propriétés morphologiques et mécaniques d’'un hydrogel contenant
une fonction aldéhyde ont été contrdlées par un nouveau cycle réactionnel hors-équilibre.
Finalement, des interactions magnétiques ont été utilisées pour moduler la polymérisation de
molécules contenant des ions terres rares. D’une part, des champs magnétiques faibles (< 2 T)
densifient réseau de fibres supramoléculaires. D’autre part, les interactions d’origine magnéto-
cristalline entre des centres métalliques du bloc f ont été utilisées pour moduler la taille
d’agrégats supramoléculaires.

Les méthodes listées ci-dessus pourront étre utilisées sur d’autres systemes

supramoléculaires, car leurs modes d’action sont basés sur des fonctions moléculaires
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largement rependues et d’intérét général. Ces résultats ouvrent les portes a un contrdle
structural et spatial plus précis de polymeres supramoléculaires par des méthodes facilement
implémentables dans des conditions de laboratoire. Finalement, on peut envisager a combiner
ces différents procédés pour pousser la polymérisation supramoléculaire hors équilibre et ainsi

obtenir un contrdle plus dynamique et précis de ce processus.
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Summary

Supramolecular chemistry is the science that masters the physicochemical interactions
between molecules and non-covalent bonds, J.-M. Lehn has defined it as the chemistry "beyond
the molecule".!” Interactions between charges or dipoles, hydrogen bonds, nt-m stacking, Van
der Waals forces, and solvation and hydrophobic effects are the most common examples of
non-covalent bonds used as tools for the formation of supramolecular complexes.’

The advantage of supramolecular materials is their dynamic nature, the bonds are not
fixed as in covalent materials. > This will allow them to be sensitive to external stimuli, and
therefore adaptable to the environment and flexible as necessary. These characteristics make it
possible to manufacture functional materials based on supramolecular polymers with self-
healing or electronic properties or biomedical applications.*

When looking for applications of supramolecular polymers, new and better ways to
control their polymerization, morphology and / or properties are always sought.’

In this thesis, three methods of controlling supramolecular polymerization will be
explored. The first aims to spatially control the nucleation of pH-responsive hydrogels,
exploring the diffusion of protons. Then, the supramolecular polymerization of a hydrogelator
is modulated by an out-of-equilibrium reaction cycle. The morphological and mechanical
properties depend on the kinetics of the reaction cycle. Finally, the use of magnetic fields and
the interactions of magnetic dipoles are explored to control the supramolecular polymerization
of paramagnetic organic molecules containing rare earths.

In Chapter 2 we show a method of spatiotemporally controlling the pH-triggered
formation of a hydrogel. A 1,3,5-tricarboxamide with nine free carboxylic acid moieties (BTA-
1) is monomeric at pH > 5 and self-assembles into fibers below that threshold. The
concentration and temperature-dependent kinetic of polymerization was studied, which
permitted the fitting of a supramolecular polymerization mathematical model including
nucleation, elongation, fragmentation, and Arrhenius law. Spatiotemporal control was

achieved by soaking a PDMS (polydimethylsiloxane) cube in saturated hydrochloric acid (HCI)
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for 96 h and dropping it into a basic solution of BTA-1. After 4 minutes, protons start diffusing
into the solution, hence protonating/activating BTA-1 that self-assembles into fibers and
forms a hydrogel, starting from the cube and growing outward in the opposite direction of the
proton gradient. It is worth noting that when the PDMS was replaced by agarose, the diffusion
of protons into the BTA-1 solution led to precipitation instead of gel formation. This means
that proton diffusion needs to be slower than the kinetics of nucleation for a hydrogel to be
formed. To further gain spatial control over the polymerization of BTA-1, we built a
microfluidic device composed of two channels superimposed perpendicularly, separated by a
100 pm layer of PDMS. One of the channels contains a basic solution of BTA-1 at 160 uM;
potassium phthalate buffer at pH 4 flows in the other. After two hours, spherical assemblies of
approximately 2 um in diameter were observed by confocal microscopy on top of the PDMS
membrane, only at the intersection of the two channels. Showing that spatial control over
BTA-1 was obtained using this simple, yet general, method.

A non-equilibrium reaction cycle is explored in Chapter 3 to achieve kinetic and
structural control over a hydrogel. A previously reported saccharide-based, aldehyde-
containing, hydrogelator (SachCHO) was reacted with sodium dithionite (Na,S;0,) forming
the respective a-hydroxy-sulfonate (SachSO;"). Because of electrostatic repulsion, SachSO;"
does not self-assemble, so treating a SachCHO hydrogel with sodium dithionite will destroy it
in ~ 5 minutes. SachSO;™ reacts with formaldehyde giving back the original aldehyde, and the
gel is formed again. However, formaldehyde and sodium dithionite react with each other, so
they cannot be added simultaneously to create an autonomous reaction cycle. Hexamine
(HMTA) decomposes into six molecules of formaldehyde and four of ammonia through an
acid-catalyzed hydrolysis. So, by adding HMTA, dithionite and an acid (here gluconolactone)
simultaneously to a SachCHO hydrogel will convert it into SachSO;" in five minutes, yielding
a translucent solution. In 30 to 60 minutes, depending on gluconolactone concentration, the
sulfonate will be converted back to SachCHO making the hydrogel again. Gluconolactone
concentration influences the kinetics of the reaction cycle, with higher concentration

increasing the kinetics of HMTA decomposition leading to an overall faster reaction cycle. By
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analyzing hydrogels by confocal microscopy and lyophilized gels by scanning electron
microscopy, the morphology of SachCHO fibers depends on the method of gel formation. The
thermodynamic hydrogel (formed by heating a suspension of SachCHO until complete
dissolution, followed by cooling) consists of long, straight fibers, hundreds of micrometers in
length and 1 to 2 um in diameter. When the hydrogel is formed by the reaction cycle, the
morphology depends on the concentration of GdL, and therefore on the overall kinetics. With
a concentration of 234 mM, the fibers formed by SachCHO are shorter and with irregular
edges, and star-shaped structures are observed by confocal microscopy. With 374 mM &-
Gluconolactone highly branched, thinner, and longer fibers originating from a central
nucleation site are observed. Furthermore, GdL concentration also affects the hydrogel
mechanical properties. In general, the stiffness of the gel, measured by the shear storage
modulus, G’, increases with the concentration of GdL. Finally, SachCHO has a property called
syneresis, meaning that it repels the solvent when under mechanical pressure. This property
has been explored to purify the hydrogel from reaction cycle by-products which are detrimental
to its repetition. For this, a SachCHO gel was formed in a syringe equipped with cotton in the
needle hub. Then the chemical fuels (DT, HMTA, GdL) are added and the reaction cycle
proceeds normally, with the formation of the hydrogel after ~ 30 minutes. The syringe piston
is squeezed, removing the solvent together with unwanted by-products, but leaving SachCHO
in the syringe cylinder. Water with the chemical fuels is added, starting the cycle all over again.
With this methodology, the reaction cycle could be repeated up to 13 times.

Chapter 4 shows the influence of a magnetic field on the self-assembly of a Gadolinium-
containing paramagnetic 1,3,5-benzene-tricarboxamide (Gd-DOTA-BTA). Gd-DOTA-BTA
self-assembles into two processes: the first one, P1, is the fiber formation by the 1-D molecular
assembly; P2 is the network-like behavior of the fibers that emerge from their interaction in
solution. The existence of these two processes was evidenced by light scattering and cryogenic
transmission electron microscopy. The next step was to study supramolecular polymerization
under a magnetic field, for that an electromagnet was employed applying 1 or 2 T magnetic

field. After one hour under magnetic field, the aggregates were studied for sixty minutes using
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dynamic and static light scattering, this cycle was repeated fourteen times (14 hours total
experimental time). Remarkably, the total scattering intensity of process P2 increased 20% and
30%, for 1 and 2 T respectively, while for P1 it stayed constant. If no magnetic field was applied,
or the diamagnetic Yttrium replaced Gadolinium in the molecular structure, the scattering
intensity of P2 did not evolve over the 14 h experiment. The fractal dimension, that can give an
idea of the morphology of P2 assemblies, also changed, but this time there was an immediate
jump from 1.7 (no field) to 2.2 (1 T) or 2.6 (2 T) as soon as the sample was exposed to magnetic
field and remained constant for the rest of the experiment. This indicates that P2 becomes
increasingly dense with magnetic field and more randomly branched. A theoretical model
showed that, since P2 comprises thousands of P1 fibers, the magnetic field only affects the
network structures because it contains thousands of paramagnetic Gd ions.

Finally, in Chapter 5 a library of perylene diimide functionalized with different rare-earth
metals (PDI-Ln, were Ln=Ho, Er, Gd, Y) were studied to evaluate the effect that paramagnetic
lanthanides have on supramolecular self-assembly. Lanthanides ions were chosen because they
have the highest magnetic susceptibility on the periodic table and their charge density
distribution are anisotropic and different for each element. PDI-Ln self-assembles through n—
n stacking and hydrophobic interactions, but the magnetic interaction between the metal
centers are also envisaged to play a role on the molecular self-assembly. To this end, the
equilibrium supramolecular polymerization of PDI-Ln was studied by UV/Vis and CD
spectroscopy, revealing an isodesmic mechanism of aggregation with an enthalpy of
polymerization of around -30 kJ/mol for all metals, indicating that self-assembly is directed by
the perylene diimide core. Dynamic light scattering, however, shows that the hydrodynamic
radii of the PDI-Ln is metal dependent, with PDI-Ho having Ry in the order of 2.5 um while
for the other metals the size is in the order of hundreds of nm. Atomic force microscopy (AFM)
shows that PDI-Ln aggregates into almost spherical structures, with undefined shape. This
would indicate that, even if self-assembly is driven by n—n stacking of the perylene core, the

size of the aggregates is influenced by the properties of respective lanthanide.
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We have shown four methods based on different principles to control supramolecular
polymerization. First, the formation of a pH-responsive hydrogel from surfaces has been
accomplished by the diffusion of protons from porous materials. Then, the kinetics of
formation and morphological and mechanical properties of an aldehyde-containing hydrogel
were controlled by a new out-of-equilibrium reaction cycle. Finally, magnetic interactions have
been used to modulate the polymerization of molecules containing rare earth ions. On one
hand, weak magnetic fields (<2 T) have changed the balance between fibers and their network
structures. On the other hand, interactions of magnetocrystalline origin between metal centers
of the fblock have been used to modulate the size of supramolecular aggregates.

The methods listed above can be used on other supramolecular systems, because their
modes of action are based on widely used molecular functions and of general interest. These
results open the doors to a more precise structural and spatial control of supramolecular
polymers by methods easily implemented under laboratory conditions. Finally, it is possible to
envisage combining these different processes to push the supramolecular polymerization out

of equilibrium and thus obtain a more dynamic and precise control of this process.
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Symbols and Abbreviations

1-D One dimensional

2-D Two dimensional

3-D Three dimensional

%wt Weight percent

a Dimensionless degree of aggregation
Y Scaling exponent

r Decay rate

€ Extinction coefficient

Ae Molar circular dichroism

0 Angle

0] Molar ellipticity

K Transmission coefficient

Uo Vacuum permeability

T Relaxation time (DLS)

T1/2 Half-time of polymerization (when a = 0.5)
X Magnetic susceptibility

A Arrhenius pre-exponential factor
AAS Atomic Absorption Spectroscopy
ADP Adenosine diphosphate

AFM Atomic force microscopy

ATP Adenosine triphosphate

B Primary magnetic field (or magnetic flux density or magnetic B-field)
BTA Benzene-1,3,5-tricarboxamide

CD Circular dichroism (spectroscopy)
CDCls Deuterated chloroform
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CHCl
Cryo-TEM

DO

DIPEA
DLS
DMEF
DMSO
DNA
DOTA
DT
DTPA
Eq
Emag
e.g.
ESI-TOF
et al.
Frnag
AG
9wy (q, 1)
G(7)
G

G
GdL
GDP

GTP

Chloroform

Cryogenic transmission electron microscopy
Deuterated water

Fractal dimension

N,N-Diisopropylethylamine

Dynamic light scattering

Dimethylformamide

Dimethyl sulfoxide

Deoxyribonucleic acid
1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid
Sodium Dithionite

Diethylenetriaminepentaacetic acid

Activation energy

Magnetic energy

exempli gratia, for example

Electrospray ionization time-of-flight mass spectrometry
et alia, and others

Magnetic force

Gibbs free energy

Polarized field autocorrelation functions
Relaxation time distribution

Shear storage modulus

Shear loss modulus

Glucono-d-lactone

Guanosine diphosphate

Guanosine triphosphate

Planck constant



H

AH
AH*
H,O
HBTU
HCI
HMTA
HPLC
HRMS
Is00/Is40
ie.
ICP-MS

ITC

MCH
MeOH

NaHC03

Magnetic field strength (or magnetizing force or H-field)
Enthalpy
Enthalpy of activation

Water

Hexafluorophosphate Benzotriazole Tetramethyl Uronium

Hydrochloric acid

Hexamethylenetetramine

High-performance liquid chromatography
High Resolution Mass Spectrometry

Ratio of the absorbance at 500 nm and the one at 540 nm
id est, that is

Inductively Coupled Plasma Mass Spectrometry
I[sothermal titration calorimetry

Equilibrium constant

Kinetic rate constant

Boltzmann constant

Energetic correction due to shape anisotropy
Liquid chromatography-mass spectrometry
Initial monomer concentration

Magnetic moment

Effective atomic paramagnetic moment
Magnetization

Saturation magnetization

Refractive index

Methylcyclohexane

Methanol

Sodium hydrogen carbonate
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NaOH
NMR
0.D.
PDI

PDMS

R(q)

Ref.
AS
AS*
SANS
SEM

SLS

TFA
TGA
THF
uv
UV/Vis
4

XRD

Sodium hydroxide

Nuclear magnetic resonance
Optical density

Perylene diimide
Polydimethylsiloxane
Wavevector

(Gas constant

Rayleigh ratio (corrected scattering intensity)

Hydrodynamic radius

Reference

Entropy

Entropy of activation

Small-angle neutron scattering
Scanning electron microscopy
Static light scattering

Time

Temperature

Melting temperature (when a = 0.5)
Reduced temperature
Transmission electron microscopy
Trifluoroacetic acid
Thermogravimetric analysis
Tetrahydrofuran

Ultraviolet

Ultraviolet/Visible (spectroscopy)
Volume

X-Ray Diffraction
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Chapter 1. General Introduction:
Controlling Supramolecular

Polymerization

Abstract: Controlling synthetic supramolecular polymerization has been a subject of
research since the establishment of the field. Many techniques have been developed to tune
self-assembly in and out-of-equilibrium, always aiming to gain (spatio)temporal control over
aggregation with control over the final morphology and properties. The state of the art of these
methodologies will be laid-out in this chapter, with a focus in the last section on magnetism

and how it has been used to control soft-materials.

Parts of this chapter have been published in:

Singh, N. ; Formon, G. ]J. M. f; De Piccoli, S. +; Hermans, T. M. Devising Synthetic
Reaction Cycles for Dissipative Nonequilibrium Self-Assembly. Adv. Mater. 2020, 32 (20),
1906834. https://doi.org/10.1002/adma.201906834.

Parts of this chapter are present in a manuscript in preparation:

Schicho, M.t; Formon, G. ]J. M.1; Hermans, T.M. Soft-Matter Control Using Weak

Magnetic Fields (working title). Manuscript in preparation.
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1.1 General Introduction

1.1.1 Supramolecular Chemistry

Supramolecular chemistry, as defined by Nobel Laureate Jean-Marie Lehn, is “the
chemistry beyond the molecule”."? It is the science that masters the ‘physical’ bonds between
molecules, responsible for the formation of multi-component complexes of synthetic and
natural origins.?

Supramolecular chemistry is widely present in biological systems, being responsible for
structural and functional properties in living beings, such as: protein folding," formation of the
virus capsid'” and natural supramolecular polymers like collagen, the most abundant protein
in mammals, that assembles into a triple helical structure.'® Possibly one of the most impressive
supramolecular assemblies in living systems is adenosine triphosphate (ATP) synthase, an
enzyme and molecular machine that self-assembles from five subunits, capable of synthetizing
ATP from ADP and inorganic phosphate while revolving using a proton gradient as driving
force."!

Taking inspiration from Nature, chemists have synthetized a plethora of
supramolecular materials and architectures with impressive properties and structures. To cite
a few recent examples: large and discrete polyhedral assemblies, by the self-assembly of 144
sub-components (96 ligands and 48 metal centers);" Porous (ionic)liquids constructed with

self-assembled molecular cages;***!

an anti-aromatic nanocage;** a multitude of knotted
molecular structures;”® molecular machines capable of synthesizing sequence defined
functional peptides;*** the creation of complex and functional nano- and micro-structures

26-28

using DNA as building block, also known as DNA Origami.

1.1.2 Supramolecular Polymers

Supramolecular polymers are a special class of supramolecular materials that, like their
covalent counterparts, consist of a repeating monomeric unit held together, in this case, by
non-covalent interactions. They have been of special interest for their dynamic nature,
combining the formation of high molecular weight supra(macro)molecules with the

malleability of supramolecular materials.*



In Nature, supramolecular polymers also play an important role in different physiological
functionalities through the polymerization of proteins or peptides.'® A prime example of this
kind of structure are microtubules (MTs), present in a multitude of organisms, both uni- and
multicellular. In eukaryotes, microtubules are responsible for the spatial chromosome
segregation during cell division, physically pulling them to the extremities of the cell. In
prokaryotes, MTs are one of the main structural units of both the flagellum and cilium.
Microtubule formation, Figure 1.1, starts with the heterodimer of two proteins, a- and B-
tubulin, binding to guanosine triphosphate (GTP), allowing the polymerization into hollow
tubes with 25 nm diameter. The self-assembly induces hydrolysis of the GTP bound to (-
tubulin into guanosine diphosphate (GDP) and inorganic phosphate, releasing ~12.5 kcal/mol
in vivo. The GDP bound heterodimers destabilize the supramolecular polymer, inducing its
depolymerization. Once the microtubule is destroyed, tubulin dimers can release GDP and
bind to GTP once again, restarting the cycle from zero. Interestingly, these phenomena make
that both (de)polymerization of microtubules happen simultaneously, this process is called
dynamic instability and it is inherently out-of-equilibrium.*!

Polymerization

®

Catastrophe Rescue

@ GrP-tubulin - R GDP-tubulin 0-0 00-=P

Figure 1.1 - Scheme depicting microtubules polymerization: tubulin dimer binding with GTP and polymerizing;
GTP is hydrolyzed into GDP at early stages of aggregation, destabilizing the microtubules; MTs depolymerize,
and the tubulin releases GDP into solution, ready to bind GTP again. Taken from https://adipogen.com/ptms-
microtubules-neurodegeneration/.



Another natural supramolecular polymer of great significance are amyloids. Associated
with the misfolding of proteins, amyloid fibrils are of interest for their direct relationship with
Alzheimer’s disease, type II diabetes and around 50 other illnesses. On the pathway from the
synthesis to folding into functional structures, proteins can adopt many different
conformations, including disordered and partially folded states, Figure 1.2. When the assembly
goes off the typical pathway, sometimes guided by molecular chaperones, those proteins, or
peptide fragments, can nucleate and aggregate into insoluble amyloid fibrils. Those assemblies
are typically highly ordered and are formed from (partially) unfolded fragments that aggregate
into B-sheets. Since the intrinsic mechanisms of formation of the native state and amyloid
tibrils are different (intra versus intermolecular interactions, respectively) their relative stability
is concentration dependent. Above the critical concentration, amyloid fibrils are more
thermodynamically stable than the native state, and surprisingly in some cases this
concentration is below the physiological concentration of the protein, making the native state

metastable in vivo.?
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Figure 1.2 - Representation of the different pathways a protein can take from synthesis to ordered states, like
amyloid fibrils, native state, and off-pathway aggregates. Taken from ref. 32.



Synthetically, supramolecular polymers are interesting for their adaptability combined
with a high degree of order. With the possibility of including a multitude of functionalities into
the monomers, supramolecular polymers have been used for biomedical and electronic
applications.* There are three main types of supramolecular polymerization mechanisms:
isodesmic, cooperative and anti-cooperative.” Main-chain supramolecular polymers are
composed of macromonomers end-functionalized with a moiety capable of strong
(self)complementary non-covalent interactions. A prime example of this kind of material are
polymers functionalized with self-complementary quadruple hydrogen bonding ureido-
pyrimidinone (UPy).”>** Isodesmic supramolecular polymerization is defined by the
aggregation of small monomers where the energy release and the kinetic barrier are the same
at each step, that way a single equilibrium constant drives the self-assembly.
Thermodynamically and kinetically, isodesmic and main-chain polymerization have the same
behavior. Cooperative polymerization, also called nucleation-elongation, is when there are two
steps in polymer growth: first a nucleus of a few molecules is formed; then the supramolecular
polymers go through an elongation phase, growing in size until reaching its maximum length.
The nucleation step is thermodynamically less favorable and kinetically slower than the
elongation step, when the reverse is true the polymerization is called anti-cooperative.”> A
scheme summing up the different kinds of supramolecular polymerization can be found in
Figure 1.3.

In this chapter, I will present an overview of the state the art of supramolecular
polymerization control, followed by an overview on how to tune supramolecular polymers
through non-equilibrium reaction cycles. Lastly, an introduction to magnetism and how it has

been used to control soft matter and some non-trivial observations published in the last years.
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Figure 1.3 - A - Scheme describing the supramolecular polymerization process. The first step is nucleation, in
this case the nucleus size is two monomers, with an equilibrium constant Kn. After the nucleus is formed,
elongation takes place, with K, as the equilibrium constant. B - Definition of the degree of cooperativity, o. For
isodesmic supramolecular polymerization the nucleation and elongation steps have the same equilibrium constant
(and rate constants), so 0 = 1. In the cooperative case, elongation is more thermodynamically (and kinetically)
favorable than nucleation, so ¢ < 1. When the equilibrium constant of nucleation is bigger than the one for
elongation, ¢ > 1, the polymerization is called anti-cooperative, in this case dimers or trimers (and other small
supramolecular oligomers) are mostly observed in solution. C - Schematic energetic diagram of different
supramolecular polymerization mechanisms, of the free energy released (AG®) per monomer being incorporated
into the aggregate. There are four distinct cases: [Isodesmic, when every step releases the same energy; Cooperative
Unfavorable, when the formation of the nucleus (here of size 2) requires energy input from the environment,
making it energetically unfavorable, followed by the thermodynamically favorable elongation; Cooperative
Favorable, the nucleation step (here of size 3, for clarity) has a AG’, that is negative, but smaller in magnitude than
AG® of elongation; lastly, Anti-Cooperative, when the nucleation step (here of size 3, for clarity) releases more
energy than the elongation. D - The fraction of molecules in polymeric form (a) as a function of concentration or
temperature for the different mechanisms listed above. Adapted from refs. 33 and 35.

1.2 Supramolecular Polymerization Under Thermodynamic and Kinetic

Control

In this section, different ways of controlling supramolecular polymerization will be laid
out. Starting with traditional stimuli responsive supramolecular polymers, following with

supramolecular polymers under kinetic control, and the spatial control over aggregation.

1.2.1 Stimuli-Responsive Supramolecular Polymers

Supramolecular polymers are inherently stimuli responsive. Due to the nature of the

polymerization process, that is driven by an equilibrium constant, temperature will have an

~AG/RT — o—AH/RT+AS/R

effect on the degree of polymerization, because K = e . Typically, for

an enthalpy driven system (AH<O) if you heat up you depolymerize. If we take for example



benzene-1,3,5-tricarboxamides (BTAs), a common building block for supramolecular
polymers that self-assembles through n-mn stacking and hydrogen bonding of the amides, it
depolymerizes at high temperatures in organic solvents, following a cooperative melting curve,
see Figure 1.3.% Perylene-diimides (PDIs), another common molecule that aggregates in
organic solvents through n—m stacking due to their large planar  area, also has a higher degree
of polymerization at low temperature, most frequently following an isodesmic mechanism'>?,
see Figure 1.3.

When supramolecular polymerization is entropy driven (AH>0 and AS<0), aggregation
is favorable at higher temperatures, with a negative AG. This was evidenced by Wiirthner and
co-workers in water-soluble naphthalene and perylene diimides that are aggregated at room
temperature. These dyes were decorated with oligo-ethylene glycol chains to increase water
solubility. Upon heating in pure water, they become increasingly assembled. By using
Ultraviolet/Visible (UV/Vis) spectroscopy and isothermal titration calorimetry (ITC), the
authors uncovered that the polymerization has negative entropy and positive enthalpy
variations, meaning that the process is endothermic. By mixing polar organic solvent with the
water, the usual enthalpy driven aggregation, typical of n—m stacking, is restored. The entropic
nature of the self-assembly of these dyes is attributed by the release of water from the ethylene
glycol moieties that no longer can be hydrogen bonded at high temperatures, a phenomenon
that is enthalpically disfavored.?**

A few years ago, however, Takuzo Aida and collaborators reported a surprising finding
unravelling a new methodology to thermally control supramolecular polymerization, Figure
1.4. A copper containing porphyrin-based monomer with eight amide groups in its side chains,
self-assembles in dodecane at room temperature, and stays in polymer form when heated up to
110 °C, at 10 uM. However, when 5.5 vol% of hexanol is added the system depolymerizes upon
heating, reaching monomeric form at ~50 °C. When the temperature is further increased to
110 °C, the porphyrin is back into its polymeric form, creating what they call a ‘thermally
bisignate’ supramolecular polymer; that goes from polymer to monomer then back to polymer
upon heating. This phenomenon is explained by the fact that at low temperatures, the molecule

is assembled through m-m stacking and hydrogen bonding of the amides, while hexanol
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hydroxyl groups perform hydrogen bonding among themselves. When temperature is
increased to ~50 °C the alcohol starts hydrogen bonding with the amide groups, thus inducing
dissociation of the supramolecular polymer. By heating again hexanol is completely dissolved
in dodecane, impairing hydrogen bonding by the hydroxyl group, and freeing the amides,
allowing re-polymerization of the porphyrin. The authors attribute the high thermal stability,
because of its eight amide groups, as a key factor for this thermal behavior, an analog of this

molecules containing only four amides was molecularly dissolved' in dodecane when heating

at 70 °C. %
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Figure 1.4 - Scheme representing the thermally bisignate behavior of the copper containing porphyrin based
supramolecular polymer. Taken from ref. 40.

Concentration and temperature variations were also used to control the type of aggregate
in a bay substituted core-twisted perylene diimides (PDI). In methylcyclohexane, by increasing
the concentration from 0.1 uM to 2 mM three distinct supramolecular species were observed.
At low concentrations, and high temperatures, the molecularly dissolved PDI is present,
characterized by a high fluorescence intensity and a red shifted UV/Vis spectrum. By increasing
the concentration, or cooling down the system, a fluorescence quenching and a blue shift in the
spectrum indicate that an H-type dimer is the more populous species in solution. Finally, at
highest concentrations in the series, and at room temperature, the fluorescence is regained and
the absorption band at ~600 nm increases in intensity, indicating that the molecule now

polymerizes into J-aggregates.*"*

 Molecularly dissolved means that the molecule is in monomeric form, as opposed to aggregated.



Solvent composition is also an important parameter when controlling supramolecular
polymerization. It has been shown by Korevaar et al., that by increasing the amount of good
solvent in the solution of an assembling molecule, it induces depolymerization by changing the
overall equilibrium towards the monomeric form, however it also changes the kinetics of the
system, increasing the time needed to reach equilibrium.* Similarly, a recent report by
Mabesoone et al., where a zinc containing porphyrin self-assembles in a cooperative fashion in
methylcyclohexane (MCH) but is monomeric in chloroform (CHCL). By changing
CHCIs/MCH ratio, a different kind of aggregate with an isodesmic assembly mechanism was
observed. Chloroform, being a good solvent for the porphyrin, it induces disassembly, thus
stabilizing an aggregate that is metastable at in pure MCH. This is an interesting technique to
stabilize originally off-pathway aggregates and be able to easily synthesize different materials
from same building blocks.**

Light is a stimulus that also has been extensively used to control supramolecular polymers
and polymerization.* The inclusion of light-responsive molecular switches, like azobenzene*-
¥ or diarylethene®”!, into the molecular design of self-assembling molecules allows chemists to
precisely control (dis)assembly with irradiation of a specific wavelength (depending on the
switch). In a report by Stupp and co-workers, self-assembling peptide-amphiphiles produce
twisted fibers in low-polarity solvents, through solvophobic interactions and [-sheet
formation. By the inclusion of an azobenzene moiety into the structure, at room temperature
and normal conditions the fibers present a uniform pitch of 78 nm, however when UV light is
shinned onto the sample, switching the trans form of azobenzene into cis, the pitch becomes
irregular, varying from 40 to 70 nm, changing the conformation of the self-assembled structure
by light stimulus.”

In a recent report by Pavan, Kudernac and co-workers, an amphiphilic molecule
containing two azobenzene moieties forms hollow tubules in water, Figure 1.5. Upon
continuous light irradiation, the CD signal shows a steep decrease in the first five minutes
followed by a slower decline until it reaches zero, after ~30 minutes, showing that the tubules
are destroyed when the sample was exposed to UV light. A red shift, in the first five minutes,

observed by UV/Vis spectroscopy show that at the initial states of irradiation the trans-to-cis
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isomerization of the azobenzene leads to the change in conformation of the tubules into a J-
aggregate, by the sliding of the aromatic cores in the tube walls. The spectroscopy data show
that the while azobenzene moieties slowly switch from trans-to-cis, in the initial times the
energetic cost to dissolve the cis molecules is too high, so they become trapped into the tubules,
increasing its internal strain. When the ratio of cis/trans molecules reaches a critical value, the
assemblies are too unstable and are destroyed. Atomistic molecular dynamics simulations
confirm that at early stages the strain build-up by the cis azobenzene is stable up to cis/trans
ratio of ~15%, where the energy increases more rapidly, completely destabilizing the

assemblies.”
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Figure 1.5 - A - Scheme depicting the light-induced depolymerization of the artificial microtubules. B - Photo-
switching reactions occurring in the monomer to induce depolymerization. Taken from ref. 53.

With a similar strategy, Meijer and collaborators functionalized a benzene-1,3,5-
tricarboxamide with an acyl hydrazone photoswitch (m-BTA). In its E form, m-BTA co-
assembles and intercalates inside fibers of achiral BT As (a-BTA). Upon UV irradiation, E-m-
BTA is converted to the Z conformation in less than 30 minutes. Steric hinderance impedes Z-
m-BTA of intercalating a-BTA fibers, turning into a “chain-capper”, thus reducing the average
size of the supramolecular fibers. If a 6 %wt organogel with 10% E-m-BTA, is irradiated with

UV light, gel-to-sol transition is observed. Shinning visible light, heating to 90 °C, or letting the
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sample re-equilibrate at room temperature reverses the photo isomerization yielding E-m-BTA
and regaining the original supramolecular polymer chain length.*

Different chemical stimuli have also been used to control supramolecular aggregation,
either by pH or ionic strength variation, redox reactions, or the addition of a reacting agent.”

Addition of acid or base has been a widely used tool to control the (dis)assembly of
supramolecular polymers. For example, Méndez-Ardoy, et al. showed that the aggregation of a
histidine containing cyclic peptide nanotube can be triggered by increasing the pH above 6.5.
The pH dependent supramolecular polymerization was studied inside microdroplets of water-
in-oil emulsions, where fibrillation was observed by the addition of propanamine (base).” In a
similar fashion, Dave J. Adams and co-workers showed multi-component hydrogels, composed
of amino acid/peptide derived molecules. Although molecularly similar, those molecules
present different pKas. The addition of gluconolactone, that slowly hydrolyses into gluconic
acid therefore inducing a gradual decrease in pH, induced the orthogonal assembly of the
hydrogelators that would normally co-assemble by a rapid addition of acid. By the addition of
stilbene (photo-switch) in the molecular structure of one of the components, its selective
disassembly can be triggered by UV irradiation.””®

Boekhoven, et al. explored how pH-dependent catalysis rate can influence the final
morphologies and mechanical properties of a hydrogel. The hydrazone based gelator is formed
in-situ by reacting an acylhydrazine-containing hydrophobic core with a hydrophilic aldehyde,
this reaction is catalyzed both by acid and nucleophilic aniline. Gelation time and maximum
storage modulus were dependent on the pH, with faster kinetics and stronger gel in more acidic
conditions. Those same properties were dependent of the concentration of aniline at pH 7, with
gelation time decreasing with increase in catalyst concentration and maximum storage
modulus first increasing, reaching a maximum and then decreasing. This can be explained by
the different morphologies that were obtained: at pH 5.0 and pH 7.0 with 10 mM aniline the
supramolecular fibers were more branched forming a tighter network, while the gel formed at
pH 7.0 without catalyst presents thicker fibers that are less interconnected, forming a looser

network that cannot trap the solvent as well.*
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Redox responsive supramolecular polymers have also been extensively used by chemists.
A practical example from McNeil and collaborators, where a cysteine derived amino acid
functionalized with naphthalene molecularly dimerizes in methanol with the addition of an
oxidant, obtaining a gel. Due to the low critical gel concentration in methanol of the cystine
derivative, this process was used to sense the presence of TATP (triacetone triperoxide), a
peroxide-based explosive.®

Rybtchinski and co-workers, synthetized a bolaamphiphile where two perylene diimide
(PDI) cores are linked by a bipyridyl spacer and functionalized with polyethylene glycol side
chains for an increase in water solubility. This molecule self-assembles into a network of fibers
in water/THF mixture, forming gels at concentrations above 8 mM. Upon addition of an
aqueous solution of sodium dithionite, the PDI cores get reduced into the radical anion form.
This transformation destroys the aggregates due to the electrostatic repulsion between the
reduced species. By oxidation, with oxygen from air, the perylene recovers its neutral form and
the gel is formed again, Figure 1.6. Interestingly, when the gel is heated it shrinks, expelling
~75% of the trapped solvent. The gel recovers its initial state after one day at room temperature

(or one hour at 40 °C) or by its reduction with dithionite followed by air oxidation.®
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Figure 1.6 - Top: Photographs showing the destructing of the hydrogel by addition of sodium dithionite (Na,S,04)
and its subsequent recovery by air-oxidation. Bottom: Polarized microscopy of the aggregate structures
corresponding to the picture on top. Scale bar is 200 um. Taken from ref. 61.
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Salts and ions have also been used to control supramolecular polymers and materials. For
example, bis-urea based low molecular-mass gelators were used to assist and control the growth
of pharmaceutically relevant crystals and tune their polymorphism in a wide range of solvents.
Acetate anions were used to destroy the gel, because of their ability to bind with urea groups.
When the gel is totally dissolved, the crystals can be easily recovered by filtration.®* Salts have
also been used to increase ionic strength in solution, which by itself influences the formation
of supramolecular polymers. Besenius, ef al. showed three different BT As decorated with two
distinct strong chelators, DOTA and DTPA, the latter with two different points of linkage,
changing the overall charge of the molecule, giving three different self-assembling molecules.
When gadolinium ion (Gd*") is chelated to these molecules, their overall charge varies from
neutral with BTA-DOTA-Gd, three negative charges with BTA-DTPA-N-MA-Gd and six
negative charges BTA-DTPA-Gd. The neutral molecule, forms fibers in water and aggregates
by a cooperative mechanism while the charged species self-assemble into globules anti-
cooperatively, due to electrostatic repulsion. However, if salt is added to the solution, increasing

ionic strength, the charged BT As start self-assembling cooperatively into fibers, Figure 1.7.°

Figure 1.7 - Cryo-TEM of the BTA-DTPA-Gd, 1 mM, in citrate buffer 100 mM and pH 6. On the left, sodium
chloride concentration is 3 M, so the aggregates are globular. When increasing NaCl concentration to 5 M, right,
BTA-DTPA-Gd forms fibers. Taken from ref. 9.

Molecular agents that chemically react with self-assembling building-blocks have been
used to control aggregation and gelation. For example, a saccharide based gelator containing

and aldehyde group makes hydrogels in water. When cysteine is added to the hydrogel, it reacts
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with the aldehyde forming a thiazolidine ring, increasing its hydrophilicity and destroying the
hydrogel® Similarly, Miravet and Escuder have reported a peptide derived hydrogelator
composed of proline, valine and a long alkyl chain. The hydrogel has been used to catalyze
stereoselective aldol reactions between cyclic ketones and aromatic aldehydes, due to catalytic
activity of proline. However, if an aliphatic aldehyde is added to the gel in acetonitrile, it reacts
with proline forming a soluble aminal, disrupting the gel and resulting in a clear solution. The
less hydrophilic is the aldehyde, the faster it reacts with the hydrogelator due to their insertion

in the hydrophobic pocket of the hydrogel.®*%

1.2.2 Non-Equilibrium Control Over Supramolecular Polymerization

Over the last ten years, a growing interest has been shown in to the non-equilibrium
behavior of artificial supramolecular polymers.”> Similar to the natural polymers discussed
above (sub-section 1.1.1), synthetic supramolecular polymers also can show dissipative (like
microtubules) or different pathways of polymerization with kinetically trapped/metastable
states (like amyloid fibrils). The first will be discussed in more detail further down in this
chapter (Section 1.3) while the latter will be the focus of this sub-section.

In a seminal publication by Korevaar, et al., Figure 1.8, it was shown that a self-
complementary hydrogen bonding S-chiral oligo(p-phenylenevinylene) (S-OPV) self-
assembles in methyl cyclohexane (MCH) by dimerization, then nucleation followed by
elongation, through n—mn stacking into 1-D fibers. At equilibrium, left-handed M-type stacks
are formed. If the solution is rapidly quenched at 0 °C from the molecularly dissolved state at
70 °C, a CD-spectrum with opposing handedness is observed, indicating the presence of right-
handed P-type assemblies in the mixture. Those assemblies are metastable and are slowly
converted to the thermodynamic product when incubated at 25 °C. The presence of this
metastable state indicates that the self-assembly occurs through different pathways with an on-
pathway M-type aggregate and off-pathway P-type stacks. When studying the kinetics of
aggregation, at low concentrations, the polymerization follows a typical nucleation-elongation
mechanism, with lag-phase followed by a rapid elongation, observed by a monotonous decrease

in CD intensity. Interestingly, at concentrations above 9 uM, at early stages of aggregation, a
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positive CD signal is first observed followed by a rapid decrease to the expected values of the
equilibrium aggregate. This indicates that at concentrations > 9 pM, before reaching the
pathway towards the thermodynamic equilibrium, S-OPV first polymerizes into the off-
pathway metastable P-type aggregate. Remarkably, the half-times of polymerization, 74 /5, (time
at which half of the molecules are in polymeric form) decreases with increasing concentration
until reaching a minimum at 10 uM then starts increasing. This further shows that at higher
concentrations the S-OPV does not reach equilibrium in a straight-forward fashion, first going
off-pathway then attaining the M-type aggregate. A kinetic model showed that the formation
of the P-type aggregate was kinetically favored over the M-type, however it can be only formed
when there is enough monomer in solution to break the nucleation barrier because the P-
nucleus is thermodynamically less stable than the M.% This is an interesting example of how
supramolecular polymerization can go through different routes to reach equilibrium, which is

an important parameter when aiming to control supramolecular polymerization.
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Figure 1.8 - A - Scheme of the on and off-pathways assembly of S-OPV. B - Time dependent CD signal of S-
OPV aggregation: an increase in the signal in the early stages followed by a steady decrease until equilibrium is
reached. Adapted from ref. 65.

In a similar fashion, Aliprandi, et al., showed the multiple pathway self-assembly of a
platinum complex (Pt-cpx) in aqueous mixtures, Figure 1.9, driven by metal interactions of the
Pt centers, n—m stacking, and hydrogen bonding. The solvent-dependent aggregation of Pt-cpx
was studied in water/dioxane mixture, being molecularly dissolved in dioxane and fully
assembled in 95:5 water:dioxane. The monomeric Pt-cpx presents weak emission and low
quantum yield (~ 1 %), due to the presence of oxygen in the solvent, that quenches its

fluorescence. At 95:5 water:dioxane, orange/red emission of the complex is observed, with the
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formation of soft nanoparticles of ~ 100 nm. The aggregation-induced increase in quantum
yield is typical of Pt-Pt interactions, suggesting that vesicle like aggregates are formed, with the
metal centers in the hydrophobic pocket and the hydrophilic tails pointing towards the solvent,
Figure 1.9-A red cartoon. However, after three weeks a new aggregate is observed in solution,
with fibrous morphology, with identical spectroscopic signature as the molecularly dissolved
Pt-cpx, but with much higher quantum yield. These luminescent properties indicate that no
Pt-Pt or m-mn interactions are present, but the increase in quantum yield is explained by the
shielding of the metal centers from oxygen inside the fibers, Figure 1.9-A blue scheme. The
latter assembly is the thermodynamic equilibrium in this solvent mixture while the spherical
ones are kinetically trapped for long periods of time. Melting curves of the fibrous aggregates
show that it self-assembles following a cooperative mechanism with a high degree of
cooperativity while the kinetically trapped spheres are isodesmic, this explains why the latter is
kinetically stable for three weeks. Depolymerization curves, obtained by changing the solvent
ratio from 95:5 to 0:1 water:dioxane and measuring luminescence after 50 seconds, show that
at >70% water the spherical aggregates are kinetically preferred while between 30 and 70%
dioxane the fibers are formed and above 70% dioxane only the molecularly dissolved Pt-cpx is
observed. Kinetic experiments at 79 and 83% water, Figure 1.9-B, show that at early stages the
spherical aggregates are formed, but after 5 to 10 minutes a previously unaccounted aggregate
is observed, green emissive fibers, typical of axial Pt-Pt interactions (Figure 1.9-A green
scheme) followed by the simultaneous appearance of the equilibrium assembly and the total
disappearance of the red spheres. After multiple hours, the green fibers start vanishing to give
place to the thermodynamically stable blue fibers. Irradiating the blue emission fibers with a
high-power laser, converts them into the green ones, hypothesized to be either a photochemical

or a local thermal effect.®®
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Figure 1.9 - A - Scheme of the self-assembly process of the platinum complex with two off-pathway aggregated
and the thermodynamic one. B - Confocal microscopy of the kinetic evolution of the self-assembly of the platinum
complex. Adapted from ref. 66.

The competition between on and off-pathway aggregates can be further explored with
the advent of seeded, or living, supramolecular polymerization. Takeuchi, Sugiyasu and co-
workers presented the two-pathway supramolecular polymerization of a porphyrin derivative,
Figure 1.10. When heated and cooled in methylcyclohexane (MCH), the molecule forms J-
aggregates nanoparticles through an isodesmic mechanism, that are stable up to days. After
that, they are converted into fibrous H-aggregates, that polymerizes by a cooperative
mechanism. The isodesmic J-aggregates are the kinetically trapped species while the
cooperative H-aggregates are the thermodynamic equilibrium of the porphyrin assembly. The
transition from J to H-aggregate can be accelerated by agitation, such as continuous stirring or
sonication. Interestingly, if aged H-aggregate fibers are sonicated and added to a J-aggregate
solution, it promptly induces the J-to-H transition, reaching thermodynamic equilibrium in
only a few minutes, giving rise to a living supramolecular polymerization. If H-aggregate seeds
are diluted with fresh J-aggregate solution, the H-type fibers grow in a linear fashion with the
J/H ratio. This living supramolecular polymerization could be only achieved because the kinetic
barrier for the formation of the H-aggregate thermodynamic equilibrium is very high, making
the metastable J-aggregate kinetically favored and extremely stable. The complex pathway of
supramolecular polymerization of this porphyrin is summed up in the scheme present in Figure
1.10-A.%" In a follow-up study, similar porphyrins were shown to self-assemble into three
distinct aggregates: metastable spherical nanoparticles, fibers and nanosheets. Those different
assemblies could be unlocked by varying the size of the alkyl chain of the side chains of the

porphyrin. Interestingly, with hexyl and heptyl side-chains, the self-assembly can reach the
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three different states through off and on-pathway aggregation, Figure 1.10-B. After heating
and cooling the molecules form J-aggregate spherical nanoparticles that slowly evolve into
micrometer-sized J-type nanosheets. The decrease in the time taken for this transition with
increasing concentration shows that the nanoparticle is an on-pathway metastable aggregate,
while the nanosheet is the equilibrium condition. However, if the nanoparticles are
ultrasonicated, H-aggregate fibers are observed in solution. Thermodynamic studies of the
fibrous assembly and the nanosheet show that their equilibrium constants are in the same order
of magnitude, meaning that they are thermodynamically similar, with the H-aggregate
presenting slightly higher stability. The final morphology of the assemblies, either fibers or
nanosheets, could be selected by injecting their respective seeds into the J-aggregate
nanoparticle solutions. By further addition of freshly prepared nanoparticles, the living growth

of both stable assemblies was also obtained.5®
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Figure 1.10 - A - Energy landscape of the pathway dependent self-assembly and seeded behavior of the porphyrin
derivative. Taken from ref. 67. B - Energy landscape of the pathway dependent self-assembly and seeded behavior
of the 1-D to 2-D transition of the porphyrin derivative aggregation. Taken from ref. 68.

Another impressive example of seeding-induced and living supramolecular
polymerization is the design-driven example by Aida and co-workers, Figure 1.11. Bowl-
shaped corannulenes with five amide-containing sidechains, perform intramolecular
hydrogen-bonding, trapping them in a monomeric state. However, intramolecular hydrogen
bonding is prevented by methylation of the amide, Figure 1.11-A. The free carbonyl group
allows the N-methylated corannulenes to hydrogen bond with the non-methylated species,

thus initiating the supramolecular polymerization process, acting as a seed. This is an example
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of a true chain-growth supramolecular polymerization because aggregation can only be started
by an initiator that is molecularly different, although very similar, to the monomer (like

initiators in traditional molecular polymerization).”
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Overall, the same toolset that has been used to control supramolecular polymers at
equilibrium can be utilized under non-equilibrium conditions. The use of temperature has
been exploited by Haedlerm et al. when studying the self-assembly of Carbonyl-Bridged
Triarylamine Trisamides (CBTT) into helical one-dimensional fibers. By cooling a solution of
the CBTT in ortho-dichlorobenzene from its molecular dissolved state at 80 °C to -5 °C, a
gradual monomer to assembly transition was observed spectroscopically from 80 to 5 °C,
however a sharp variation happens when further cooled to -5 °C. When resting at this
temperature for one hour, an inversion followed by intensity increase of the CD spectrum is
observed. Two states, with opposite helicity, can be identified. By slow cooling (0.2 K/min)
from 30 °C, the CD signal (at 490 nm) first decreases, reaching a negative plateau between 5

and 10 °C (State A). Below 5 °C, the circular dichroism abruptly changes to positive values
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(State B). Upon heating to 30 °C, after one hour at -5 °C, a decrease of the CD value is observed
in the typical fashion of a cooperative aggregation mechanism with elongation temperature of
20 °C. Therefore, this molecule exhibits a strong hysteresis when cooling and heating from 30
to -5 °C and back, with the existence of the two different assemblies between 5 and 10 °C,
depending if the temperature is decreasing or increasing. To synthesize State A, the solution
was heated to 30 °C then directly cooled to 7 °C, parallelly to make State B, the solution was
heated to 30 °C then cooled to -5 °C and heated back to 7 °C. Both states were stable for >5
hours in these final conditions. However, if State A and B are mixed in a 1:1 ratio, the mixture
slowly evolves to solely State B in one hour, indicating that B is the thermodynamic equilibrium
while A is kinetically trapped. This example shows how two different helical aggregates can be
synthesized with the same molecule at the same conditions by controlling the heating/cooling
conditions.”

Solvent modulation has also been used to reach different kinetically stable states, but not
at equilibrium, using the same molecule. This has been evidenced by Rybtchinski and
collaborators with a peptide and platinum containing perylene diimide (PDI) derivative. The
molecule is monomeric in chloroform, partially aggregated in tetrahydrofuran (THF) and fully
aggregated in water/THF mixtures. In high water content (95:5 water:THF), a weak CD signal
is observed with the formation of curved short stacks. By the addition of THF to reach 20 and
30% in the solvent composition, PDI formed wavy and straight long fibers respectively. CD
signal increased with increasing THF content and the spectra significantly evolved over time
(70h), especially for 7:3 water:THEF. After 4 days, the fibers in 20% THF transform to aggregates
identical to the ones in 30% THF, while at 95:5 water:THF the assemblies remain constant for
up to two months. The high water-content kinetically traps the assemblies due to strong
hydrophobic interaction between the PDIs. Adding THF to the mixture decreases the kinetic
barrier, with the straight long fibers obtained at 30% THF being the thermodynamic
equilibrium state. With the goal of synthesizing different aggregates at the same final
conditions, the PDI was let to age for different periods of time in 20% THF then diluted with
water to reach 95:5 water: THF. To make short curbed stacks, the molecules is directly dissolved

in 95% water; to produce the wavy fibers, PDI is dissolved in 20% THF and let to evolve for 40
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min then diluted with water to reach 95:5 water:THF; finally, to synthesize the straight and long
fibers the molecule is let for 40 hours in 80% water then add water to reach 95%. At the final

state, those assemblies are stable for weeks.”!

1.2.3 Spatial Control

So far, different techniques to control the supramolecular polymerization process and the
final aggregate morphology have been laid out. A different challenge is to dictate where and
how the polymers are formed spatially, with different strategies being developed, a few
examples will be listed below.”>”*

van Esch and co-workers have developed a simple method to polymerize and align
supramolecular fibers through a chemical gradient. Benzoyl protected L-cystine with free
carboxylic acids, that is known to gel below pH 5, was dissolved in a pH 11 aqueous solution.
The solution was put inside a flow cuvette and ~ 3 pL of a 5 M hydrochloric acid (HCI) solution
was put in one of the apertures. With the diffusion of the protons into the cystine containing
solution, the gelator gets protonated and self-assembles into long fibers forming a hydrogel.
Surprisingly, optical analysis of the fibers in the hydrogel showed that they are aligned with the
direction of the diffusion of the acid. With this simple method, chemical diffusion, the control
of the spatial distribution and the alignment of supramolecular fibers could be achieved.”

The same group, with Eelkema, in a follow up study from an example discussed in sub-
section 1.2.1 above,” where gelation is induced by the acid catalyzed formation of an acyl
hydrazone hydrogelator. In this example, a glass slide patterned with sulfonic acid groups is
used to locally generate the hydrogelator in a controlled fashion. Because of its pKa (~ 1.4) the
sulfonic acids are expected to be fully deprotonated in the working conditions, but the
positively charged protons are likely to stay in proximity of the negatively charged sulfonates.
The high local acidity catalyzes the formation of the acyl hydrazone from the hydrazine
hydrophobic core and the hydrophilic aromatic aldehyde. The formation of the hydrogel was
limited to where the glass slide was patterned with the sulfonic acid moieties, as it can be

observed in Figure 1.12.7
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Figure 1.12 - Confocal images of spatially controlled hydrogels (A - lines; B, C - rectangles; D - squares; E, F -
circles) through the patterning of a glass slide with sulfonic acid. Scale bars 20 pm. Taken from ref. 75.

.
-

Another strategy, using the same acid catalyzed in-situ formation of the acyl-hydrazone
hydrogelator, applied by the same group, was to use a visible light activated photoacid and
masks. By mixing the two components of the hydrogelator with the merocyanine photo-acid
in an aqueous solution, the formation of hydrogel is promptly achieved in 100 minutes by the
irradiation with visible light (400-800 nm). Hydrogel formation took 200 min without light
and 350 without the presence of the photoacid. Spatial control was achieved using photomasks

with designed patterns, Figure 1.13.7°
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Figure 1.13 - First row — Examples of the photomasks used to achieve the photo-patterned hydrogel. Scale bars
500 pm. Second row — Examples of the photo-patterned hydrogels. Scale bar 500 pm. Third row - Close-ups of
the second row. Scale bar 100 pum. Taken from ref. 76.

Cameron and Adams have developed a method for the nucleation of hydrogels from a
surface. Using pH sensitive hydrogelators and the electrochemical oxidation of hydroquinone
into benzoquinone, that releases two protons as by-product, gelation was achieved on the
surface of electrodes, Figure 1.14-A. Carboxylate terminated N-protected peptidic
hydrogelators were dissolved in a neutral aqueous solution and activated by the release of
protons issued from an electrochemical reaction. The high acidity close to the electrode
permitted the nucleation of supramolecular fibers on its surface, and growth towards the
solution with a final gel thickness on the millimeter range. The use of patterned electrodes
permitted the creation of patterned hydrogels and if two (or more) different hydrogelators were
present in solution, the order in which they are formed is dictated by their respective pKa,

Figure 1.14.7°7
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Figure 1.14 - A - Scheme of the electrochemical set-up and scheme of the electrochemical reaction. B -
Photography of a hydrogel formed on the surface of an electrode. C - Photography of a gel formed on top of a
dyed gel that was previously made on the surface of the electrode. D — Two gels being formed parallelly on two
electrodes with different currents. Taken from ref. 79.

Ulijn and co-workers achieved spatial control with a catalytically active surface. The
enzyme thermolysin, that catalyzes amide bond formation and hydrolysis, was used for the in-
situ formation of hydrogelators from a mixture containing fmoc-leucine and leucine. Through
the enzyme-catalyzed amide formation, a distribution of leucine oligomers was obtained. This
mixture converged over time to the pentamer because it formed sheet-like structures that are
thermodynamically stable. Thermolysin was then immobilized on a glass surface and exposed
to the same solution. After five minutes, fibers can be observed by AFM and TEM, showing the
nucleation process happening in proximity of the enzymes. After 24h, the self-assembled
structures were only formed in the areas where thermolysin was present, without any structures
being observed in regions without enzyme.** In a follow-up study, using the same enzyme but
a simpler system with fmoc-threonine and amide terminated phenylalanine, the group showed
that the irreversible immobilization of the enzyme followed by the proper washing of the
surface were mutually necessary for the localized formation of the hydrogel. Otherwise, the gel
is formed uniformly in the whole solution due to detaching of the enzyme from the surface.®'

Recently, Montenegro and Granja have shown a method to control the morphology and
spatial distribution of cyclic peptide nanotubes inside microdroplets, a follow-up study to the
one discussed in sub-section 1.2.1.°° Histidine and lysine containing cyclic peptides are

protonated at pH < 4. Due to electrostatic repulsion, the cyclic peptide cannot self-assemble in
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acidic conditions. Aggregation into nanotubes can be triggered by the addition of base (in this
case sodium hydroxide, NaOH), deprotonating the charged residues, or by increasing ionic
strength (here by adding calcium chloride, CaCl), shielding the electrostatic repulsion. The
cyclic peptides also contained a pyrene moiety that imparted the molecule with strong
fluorescence while in monomeric form, that was quenched when they self-assembled into
nanotubes. The system was then moved to a microfluidic device where nanotube formation
could be triggered inside microdroplets. First the cyclic peptide and the triggering agent (pure
water, base, or salt) were mixed in a first junction, then in a second intersection the aqueous
phase encountered the oil with surfactant, thus forming the water-in-oil microdroplets. The
first try was to inject pure water in the second inlet, as a negative control. As expected, no
aggregation was detected, and the distribution of the molecule is uniform throughout the
droplet, Figure 1.15-A to D. When the trigger is a 3.5 mM NaOH solution, an increase in
fluorescence was perceived at the water/oil interface of the droplet in a capsular fashion, Figure
1.15-E to H. This effect can be explained by the formation of hydrophobic nanotubes by
deprotonation, that have more affinity to the hydrophobic oil, staying preferentially at the
interface. When the aggregation is driven by addition of 1 M CaCl,, small fibrils where observed
at the center of the droplets, Figure 1.15-1 to L. Because assembly was induced by electrostatic
shielding, the cyclic peptides are still protonated and the nanotubes are hydrophilic, thus
staying preferentially at the center of the droplet, far from the hydrophobic oil. This is an
example of how the properties of the assemblies themselves can control the spatial distribution

of supramolecular aggregates.*
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Figure 1.15 - Morphology and spatial distribution of the peptide nanotube assemblies inside microfluidic
droplets. The different conditions are divided into the three rows: first row added water (A, B, C and D), second
row added 3.5 mM NaOH solution (E, F, G, H) third row increase in ionic strength with 1M CaCl, (I, ], K, L). The
first column (A, E, I) shows confocal microscopy low-magnification images of the droplets (scale bar 100 pm), the
second column (B, F, J) are high-magnification pictures (scale bar 50 pm). The third column (C, G, K) are the
profiles extracted from the red lines in the pictures in the second column. The last column (D, H, L) shows the
confocal 3D projections of the droplets (scale bar 25 pum). Taken from ref. 82.

1.3 Out-of-Equilibrium Reaction Networks to Control Supramolecular

Polymers

In the last ten years, Supramolecular Systems Chemists have been inspired by the
(non)covalent dynamic processes found in nature, such as tubulin polymerization to form
microtubules (as discussed previously), to create new reaction cycles to control (dis)assembly
processes.® Several strategies to create (and possibly maintain) nonequilibrium conditions
have been reported which include the use of enzymes, DNA, redox reactions, temporary pH-
changes, or the purely synthetic formation and destruction of a covalent bond.**** These studies
have shown new and surprising phenomena that cannot be observed at equilibrium (sub-
section 1.2.1) or in non-dissipative non-equilibrium conditions (sub-section 1.2.2) such as
supramolecular oscillations and traveling fronts,* reconfigurable DNA-nanotubes,?”* or self-

dividing coacervate droplets simulating mitosis.*
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In this section, examples of man-made systems where the control of supramolecular self-
assembly is achieved through a non-equilibrium reaction cycle will be shown. First fully
synthetic reaction cycles where covalent bonds are created and broken will be elucidated. Next
reaction cycles involving enzyme catalyzed reactions will be presented. Finally, examples where
the transient formation of self-assembling structures are accomplished by temporal pH changes

or redox reaction will be laid out.

1.3.1 Fully Synthetic Reaction Cycle’

Here, systems where covalent bonds are made and broken synthetically in dissipative self-
assembly will be listed. Generally, the studies combine chemical reactions to (de)activate
building blocks so that they can (dis)assemble and later return to the original state under the
same conditions. The reaction cycles can be categorized into three groups, Figure 1.16:*

e Category (1): deactivation of the self-assembling molecules occurs spontaneously
via solvent (e.g., hydrolysis in aqueous systems)

e Category (2): the same type of (un)catalyzed reaction is responsible for all
(de)activation steps

e Category (3): a catalyst exclusively acts on a single reaction of the cycle

i Contents of this sub-section were published on: Singh, N.; Formon, G. J. M; De Piccoli, S.; Hermans, T. M. Devising Synthetic Reaction
Cycles for Dissipative Nonequilibrium Self-Assembly. Adv. Mater. 2020, 32 (20), 1906834. https://doi.org/10.1002/adma.201906834.
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Figure 1.16 - Timeline of the different fully synthetic reaction cycles developed for dissipative self-assembly in
the last ten years. Adapted from ref. 90.

Eelkema, van Esch and collaborators developed the first method for chemically fueled
supramolecular polymerization using a methylation reaction to activate self-assembly (Figure
1.16-A, Category 1). Dibenzoyl-(1)-cystine (DBC), which is soluble in water at high pH
(pKa=4.5), was used. Methyl iodide was applied to converted at least one of the carboxylic acids
of DBC to its corresponding methyl ester, increasing hydrophobicity of the molecule leading
to fiber assembly. The hydrolysis of the ester triggers disassembly of the fibers by regenerating
the original molecule. The cycle can be repeated by adding further aliquots of the fuel, but the
performance of many cycles is hampered by accumulation of waste.”® Five years after, the
methylating agent was switched to the more powerful dimethyl sulfate (DMS), improving the
reaction cycle and obtaining transient gelation. Moreover, the lifetime of the gels could be
regulated by the amount of fuel.”> The same reaction cycle was later used to control the
aggregation of colloids functionalized with carboxylic acid.”” This methodology, involving
methylation/hydrolysis, displayed the first fuel-driven dissipative formation of an “active gel”.
These works paved the way to a new class of “life-like” systems and materials that are driven

out-of-equilibrium by chemical fuels.
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In 2014, Dambenieks et al., showed the chemically fueled assembly of a membrane
transport system. The mercaptan precursor was activated by thiol-thioester exchange (Figure
1.16-B, Category 2). Voltage-clamp activity experiments showed that the thioester product
established conducting channels in bilayer membranes. The system was designed so that the
precursor is restored by the intramolecular nucleophilic attack of the chain-end primary amine
to the thioester, forming a lactam as waste.”

In 2015, Nitschke and co-workers described the chemically fueled self-assembly of metal-
coordinated supramolecular structures (Figure 1.16-C, Cat. 3). A copper-based pseudo-
rotaxane was disassembled by the displacement of bipyridine ligand with addition of
triphenylphosphine (PPh3). Pyridine N-oxide and a Re(VIII) catalyst oxidized PPh3 to
triphenylphosphine oxide (OPPh3), with that the initial assembly could be reobtained. With
his method, the uptake and release of a fullerene guest from a macrocyclic host could be
controlled. Because the oxidation reaction is catalyzed, the rate of disassembly can be easily
tuned. The full cycle could be replicated six times.*

Boekhoven and collaborators described in 2017 a reaction cycle powered by the transient
anhydride formation from dicarboxylates, employing the very common coupling agent, 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (Figure 1.16-D, Category 1). The
experiments were carried out in aqueous conditions so that the metastable anhydride can be
hydrolyzed back to the dicarboxylate. The transient anhydrides self-assembled into hydrogels,
fibers and colloids.”® One year later, Tena-Solsona ef al., demonstrated the phase separation of
anhydrides derived from fatty acids using the same chemistry. The anhydride product (linking
two fatty acids) forms hydrophobic droplets, therefore the hydrolysis rate decreases and
becomes of zero order, because the anhydride group is protected from the water molecules.””*®
Grotsch et al. expanded the application of EDC to colloidal particles. Carboxylate decorated
gold and iron-oxide nanoparticles were converted to transient N-hydroxysuccinimide (NHS)
esters, triggering their aggregation. The size of the assemblies could be tuned by the amounts
of fuel, but if too much EDC is added the aggregates precipitate and get kinetically trapped into
these larger assemblies even after the ester is hydrolyzed.” Owing to the very common target

functional group (carboxylate) and the widely available fuel (EDC), the system has been
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replicated many times with different applications such as: the transient assembly of

macrocycles that act like crown ethers;'®

regulating the assembly of luminescent silicon
nanocrystals that were used to delay the delivery of silicon into mammalian cells;'" the
chemically fueled cross-linking of polymers, showing a transient increase in the mechanical
properties of the obtained materials;'?* the formation of dynamic vesicles of controlled lifetime
and can grow, change morphology, and be destroyed spontaneously by the addition of fuel;'®
the transient gel-to-gel transition from one architecture to another of an amino-acid containing
gelator;'** droplets that release drugs at a constant rate, dependent on the amount of fuel and
the nature and concentration of the droplet;'®® fuel-driven coacervate formation;'* and the
dissipative assembly and self-sorting of macrocycles driven by EDC.'””

In 2018, Fletcher and collaborators developed transient self-replicating surfactants driven
by alkene metathesis (Figure 1.16-E, Category 2). In a bi-phasic environment, a water-soluble
alkene-containing head reacts with a hydrophobic alkene tail, catalyzed by the second-
generation Grubbs catalyst. The amphiphilic reaction product forms micelles, increasing the
contact area between the two immiscible phases, this enhances the reactivity between the water
and oil-soluble substrates, giving a physical positive feedback (autocatalysis) to the reaction
cycle. The self-assembling product will then react with itself, to form the hydrophilic
thermodynamic product, with two water-soluble heads connected through metathesis. When
another batch of the water-soluble alkene head is added, the transient cycle will be repeated.'®
This system shows positive and negative feedback, because the formation of micelles increases
reactivity between the two substrates but also increases the rate of the inactivation reaction.
This reaction cycle can easily be applied and replicated with other reactants and uses the
common Grubbs catalyst. However, both the (de)activation reactions are of the same type
(metathesis), which makes it impossible to control the kinetics of each step individually.

Das and co-workers presented a chemically fueled reaction cycle using EDC where an
amphiphile (C18H), containing histidine in the hydrophilic head, reacted with 4-nitro-phenol
forming an ester hydrogelator (Figure 1.16-F, Category 3). The resulting self-assembling
molecule reverted to the soluble form by ester hydrolysis catalyzed by vicinal histidine. This

system presents negative feedback through cooperative catalysis, provided by the assembly of
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the ester molecules. The lifetime of the hydrogels is dependent on the cleavability of the ester
bond, that can be tuned by the substituents of the phenol group.'”

Recently, George and Vemula showed the use of the dynamic imine bond to make a
charge-transfer amphiphile that aggregates into fibers in water (Figure 1.16-G, Category 3).
The water-soluble aldehyde-containing charge transfer complex is converted to the amphiphile
by addition of an aliphatic primary amine. The deactivation reaction is performed
enzymatically or by pH variation, thus changing imine stability. When a hydrolysable lactone
(e.g., y-butyrolactone, p-butyrolactone, or e-caprolactone) is added to the system, the pH of the
solution steadily decreases over time, shifting the equilibrium of the imine toward the non-
assembling aldehyde and amine. The lifetime of the assembled fibers can be controlled by the
lactone concentration. The forward reaction can be partially controlled by using other stimuli,
like enzymatic pH modulation or the use of lipase and its inhibitor.'

Fletcher and co-workers presented a chemically fueled transient bi-phasic self-replicator,
similar to the first system above.'”® In this reaction cycle a water-soluble disulfide reacts with
octanethiol (hydrophobic), by disulfide exchange, forming a transient surfactant (Figure 1.16—
H, Category 2). The thiol will react with the amphiphile, giving a water-insoluble disulfide and
a hydrophilic thiolate. This system shows physical autocatalysis by the increase in contact area
due to the buildup of amphiphile in the system. However, adding hydrogen peroxide oxidizes
the thiolates back into the water-soluble disulfide and the cycle starts again. Since all the
reagents and fuel are commercially available, this system could be appliable/replicable in other

conditions.!!!

1.3.2 Enzymatic Reaction Cycles

Enzymes, due to their selectivity and high catalytic turnover, have also been used to drive
reaction cycles out of equilibrium.

Prins and co-workers published the chemically fueled assembly of nanovesicles in a
similar way to microtubules. Surfactants (CisTACN-Zn*"), with a zinc-containing hydrophilic
head, form small micelles in water. When adenosine triphosphate (ATP) is added, it binds to

the Zn*" in the amphiphile’s head (each ATP binding to three surfactant molecules), inducing
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the surfactant to self-assemble into vesicles. Potato apyrase is used for the enzymatic hydrolysis
of ATP into AMP (adenosine monophosphate) and inorganic phosphate leading to the
disassembly of the vesicles. So, when ATP is injected to a solution containing C;sTACN-Zn**
and potato apyrase, vesicles of ~ 100 nm are transiently formed, with fast aggregation (< 1 min)
and ATP hydrolysis induced disassembly happening in 5 to 40 minutes (depending on enzyme
concentration). The cycle could be repeated, but accumulation of AMP and inorganic
phosphate impeded the binding of ATP to the surfactant, further impeding vesicle formation
at each cycle. The formation of a hydrophobic pocket inside the walls of the vesicles was used
as medium to perform a chemical reaction that would not be possible in pure water.'"

Ulijn utilized the enzyme a-chymotrypsin to catalyze amide bond formation from an
ester terminated peptide functionalized with a naphthalene group (Nap) at the N-terminus.
The same enzyme also catalyzes the hydrolysis of amide bonds adjacent to aromatic amino
acids. Practically, a suspension of Nap-Tyrosine-OMe was converted to Nap-Tyrosine-
Tyrosine-NH, in 1 minute by the addition of a-chymotrypsin and Tyrosine amide, forming a
hydrogel. The resulting peptide hydrolyzes to Nap-Tyrosine-OH and Tyrosine amide overtime,
and the hydrogel falls through when the concentration of Nap-Tyrosine-Tyrosine-NH,
becomes lower than the critical gel concentration, this takes around 4 hours. Equilibrium is
reached in around 8 hours, with the overall kinetics of the systems depending on the pH of the
solution and the amount of enzyme. '* In a complementary study, starting with the dipeptide
artificial sweetener aspartame (Aspartic-acid-Phenylalanine-OMe) and a mixture of
Phenylalanine and Tyrosine amides, Pappas et al., showed the transient formation of a hydrogel
with the competitive self-selection of the nucleophile, with Tyrosine amide reacting
preferentially with aspartame over Phenylalanine, because the final state was more
thermodynamically stable.'**

Hermans and co-workers developed an enzymatic reaction cycle involving
(de)phosphorylation reactions, a very common chemical modification in living systems. A
perylene diimide (PDI) functionalized with the Protein Kinase A (PKA) consensus sequence,
LRRASL, is phosphorylated at the serine residues with the presence of the PKA and ATP. The

phosphorylated PDI forms bigger assemblies than the dephosphorylated, and surprisingly the
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aggregates present opposite helicity. The dephosphorylation reaction is catalyzed by A-protein
phosphatase (APP) yielding the original PDI and inorganic phosphate as by-product. When
both PKA and APPare present in solution, together with PDI-LRRASL, and ATP is injected, a
transient formation of the phosphorylated PDI is observed, that reverts back to the original
molecule after 10 hours. The cycle cannot be repeated because the APP is inhibited by the
presence of inorganic phosphate, that accumulates after the first cycle. To overcome this
hurdle, the authors developed a membrane reactor that allows the in and outflow of reactants
and waste products while keeping the enzymes and the assembling molecules inside. With this
technique, non-equilibrium steady states could be achieved and maintained for multiple hours,
with the ratio of phosphorylated/non-phosphorylated PDIs controlled by the concentration of

ATP in the inflow.'?®

1.3.3 pH and Redox Driven Reaction Cycles

Redox reaction cycles and transient pH changes have also been extensively used in
dissipative self-assembly.

Using compounds that release protons through hydrolysis (pre-acid), Walther and
collaborators proceeded to control the self-assembly of different materials by delayed pH
change. Different aggregators were used as examples, such as amphiphilic block-copolymers,
acid decorated gold nano particles, and a peptide that forms B-sheet nanofibrils at pH>7. When
TRIS bufter at pH 8.8 and the hydrolysable molecule were injected simultaneously to a slightly
acidic solution of the self-assembling compound, fast increase of pH is observed, followed by
aggregation/assembly of the building blocks. After some time (from minutes to days depending
on the nature of the pre-acid) the solution becomes acidic, provoking disassembly. The lifetime
of the aggregate depends on the hydrolyzed molecule that was injected and its concentration,
typically 8-Gluconolactone hydrolyzes in minutes, while methyl formate or f-butyrolactone
take hours, and e-caprolactone days."'

Following a similar strategy, of delayed pH changes in solution, the same group used a
combination of two enzymes to induce the transient assembly of a pH-sensitive DN A hydrogel.

Urease catalyzes the decomposition of urea into carbon dioxide and ammonia, whereas esterase
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is used to hydrolyze ethyl acetate into ethanol and acetic acid. The first enzyme is at its highest
activity at neutral pH, being poorly active at pH < 5 and > 9. Since ammonia is released during
urea degradation, pH increases as the substrate is converted, making urease autocatalytic if the
starting pH is < 6. The enzymatic reaction also presents negative feedback because the enzyme
is inactive in basic conditions. Esterase, however, displays higher activity at pH > 6, so if both
enzymes are present in the same solution, while urease activity decreases, esterase increases.
The DNA hydrogel is cross-linked at pH > 7 but is a sol at acidic pH. Therefore, if both enzymes,
urea, and ethyl acetate are added to a DNA solution, gelation is observed after ~ 5 minutes, due
to the pH increase caused by urea degradation. The hydrogel reached its maximum mechanical
properties at 20 minutes after the addition of the stimuli and starts decreasing. The mixture
becomes a solution again after hundreds of minutes."”

Hermans developed a redox reaction cycle based on the reduction of perylene diimide
(PDI) into its radical anion and dianion using sodium dithionite (Na,S$,04) and its further
oxidation with oxygen in air. PDI forms 10-micron sized aggregates in water that precipitate
overnight due to side-to-side fusion of different aggregates. Upon reduction the aggregate size
decreases to ~ 100 nm. When dianion is oxidized back to the neutral state, the self-assembly
follows a cooperative mechanism. Interestingly, after oxidation the size of the assemblies is
smaller than the original ones. If the redox cycle is repeated multiple times, the total scattering
of the assembly decreases with each cycle and UV/Vis spectra get more intense, but only when
reduction is performed before side-to-side fusion can happen. This indicates that the
morphology and conformation of the assemblies change with each reaction cycle. After 7
cycles, done at 20-minute intervals, only a small portion of the aggregates precipitate after
ageing, with PDI still present in the supernatant, that stays stable for months. This system
shows the combination of dissipative self-assembly with pathway selectivity."'® When both
oxygen (by vigorous mixing) and sodium dithionite are added simultaneously and
continuously to a PDI solution, damped oscillations are observed. The cooperative mechanism
provides positive feedback while the size-dependent kinetics of reduction affords the negative
feedback, both necessary for oscillations to happen. It was also possible to perform the spatial

control over the supramolecular assemblies in a two-dimensional environment. Pattern
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formation occurred by letting the solution oxidize spontaneously and travelling fronts by
seeding polymers into a monomeric solution.*

Wojciechowski, et al., combined redox and pH stimuli to induce the transient self-
assembly of a hydrogel using TCEP (tris(2-carboxyethyl)phosphine), an acidic reducing agent.
N,N’-dibenzoyl-L-cystine, disassembled in basic conditions, gets protonated and forms a
hydrogel immediately upon addition of TCEP. After minutes to hours, depending on pH and
TCEP concentration, the hydrogel is destroyed by the reduction of disulfide to thiol, forming
the soluble benzoyl-L-cysteine. The cycle could be repeated by adding more monomeric N,N'-

dibenzoyl-L-cystine, as long as active TCEP is still present in solution.'

1.4 Magnetism as a Tool to Control Soft Matter'

1.4.1 Magnetism and Magnetic Energy

Magnetism has been used by humans for thousands of years, with the utilization of
earth’s magnetic field to direct our movement (like some animals do) by using compasses since
the Antiquity, to the most sophisticated use of permanent and electromagnets in (spin)
electronics nowadays."

When discussing magnetic effects on particles”, distinctions between the types of applied
field have to be made.'*® First we can define an applied field by its variation in time: dynamic
magnetic fields (rotating or oscillating), in which their magnitude and/or direction are time
dependent; or static fields, where at any given point in space the magnetic field is constant in
time. Similarly, when the significant dimension is space: we have homogenous magnetic fields,
where the magnetic field is constant along a region in space; or inhomogeneous (field
gradients), where the magnetic field varies along space.'>'** We will focus on magnetic fields
that are static in time and either homogeneous or inhomogeneous in space.

The analysis of the effect of a field on a particle will depend on the magnetic field (spatially

homogeneous or not) and on the magnetism of the particle. For constant fields, no linear

i This section will be published as a review: Schicho, M., Formon, G.J.M.¥, Hermans, T.M. Soft-Matter Control Using Weak Magnetic Fields
(working title). Manuscript in preparation.
¥ Here particles can range from a single ion to a micro or nanoparticle
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movement would be expected, and the effect can be quantified by the magnetic energy, Epq g4,

acting on the particle:'2012!
Emag = ! mB
2
Where m is the magnetic dipole moment of the particle, that quantifies how a magnetic
tield will act on this particle. B is the primary magnetic field also called magnetic flux density
or B-field. The magnetic moment is the magnetization of the particle M multiplied by its
volume V. Magnetization can also be thought as the average density of the magnetic moment.
m=M-V
In ferromagnets, the magnetization is constant within a domain and is called
spontaneous magnetization, My. In paramagnetic and diamagnetic materials (see below), the
magnetization is induced linearly by the magnetic field strength H, also called magnetizing
force, and their ratio is the volumetric susceptibility x of the material.
M=yx-H
The magnetic flux density B (or B-field) and magnetic field strength H (H-field) are
related by the following equation:
B=puo(M+H)=puHA+))
Where i is the vacuum permeability that is equal to 47 X 1077 H/m.
If the susceptibility || <« 1, which is true for paramagnetic and diamagnetic materials
(see below), this term can be simplified to:
B=uH
Another important parameter that influences how a magnetic field will act on a particle
is the magnetism type of the respective material. There are four classes of magnetism that are
of importance to this thesis:
e Diamagnetism: the magnetic susceptibility y is negative (x<0) and typically small,
so the material is weakly repelled by a magnetic field.
e Paramagnetism: the magnetic susceptibility x of paramagnetic materials is
positive (x>0), meaning the material is attracted to a magnetic field.
e Ferromagnetism: the magnetization of ferromagnetic materials is non-linear.

They usually exhibit the strongest response to magnetic fields.
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e Superparamagnetism: small domain ferromagnets (nanoparticle size range) so
the magnetization of a domain can be influenced thermally. Thermal fluctuations
average the magnetization to zero, which makes them behave similarly to
paramagnets on a macroscopic level.!12%122

To quantify the effect of the magnetic field on a given particle, we first need to identify if
the acting magnetic field is homogeneous or not. If it is, particles can be aligned or deformed,
depending on its chemical and magnetic nature. However, if the field is inhomogeneous, the
gradient (VB) gives rise to magnetic forces (Fpqg, see below for explanation) which can induce
motion of material across the space (magnetophoresis).'?*!*!

A single cubic magnet generates an inhomogeneous magnetic field, with higher
intensities at its edges, following the field lines (Figure 1.17 A, B, C). Homogeneous magnetic
fields in non-negligible regions of the space can easily be generated with electromagnets and
specific magnetic arrays (Figure 1.17 ], K, L), with magnetic flux densities up to 1-2 T in widely
available laboratory conditions."" However, different magnet arrays can be arranged to tailor
the magnetic field to the experimental needs: pseudo homogeneous field, with low gradient

(Figure 1.17 D, E, F); high magnetic gradient (Figure 1.17 G, H, I); constant magnetic gradient.
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Figure 1.17 - 2D simulations of the magnetic flux density generated by different arrays of magnets. First row: heat
map of the norm of the magnetic flux density; black lines represent the magnetic field lines; black arrows show the
north-south orientation of the magnet; grey areas are the magnets themselves. Second and third rows: Norm of
the magnetic flux density (|§|, left axis of the graphs)) and norm of B multiplied by its gradient (|(§ . V)I_ﬂ , right
axis of the graphs) along the horizontal (yellow) and vertical (red) dashed lines respectively. Both |_§| and
|(B - V)B| are extracted along the same lines. - A, B, C - Single 1 cm x 1 cm N52 Nd,Fe;,B magnet - D, E, F -
Two 1 cm x 1 cm N52 Nd,Fe;,B magnets arranged in the same direction, separated by 0.5 cm - G, H, I - Four 1

cm x 1 cm N52 Nd,Fe;;B magnets in a quadrupole array.'” This arrangement induces high magnetic field

gradients. - J, K, L - Magnets arranged in a Halbach array with homogeneous and strong magnetic field inside
and very low outside."

By combining all previous equations, the magnetic energy for paramagnetic and

diamagnetic materials is as follows:

1 2
Emag :_Z_.U()XVB

The magnetic energy increases quadratically with the magnetic field, making it an
important parameter to manipulate particles, however magnetic fields above 2 T are difficult
to obtain without resorting to expensive superconducting magnets, decreasing the ability to
control particles in the nanometer range or smaller in common laboratory settings (B < 2 T).

If working in a gradient field, the field inhomogeneity gives rise to the magnetic force

Fpag» defined as follows:

- — 1 — = 1 g ——
Fnag = ~VEmag =5 M VB == MV VB

Which is reduced, for paramagnetic and diamagnetic materials, to:
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As opposed to the magnetic energy in homogeneous fields, the magnetic force scales
linearly with the magnetic field and the gradient of the magnetic field. High field gradients, of
up to 10° T/m, can be achieved in common laboratory conditions which makes it easier to
manipulate small particles in non-homogeneous magnetic fields than in homogeneous fields."*

The magnetic manipulation of particles in fluid media is subjected to the competing
forces and energies. The most important being the thermal fluctuation energy, E¢perm, which

125

for a single particle is defined by:

Etherm = =5 kg T

Where kg is the Boltzmann constant and T the absolute temperature. At 25 °C, this
energy is 6.2 x 10721 J, This value is negligible for the macroscopic world, but it becomes
increasingly significant in the (sub)micron range. This energy refers to Brownian motion,
which is the random movement of small objects when surrounded by a fluid.

When there is no driving force for the directional movement of molecules or particles
(e.g. concentration gradient), the movement is driven by a random thermal force, Fiperpm. The
thermal force is not precisely defined; however, it is characterized as a random process moving
the particle in all directions of space, meaning that the net force is zero. The characteristic value

of this force for a spherical particle is:'*>'*

Fiherm = \/2 kg T (6 Tu R) n(t)

Where p is the dynamic viscosity of the surrounding fluid and 7(t) is a gaussian ‘white
noise’ operator (varying from -1 to 1), that imparts the randomicity to the force (units of
time~1/2).

To quantify and compare the effect of a homogeneous magnetic field on an entity, we
propose define a unitless figure of merit S that compares the magnetic energy Ep,q4 with the

thermal fluctuations Eperm:
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Similarly, when applying an inhomogeneous magnetic field, the figure of merit fr would
be the ratio of the magnetic force Fy,q4 over the random thermal forces Fyp ey (maxing n(t) =
1s71/2 ):

1
Fmag imVB
Br = =

 Finerm [2kgT (6T uR)

As an example, let'’s take a single Ho> ion (¥me = 5.702-1077 m3/mol;R =
0.901 A)291% i an aqueous solution, at room temperature (25 °C =298 K), andina 1 T

homogeneous magnetic field (Figure 1.17 J, K, L). The thermal and magnetic energies are:

J

3
Etnerm = —5138-1072% £-- 298 K = —6.16-107' ]

1 1
Emag(H03+) = _ﬁ )(VBZ = _ﬁ Xmol n B?
0 0

Where Yo is the molar magnetic susceptibility and n is the number of moles of the

entity, in this case, for a single ion in solution: n = number of ions/Avogadro’s number =

1/(6.022 - 1023 mol™1).

1 m3 1
E Ho3t) = — 5.702-1077 : -(1T)?
mag (HO™") 5 am-10-7 mol 6022 102 mort 1)

T e
=—-3.76-1072%]
The ratio of the energies is:
—3.76-107%% ]
3+) — — .10-5
Be(Ho") = 616 107 = 61510

The thermal energy is four to five orders of magnitudes higher than the magnetic
counterpart, trumping any possible effect the magnetic field would have on the ion. On the
other hand, if we take a single iron oxide nanoparticle (I0-NP, My,; = 3.96 - 10° A/m and

D = 37.6 nm)"**in the same 1 T field, would have an upper bound of (considering M = Mgg;):

1 1 A 4
Emag(I0 =NP) = == Msq VB = —>-396-10°—-2m- (188107 m)? - (17)

= —5.51-10718]

~551-10718]

—6.16-10721] 895

:BE(IO — NP) =
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The magnetic energy on that nanoparticle is almost three orders of magnitude higher
than thermal fluctuations and 107 bigger than the energy of the same magnetic field on a single
Ho’* ion. This difference arises from the larger size of the nanoparticle, and its magnetic nature
(ferromagnetic vs. paramagnetic), having a high saturation magnetization. For Bz(I10 —
NP) > 1 we would expect to observe magnetic field effects.

We can also compare the magnetic forces and thermal forces, in a inhomogeneous
magnetic field, with B = 1T and VB = 2000 T /m (Figure 1.17 G, H, I) for one Ho** ion in

water (u = 8.91-107* Pa.s):!

1
Fmag(H03+) = ﬁ AXmol M (B ' V)B
0

= ! 5702107 7 1
C2eam-107 T mol 6.022 - 1023 mol~1
.

=7.53-10"22 N

T
1T -2000—
m

Finerm(Ho3*) = Jz -1.38 - 10—23% 298K - (6m-8.91-107* Pa-s-0.901-1071%m) - 1
=1.12-1071° N
e 7.53-10722N e
Bp(Ho™") = =gy = 6.75 - 10

The magnetic force acting on the single Ho*" ion is six orders of magnitude smaller than

the thermal forces. Meaning that the magnetic field effects would be insignificant when
compared to thermal noise, thus making any effect not observable.

If we do the same analysis on the IO-NP:

W

T
m- (18.8-1072m)3 - 2000;

3>

1 1 ;
Fnag(10 = NP) == Msq: V VB == - 3.96 - 10

=1.10-10"*N

Fonorm = \/2 -1.38-10-23 é 298K -(67-8.91-10~*Pa-s-18.8-10~9m)- 1

=1.61-10"15N

11010714 N
Ho3%) = — 6.83
bp(Ho™) = T T0-5
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Contrarily from the single Ho’* ion in solution, the magnetic force acting on the IO-NP
is ~ 7 higher than the thermal fluctuation, meaning that the nanoparticle would be attracted to
the regions of higher magnetic field in the space.

This shows that magnetic field effects on small entities (nanoparticles, molecules, and
ions) are dependent on the nature of the object (para, dia, or ferromagnetic) and are subjected
to other competing phenomena. The smaller the particle the more important thermal

fluctuation becomes, thus needing a much stronger magnetic field to observe any effect.

1.4.2 Magnetism to Control Soft-Matter (Trivial Observations)

Magnetism has been used as tool to control soft materials for decades, but as discussed
above it gets increasingly difficult to control small particles. In this sub-section some examples
will be laid out that use high magnetic fields (> 2 T) to control molecular assemblies, or lower
magnetic field to control larger nanoparticles.

Shklyarevskiy, et al. showed the self-assembly of a bolaamphiphile sexithiophene,
functionalized with poly-ethylene glycol side arms, into 50 to 120 nm sized spherical nano-
capsules in water and alcoholic solvents below 60 °C. Because of the six thiophene moieties, the
molecule possesses large anisotropic diamagnetic susceptibility, but the self-assembled nano-
spheres are isotropic. When a magnetic field (up to 20 T) is applied to a sample containing the
nano-capsules, it will affect differently the molecules that are perpendicular and the ones
parallel to the field, thus deforming the spheres, Figure 1.18. This deformation can be observed
by the magnetic dependent optical birefringence. As soon as the magnetic field is turned off,
the capsules return to their spherical conformation unless a gelling agent is used to trap the

nan-capsules in their deformed state.'*
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Figure 1.18 - Scheme depicting the self-assembly of the sexithiophene into nano-capsule and its subsequent
deformation perpendicular to the magnetic field. Adapted from ref. 132.

Similarly, magnetic fields have been used multiple times to align diamagnetic
supramolecular or polymeric assemblies in high fields (B 2 8 T). Diamagnetic orientation was
obtained using either polymer fibers or supramolecular assemblies, thus increasing the
magnetic energy acting on those entities due to the large number of repeating units. The use of
aromatic substances is also explored because, even if diamagnetic, they have more significant
magnetic susceptibility than typical non-aromatic compounds, also increasing the magnetic
energy (see above).”>""?

Vesicles  of  phospholipids  doped  with  lanthanide-chelated = DTPA
(diethylenetriaminepentaacetic acid) could be distorted unidirectionally with magnetic fields
up to 8 T. Those deformations could be observed with 2-dimensional small angle neutron
scattering (2-D SANS), Figure 1.19, and Cryo-TEM. The direction of deformation depended
on the lanthanide: Thulium (Tm) induced distortion parallel to the field while Dysprosium
(Dy) perpendicular. This can be explained by the magnetic anisotropy (Ax) of the paramagnetic
lanthanides. Ions like Dy’ possess large but negative A, so they align preferentially
perpendicular to the magnetic field. On the other hand, Tm’" has positive magnetic anisotropy,
so they align in a direction parallel with the field. ** This anisotropy arises when the ion is

chelated, and strongly depends on the coordination environment.'”
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Figure 1.19 - 2D SANS patterns (left) and sectoral intensity (right) for phospholipid vesicles doped with Thulium
at 2.5 °C as a function of magnetic field. The neutron scattering pattern becomes more anisotropic with higher
magnetic field. Open circles represent the vertical intensity average while solid circles show the horizontal. Taken
from ref. 138.

Many surfactants containing magnetic elements have been developed over the last 30
years, but they have not been utilized for their magnetic properties. However, since ~ 10 years
magneto-responsive surfactants have gained increasing interest."**'*!

Brown, et al., developed cationic surfactants with paramagnetic counter anions, using
Fe(III), Ho(III) and other lanthanides. These components are surface active, lowering surface
tension when dissolved in water, as expected. Interestingly, when a droplet containing 20 %wt
of surfactant was placed near a magnet, it was attracted to the magnet, Figure 1.20.">'#
Similarly, those magnetic ionic surfactants were used to create magneto-responsive emulsions
of oil (dodecane) in water that could be pulled against gravity and viscosity of the surrounding

fluid with a small magnet.'*>!#
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Figure 1.20 - Response of surfactant-containing droplets to a magnet. Top: cationic surfactant with Cl~ counter
anion, it is not affected by magnet. Bottom: cationic surfactant with FeCl,” counter anion, the droplet is attracted
to the magnet. Taken from ref. 142.

The ionic surfactants described above were also used for the magnetization of biological
macromolecules. The surfactants adsorb to the macromolecules, and because of their magnetic
properties they can be separated using a Nd,Fe..B magnet (fields of 0.2-0.3 T). This technique
could be extended to model proteins such as myoglobin and green fluorescent protein (GFP).'*

Nanoparticles are also a good scaffold for magneto-responsive materials, because they
usually show superparamagnetic or ferromagnetic behavior, so they show higher induced
magnetic moment than molecular assemblies, which makes the magnetic manipulation easier.

Lim, et al. showed the magnetophoretic effect of single iron oxide nanoparticles of ~ 35
nm of core diameter, decorated with polymers and gold nanoparticles (for plasmonic
properties) resulting in 62 nm of total diameter. Magnetic field gradients of up to 3000 T/m
were obtained by attaching a mu-metal (material with very high permeabilities, used for
magnetic shielding'') tip at the end of a solenoid. Near the mu-metal two different zones of
action could be identified: one where particles migrate towards the metal, a ‘radius of capture’
of 139 um from the tip could be recognized; another, further from the tip, where the particles
were not affected. A magnetophoretic force (similar to Fp,4 discussed above) acting on the
nanoparticles of as low as 1.5 fN could be detected leading to particle velocities of up to 30
um/s. This simple technique, using high magnetic field gradient, permitted the unprecedented
observation of magnetic field induced migration of nanoparticles, overcoming Brownian

motion, viscous drag, and counter diffusion.'**
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Klajn and co-workers showed the magnetic field induced assembly of superparamagnetic
13.4 nm-sized magnetite nanocubes into helical structures. A hexane solution of cubic iron
oxide nanoparticles is placed at diethylene glycol/air interface in the presence of an external
magnetic field of 0.07 T. The nanocubes partially aligned with the field forming 1D chains that
further aggregate into higher order structures with slow hexane evaporation. The final shape of
the structures is strongly dependent on the monolayer (surface) concentration of the
nanocubes. Below 20% monolayer coverage, no superstructures were observed, while at 20%,
two to three nanoparticles wide and more than 100 um long nanobelts were formed. If the angle
of the magnetic field is changed with regards to the plane of the liquid-air interface, the
orientation of the nanobelts can be modulated. At higher surface concentrations, the
nanocubes tend to align their [1,1,1] axes with the magnetic field (preferred magnetic
orientation), thus making the nanobelts fold onto themselves forming single stranded helical
structures, that fused into double and triple stranded, Figure 1.21. With increasing
concentration, more helices with same chirality were observed side by side, indicating that the
helicity of an assembly can be transferred to the next one. Shape anisotropy of the nanoparticles
favors face-to-face van der Waals interactions, while magneto-crystalline anisotropy favors

corner-to-corner. This work shows the interplay of various nanoscale forces, among them

magnetic dipole-dipole interactions.'*

Figure 1.21 - Examples of helical structures obtained through the magnetic field induced self-assembly of
magnetite nanocubes. A - Single stranded helix. B — Double stranded helix. Insert: merging of two chains forming
a helix. C - Triple stranded helix. Insert: end of the triple helix. Adapted from ref. 146.

Mehdizadeh Taheri, et al., showed the magnetic field induced assembly of sub 15 nm
cube-shaped iron-oxide particles in toluene. The nanocube particles showed regular 1-D, 2-D
and 3-D assemblies forming chains, ribbons, sheets, large cuboids, Figure 1.22. However,
assembly could not be induced with nanocubes smaller than 7.5 nm, indicating the existence

of a size limit where magnetic interactions become too small compared to thermal noise (see
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sub-section 1.4.1). Spherical nanoparticles also did not produce larger assemblies, showing that
the structure of the nanoparticle becomes very significant at this scale. It is estimated that the
magnetic energy of the nanoparticles at 0.3 T is Ep,qg ~ 0.9 kgT being in the same order of
magnitude as the van der Waals interactions, ~ 0.5 kgT, and thermal noise, ~ 1.5 kgT. This
shows that magnetic fields < 1 T are sufficient to align the nanocubes, that ‘attach’ themselves
through van der Waals interactions, forming 1-D chains. The chains will then merge with other
chains forming 2-D and 3-D assemblies. Cubes have a larger surface area than spheres, thus
having larger surface for van der Waals interactions, explaining why no assemblies were formed

with spherical nanoparticles.'"

200 nm

[ g
B, S

Figure 1.22 - Electron microscopy of the magnetic field induced hierarchical self-assembly of magnetite cubic
nanoparticles. A - 3D cuboid containing ~ 10000 nanocubes. B - Cryogenic electron microscopy of the
nanoparticle solution in toluene. C - Example of 1 and 2-D nanocube assembly into chains, ribbons and sheets.
Adapted from ref. 147.

Metallic nanoparticles coated with polystyrene end-capped with complementary triple
hydrogen bonding thymine and diaminopyridine, self-assemble into crystal-like aggregates,
Figure 1.23-A. The non-covalent interactions (hydrogen bonding) between the nanoparticles
make the assemblies thermally responsive, melting at high temperatures. 16 nm iron oxide NPs
with 13kDa polymer coating and 15 nm Gold NPs with 14 kDa coatings, present similar
melting profiles, Figure 1.23-B. However, when the polymer brush size is decreased to 8 kDa
and 9 kDa, for iron oxide and gold NPs respectively, the melting temperature of the former is
10 °C higher, Figure 1.23-C. With smaller polymer chains, the iron oxide NPs are closer to one
another, allowing dipole-dipole interactions between the colloids. Those interactions can be

estimated by Keesom forces that scales with 1/7¢ (r being the inter-particle distance). For 13
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kDa polymer coating (38.5 nm interparticle distance) this interaction is expected to be
~ 1.1 kgT while for 8kDa (29.6nm interparticular distance) it is estimated to be ~ 5.2 kgT.
This example shows how magnetic interactions (here dipole-dipole) can influence

supramolecular forces, in this case strengthening them."*®
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Figure 1.23 - A - Schematics of the polymer coatings of the nanoparticles and the complementary hydrogen
bonding groups. B — Melting curves of the nanoparticle assembly with 13 and 14 kDa coatings for iron oxide and
gold, respectively. C - Melting curves of the nanoparticle assembly with 8 and 9 kDa for iron oxide and gold,
respectively. The melting curve for iron oxide is 10 °C higher than gold. Taken from ref. 148.

Magnetic interactions have also been extensively used in living systems with the final goal
of manipulating biological media with magnets.

Superparamagnetic magnetite nanoparticles functionalized with signaling proteins
Ran/RCC1, that regulate microtubule assembly during mitosis, were used to gain the
spatiotemporal control on microtubule self-assembly. When the Ran modified nanoparticle
was present in sufficient concentration, microtubule formation was triggered. So, by applying
a magnetic field, next to a droplet containing the nanoparticles and tubulin, the former
accumulated near the magnet locally increasing the Ran concentration. When local
concentration becomes superior to the threshold, microtubule nucleation was induced locally,

Figure 1.24.'%
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Figure 1.24 - Nanoparticle accumulation close to the magnet (left). Locally induced microtubule nucleation
(right). Scale bar is 10 pm. Taken from ref. 149.

Bianxiao Cui and collaborators developed a method of engineering mammalian cells to
produce ferritin containing crystals (> 107 subunits of ferritin per crystal) by co-crystallization
with inka protein, needed for decent crystal growth. Crystals of ~ 45 pm could be grown inside
the cells in 72 h. Those can be controlled magnetically, with magnetic forces > 9 x higher than
on single Ferritin protein because tens of thousands iron atoms are present in the crystal. This
work is a step towards in vivo generation of magnetic entities, making possible to manipulate

biological media magnetically without injecting foreign agents.™

1.4.3 Non-Trivial Observations of Magnetic Effects on Soft Materials

In the last years, some unexpected and non-trivial observations involving magnetism
have been reported, a few examples will be listed below. They are non-trivial in the sense that
current theoretical models could not explain such behavior and/or further study is needed to
comprehend these phenomena.

Starting from a homogeneous solution of paramagnetic Mn** or Dy**, Eckert and
collaborators showed the magnetic field induced concentrations enrichment of those ions close
to a permanent magnet. A concentration gradient was observable after ten minutes of the

positioning of the magnet at the top of the recipient. Enrichments of up to 2 % and 0.6 %, for
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Mn** and Dy** respectively, were obtained. Interestingly, as soon as the magnet was removed,
the gradient broke down, inducing a convection flow driven by the concentration gradient.'*"!>*
Similarly, Fransaer and co-workers observed the magneto-migration of paramagnetic
Gd’* and Dy’* ions in aqueous mixtures towards the region of the sample where the magnetic
field is the strongest. Interestingly, diamagnetic Y** moves in opposite direction, with
enrichment further from the magnet. The final enrichment depended on the experimental time
and magnetic field intensity, with increase in concentration of 2 % for Dy** at 0.5 T for 6 h and
5 % for the same ion and time at 5 T. For Y°* a decrease of 0.6 % in concentration took longer
than 24 h to be observed. An important experimental difference between this example and the
previous is that here the authors wanted to limit convection, so the magneto-migration
experiments were performed in a gel (6 %wt gelatin) or inside porous glass disks.'*

Fujiwara, ef al. showed the movement of paramagnetic ions inside an inhomogeneous
tield on a silica gel support saturated with water. Transition metal ions (Ag*, Cr**, Mn?**, Co*,
Ni**, and Cu?*) were spotted on a silica gel and exposed to a magnetic field gradient of ~ 400
T?/m ((B - V)B, see Sub-Section 1.4.1) and magnetic field between 4 and 8 T, supplied by a
superconducting magnet. The diamagnetic silver ion does not move while the paramagnetic
ones are drawn to the towards the region with maximum field, Figure 1.25. The distance
travelled by each ion depends on: their susceptibility, ions with higher y travelled the farther;
the concentration, with higher values moving more; and the size of silica gel particles, with
larger particles inducing a greater distance travelled. If a diamagnetic (Ag*) and paramagnetic
(Cu?") species are co-spotted in the silica gel only the copper ion moves towards the high-field

region, allowing the magnetic separation of these two species.'>* !>

50



Field Center

llllllllllllllll

-+

Mn

++

Co

++4

Cr

++

Ni

++

Cu

L|||||||||||1|||
-40 0 40 80 120
Movement (mm)

Figure 1.25 - Migration of paramagnetic ions deposited on silica gel. The distance travelled by the ion depends
on its magnetic susceptibility. All solutions were spotted at the 0 mm position. Taken from 155.

A 2 mm steel sphere as submerged in a 5 % nitric acid solution and the system was placed
between the poles of an electromagnet with a homogeneous magnetic field. Nitric acid oxidizes
the iron in the steel into Fe** that is subsequently oxidized into Fe**, both ions are paramagnetic.
Fe(II) can be observed by its characteristic blue color while potassium ferricyanide is present
in solution to stain Fe(III)-rich regions in light brown. Interestingly, an anisotropic blue halo
is observed around the ball after 100 s, while the rest of the solution becomes brown, Figure
1.26. The region containing high Fe?* concentration delineates the inhomogeneous magnetic
field created by the induced magnetization of the steel ball, which was confirmed by theoretical
calculations. The size and shape of the pattern stays constant for up to 1000 s, with only the

intensity of the colors increasing.”’
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Figure 1.26 - Pattern formation during the etching of a 2 mm steel ball by 5 % HNO; solution in a homogeneous
magnetic field (~ 0.3.T). Taken from 157.

The four examples above were very surprising, because the magnetic energy and force
acting on a single paramagnetic ion is orders of magnitude smaller than the thermal noise (kg T,
see discussion in Sub-Section 1.4.1). These findings were not fully comprehended, which led to
the speculation that these paramagnetic ions act collectively under a magnetic field, which
would explain, at least energetically, these results. Gorobets even coined the term ‘magnions’
(magnetic ions) for such cluster, that would contain thousands of ions moving collectively, thus
breaking the thermal barrier.””"** However, no evidence has been found to corroborate this
theory and no nanocluster formation was observed in either light scattering'®' or small angle
neutron scattering’. Most likely, some ‘hidden’ triggering process are present in those
experiments that would facilitate the movement of those entities, such as the pre-existence of a
concentration'®'¢! or susceptibility'®* gradient that would induce the magneto-migration of

paramagnetic substances. For example, evaporation can locally induce a concentration increase

¥ Unpublished results. Small angle neutron scattering experiments performed at CEA Saclay in homogeneous solutions of GdCl; and TbCl3
with and without magnetic field. No structuring was observed.
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of a given paramagnetic ion that will be exaggerated by the presence of magnetic field.'® This
knowledge has been applied recently to selectively crystallize and separate mixtures of rare
earth complexes by applying a magnetic field and a temperature induced concentration
gradient simultaneously.'*

Schefer et al. developed a method to synthesize iron containing iota carrageenan
polysaccharides by ion exchange. The single chains of these polymers form random coil and
helical structures, observed by AFM. The Fe(IlI)-containing saccharide form superstructures,
by the association of many chains, because Fe** is trivalent and induces cluster formation with
many anionic sites. When placed in a homogeneous 1.1 T magnetic field and dried, the helical
portions of the Fe(Il) containing polysaccharide exhibit 1.5-fold stiffening and 1.1-fold
stretching of the structures. The random coils contain less iron and consequently respond
much less to the magnetic field. This work shows that single polymer chains can be
manipulated with an easily obtainable magnetic field in laboratory conditions, which is
unexpected due to the small size of these entities and their low susceptibility.'®*

Yue, et al., synthesized a block copolymer containing polystyrene and poly quaternary
ammonium ethylmethacrylate with Fe(III)-tetrabromate as counter-anion. The ratio of the two
segments was chosen to facilitate cylindrical microphase separation in the polymeric ionic
liquid. Films of the block co-polymer are prepared by coating substrates, that are placed on top
of a commercial magnet in a closed container. Without magnet a random microphase
segregation with non-orientational domains was obtained. Whereas with magnetic field, the
paramagnetic segments align along the magnetic field with perpendicular or parallel
nanostructures, and ~ 30 nm periodicity. Orientation can be controlled precisely by adjusting

the angle between the magnet and the substrate, Figure 1.27.'%
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Figure 1.27 - AFM height images of the structure of the block copolymer film. A - Phase separation without
magnetic field. B - Cylindrical structures aligned with magnetic field towards the northwest direction. C -
Magnetic field 45° out of the plane. D - Magnetic field perpendicular to the plane. Taken from 166.

Polarz, et al, showed the surprising hierarchical self-assembly of a Dysprosium-
containing surfactant. By heating to 80 °C an aqueous solution containing the amphiphile then
cooling down to room temperature leads to the formation of millimeter-sized dumbbell-
shaped objects that are optically and structurally anisotropic, Figure 1.28. The assemblies align
with magnetic fields and further aggregate into super-structures. When Dysprosium is replaced
by the diamagnetic Lutetium and the same procedure was applied, no millimeter-sized objects
were observed, only forming micelles. It is then presumed that the magnetic anisotropy of the
paramagnetic heads combined with the formation of an anisotropic lamellar lyotropic liquid
crystal phase was responsible for the formation of fibers with magnetic structural anisotropy.
This would lead to the formation of these distinct hierarchical structures. However, the exact

mechanism of formation is still unknown.'¢”

54



Figure 1.28 - Hierarchical self-assembly of the dumbbell-shaped structures. A - SEM of the mm-sized structures.
B - Zoom-in into the structure above revealing bundles of fibers. C - TEM of the individual fibers, building-block
of the hierarchical structure. Taken from 167.

First, third and fifth generation Poly(propylene imine) dendrimers, functionalized with
Gadolinium chelating end-groups were synthesized as MRI (Magnetic Resonance Imaging)
contrast agents. Longitudinal and transversal relaxation times, measured at 1.5 T and 20 °C,
strongly increased for higher generation dendrimers, even when expressed per gadolinium ion.
This is an effect of high molecular weight, local mobility of Gd complexes, and additional
contribution of paramagnetic interactions between gadolinium moieties because of its high
local concentration, showing a dendritic effect.'®

Yu, et al. recently synthesized an ionic liquid/poly(ionic liquid) system, with a repeating
imidazolium moiety and FeCli as counter-anion. A bi-phenyl group is included in the
molecular structure, thus inducing n-n stacking between each molecule/repeating unit. The

magnetic behavior of the system without the biphenyl group was paramagnetic. However,
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when m-m stacking is incorporated and the iron atoms are closer to each other (~ 4 A, n-mt
stacking distance) the system is super-paramagnetic. This is evidenced by temperature
dependent magnetization curves and zero field cooled/field cooled experiments. This behavior
is explained by the decreased distance between each Fe atom, 4 A being in the ferromagnetic
interaction distance, inducing spin coupling interactions between the FeCl,~ counter-anions.'*

These examples above are interesting and unexpected because of the unanticipated
interaction between metal centers or energetically unfavorable phenomena. The mechanism of
action of some of those findings are still unknown and further study on the magnetic structure-

property relationship of (supra)molecular species is still needed.

1.5 Aim and Contents of this Thesis

The control of supramolecular polymerization is a vast subject with still plenty of room
for improvement and creative methodologies. New methods for designing experimental
procedures and molecules to tune self-assembly have been developed since the inception of
supramolecular chemistry. By mimicking living systems, supramolecular chemists have come
up with new ideas bringing supramolecular chemistry closer to processes encountered in
biological media. The advent of non-equilibrium (and dissipative) supramolecular
polymerization, over the last ten years, shifted the focus of chemists towards this area. However,
self-assembly at equilibrium is still important for the development of functional materials and
as basis for further development of the field.

With this, the aim of this thesis is to find new ways of controlling supramolecular
polymers and polymerization in and out of the thermodynamic equilibrium.

In Chapter 2 the spatiotemporal control over hydrogel formation is achieved by soaking
a polymeric material in acid and placing it in a basic solution of a pH-responsive hydrogelator.
Proton diffusion, which must be slower than nucleation kinetics, will initiate and direct gel
formation.

A non-equilibrium reaction cycle is explored in Chapter 3 to achieve kinetic and
structural control over a hydrogel. Treating a sugar-based aldehyde-containing hydrogel with

sodium dithionite, a formaldehyde releasing molecule and a hydrolysable lactone will lead to
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its complete dissolution in a few minutes followed by re-formation in less than one hour. The
final material properties can be controlled by the amount of catalyst added.

Chapter 4 shows the magnetic control on the self-assembly of a Gadolinium-containing
paramagnetic benzene-1,3,5-tricarboxamide, which forms fibers and fiber networks in
solution. By applying 1 or 2 T magnetic field, the fiber network becomes denser and more
randomly branched, changing its morphology and topology.

Finally, in Chapter 5 water soluble perylene diimide functionalized with different rare-
earth metals were studied to evaluate the effect that paramagnetic lanthanides have on
supramolecular self-assembly. The size of the supramolecular aggregates could be controlled
by choosing the right rare earth, even if the thermodynamics of supramolecular polymerization
is the same for all lanthanides.

Lastly, Chapter 6 will provide a summary of what has been found during this thesis and

outlook for further research on the control of supramolecular self-assembly.
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Chapter 2. Surface-Assisted Self-
Assembly of a Hydrogel by Proton

Diffusion

Abstract: Inspired by the precise spatiotemporal control existing in biological systems,
triggering supramolecular growth at solid surfaces has been a challenging goal over the past 10
years. Here we show the pH-dependent self-assembly of a benzene-1,3,5-tricarboxamide
peptide conjugate. Stopped-flow CD spectroscopy and mathematical modeling provide a
quantitative understanding of the aggregation mechanism. Assembly at a solid-liquid interface
was achieved by proton diffusion from a polymeric material. Diffusion needs to be slower than
the kinetics of nucleation and elongation so that a structured robust hydrogel layer can grow
outward from a solid surface. This method could be easily applied to other pH-responsive

gelators and can be used to create precisely structured supramolecular materials.

This chapter has been published in:

Spitzer, D.t; Marichez, V.1; Formon, G. J. M.; Besenius, P.; Hermans, T. M. Surface-
Assisted Self-Assembly of a Hydrogel by Proton Diffusion. Angew. Chemie - Int. Ed. 2018, 57
(35), 11349-11353. https://doi.org/10.1002/anie.201806668.

1 Authors contributed equally
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2.1 Introduction

In biological systems, spatiotemporal recognition and organization are of utmost
importance for proper function. Multi-cellular organisms are divided into different kinds of
cells and tissues that are precisely located to perform a multitude of specific functions. Even
cells themselves are sub-divided into different organelles, present in specific positions within
the cell. These properties are achieved through signaling, compartmentalization and
colocalization, all mediated by chemical reaction networks with the goal of using the available
resources as efficiently as possible and to perform the prescribed function in at the specific
location.'”®'”? During mitosis, for example, centrosomes have to be precisely located in
opposite poles in the cell. Microtubules nucleate from centrosomes to pull apart the
chromosomes and bring each half to the edges of the cell, thus precisely dividing it into two
parts.'”?

With the goal of creating materials that self-assemble at a specific position in time and
space, like in biological systems, precise spatiotemporal control over supramolecular
polymerization has been an ongoing objective of chemists, as written in Chapter 1. Vigier-

Carriére et al. recently reviewed the different strategies to obtain hydrogels from a surface.”

Two general approaches can be identified: First, the (in)direct modification of a surface to
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modulate its electrochemical composition'’ or hydrophilicity'”®>, or by direct grafting of
monomers,"® this approach leads to accumulation of monomers in the vicinity of a surface,
inducing nucleation; the second strategy consists in the surface catalyzed, or confined, in-situ
production of monomers, provoking localized gelation. Examples of the latter were discussed
in Chapter 1, Sub-Section 1.2.3, such as the modification of a surface with sulfonic acid groups
by Van Esch and Eelkema, to catalyze the local formation of an acyl-hydrazone hydrogelator,”
or the work by Ulijn, where an enzyme was attached to a surface to locally transform a mixture
of amino acids into a gelling agent.*

In line with the second method, in this chapter the pH-dependent self-assembly of a

benzene-1,3,5-tricarboxamide peptide conjugate will be described. Diffusion of protons from

a polymeric material was employed to gain spatiotemporal control over hydrogelation. This
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strategy is applicable to other pH-responsive systems and does not require the expensive

modification of surfaces with external agents such as catalysts.

2.2 pH-Responsive Self-Assembly

The Cs-symmetrical benzene-1,3,5-tricarboxamide peptide conjugate (BTA-1, Figure
2.1) was synthesized following a modified literature procedure:'”'”® the peptide sequence was
synthesized by solid-phase peptide synthesis and coupled to the benzene core by nucleophilic
substitution (see Sub-Section 2.8.2 for details). BTA-1 has three carboxylic acid moieties per
arm, giving a total of nine negative charges when the molecule is deprotonated. In this
condition BTA-1 is molecularly dissolved in water due to electrostatic repulsion, Figure 2.1-
B. However, when pH is low enough to protonate the carboxylates, BT A-1 self-assembles into
1-D fibers of ~ 7 nm average diameter and more than 500 nm length, as evidenced by Cryo-
TEM (Figure 2.1-C, and Figure 2.9 in the Appendix). BTA-1 polymerizes through the n-n
stacking of the benzene core and phenylalanine residues, hydrogen bonding of the amide
moieties, and solvophobic interactions between hydrophobic amino acids, forming high aspect

ratio fibers in water.
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Figure 2.1 - A - pH-responsive C3-symetrical BTA-1. B - Representation of the pH-triggered self-assembly of
BTA-1. C - Cryo-TEM picture of the self-assembled fibers of BTA-1 at pH 5 in 10 mM TRIS buffer. Scale bar:
200 nm.

To study the influence of pH in the self-assembly of BTA-1, CD spectroscopy at different

pH was performed, Figure 2.2-A. At pH < 5.5, a strong cotton effect is observed with peaks at
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205, 222 and 255 nm, indicating the presence of supramolecular structuring. Upon increasing
the pH, the intensity of the peaks decreases, reaching a flat spectrum with no sign of assembly
for pH > 5.8, indicating that BTA-1 is molecularly dissolved. Usually carboxylic acids have a
pKa around 4,'” which seems to be ~ 5.6 for BTA-1, point at which there is a strong shift in
CD intensity (Figure 2.2-B). This difference probably arises from the additional driving force
provided by the supramolecular self-assembly of protonated BTA-1, thus shifting the apparent
pKa. Hence, by correlating CD intensity with the degree of aggregation(a, fraction of molecules
in polymeric form), Figure 2.2-B, BTA-1 is fully deprotonated at pH > 6.0 and completely
assembled at pH < 5.0. This is further confirmed by cryo-TEM at different pH, with long fibers

at pH = 5.0 and no assembly at pH = 7.4 (Figure 2.9 in the Appendix).
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Figure 2.2 - A - CD spectra of BTA-1 at different pH from 4.65 to 7.25 (Concentration of 60 uM in 10 mM
phosphate buffer). B - Normalized pH-dependent CD data at A = 222 nm, data taken from graphs in A.
Dimensionless degree of aggregation (a) is set to 1 for the fully polymerized state and to 0 for the monomeric state.

We can conclude that BTA-1 self-assembles into high aspect ratio fibers at pH < 5.0. Due
to the presence of nine carboxylic acid moieties per molecule, the functional groups render
strong electrostatic repulsion when deprotonated, which leads to disassembly. Assembly can
thus be triggered by pH jump, abruptly lowering the pH. Finally, supramolecular

polymerization of BTA-1 can easily be followed by CD spectroscopy.

2.3 Kinetics and Mechanism of Supramolecular Polymerization

To further investigate the mechanism of polymerization of BTA-1, the kinetics of self-
assembly was measured employing stopped-flow CD-spectroscopy (Figure 2.12 and Sub-

section 2.8.1.4). Practically, CD intensity at 222 nm was followed after the rapid mixing of a pH
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7.4 solution of BTA-1 with a pH 5.0 sodium acetate buffer. The abrupt increase in acidity leads
to the protonation of the carboxylic acids of BTA-1, which will lead to aggregation. The CD
intensity has a sigmoidal growth that happens after a lag-phase, which is typical of cooperative
supramolecular polymerization, Figure 2.3-A&B (see Sub-Section 1.1). To gain a better, and
more quantitative, understanding on the mechanism of self-assembly, the half-times of
polymerization (7;/,, time when a = 0.5) were plotted against the initial monomer
concentration, Figure 2.3-C. An exponential function, of the type 7,,, = a m} (where my is
BTA-1 initial concentration), could be fitted to the data, the exponent y (called scaling
exponent) was found to be —0.34. The numerical value of the scaling exponent indicates the
phenomena involved in the mechanism of self-assembly. In this case, y = -0.34, the scaling
exponent suggested a nucleation-elongation mechanism that also includes fragmentation of
the fibers (usually if y = -0.5).° Practically speaking, this mechanism means that in the first
stages of aggregation, BTA-1 assembles into small-size nuclei that are kinetically disfavored.
Once a nucleus is formed, elongation can proceed consuming most of the monomers. Fibers
grow until a certain critical length and fragmentate (presumably because of size-related
instability) into two distinct assemblies. To confirm this theory, a simple cooperative
supramolecular polymerization model, originally developed by Knowles and co-workers to
study amyloid aggregation, was used to fit the kinetic parameters to our data (see Sub-Section
2.8.3 for details and derivation).'®"'®* Unfortunately, concentration-dependent kinetic data at
40°C was not perfect and global fitting of the kinetic parameters was not possible. So, we
proceeded to perform fitting of the individual datasets and the nucleation-elongation—

fragmentation mechanism indeed yielded the best fits, Figure 2.3-A&B.
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Figure 2.3 - A & B - Concentration dependent kinetics of supramolecular polymerization, the dimensionless
degree of polymerization a (normalized from CD intensity at 222 nm) is shown versus time. Circles are the
experimental data points and lines are the fitting of the nucleation-elongation-fragmentation mathematical
model to the individual datasets. Data acquired at 40 °C. Adjusted-R? > 0.998. C - Log-log plot of half-times of
polymerization in function of initial monomer concentration (mg). The black line is an exponential fit: 71/, =
am}, see text above. The scaling exponent is found to be y = —0.34 + 0.18 with Adjusted-R? = 0.5923.

Unfortunately, because only unseeded experiments were performed, the model can only
give us the combined rate constants of the multiple processes: k, ky, kpkr, and k¢k 4. Here, k,
is the elongation, k4 depolymerization, k, nucleation, and k; fragmentation rate constants.
After individual fitting, the combined rate constant ksk; was found to be more than 6 orders
of magnitude smaller than the two others (kpky, kyks). When kg < kpmg (where m, is the
initial monomer concentration) the depolymerization rate can be considered negligible. The
ratio k4 /k,mo was determined to be ~107, so for subsequent global fitting, k4 was considered
to be zero to reduce the number of free parameters and avoid over-fitting. Since there is no way
of knowing the exact nucleus size from our data and to simplify our method, the nucleus size
n. was set to the minimum possible for cooperative mechanism, that isn, = 2.

We then proceeded to perform variable temperature kinetic experiments at a constant
concentration of 80 uM, and to our surprise this dataset was of much better quality. To initially
probe how the kinetics of BT A-1 evolve with temperature, 7, was plotted against the inverse
of temperature (T). The semi-log plot yielded an almost perfect linear relationship, Figure 2.4
A, and an Arrhenius-type equation could be fitted to this data with adjusted-R* = 0.9916. This
means that the (combined) kinetic rate constants follow an Arrhenius law variation with

temperature.
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Figure 2.4 - A - Semi-log plot of the half-times of polymerization as a function of the inverse of temperature
(adjusted-R* = 0.9916). The black squares are the data points and the red line is the fit to an Arrhenius-type
equation B - Variable-temperature kinetics of BT A-1 aggregation, where the degree of aggregation (a) is plotted
against time. The circles are the data points while the solid lines are the global-fit of the nucleation-elongation—
fragmentation model with Arrhenius equation. Adjusted-R? of 0.9848.

Recently, Cohen et al,'"* included temperature-dependence into the amyloid aggregation
mathematical models discussed above. A modification of the latter, employing Arrhenius law,
was used herein to include temperature variance in the kinetic model of BTA-1
polymerization, that already includes nucleation—elongation-fragmentation. The derivation of
the model, as well other details can be found in Sub-Section 2.8.3.1. Since this data is of much
better quality, the global-fitting of the entire multi-temperature dataset to a single model and
set of variables (solely the activation energy and pre-exponential factor for the two combined
rate constants are free variables) could be performed, Figure 2.4-B. The global fit yielded an
adjusted-R* of 0.9848 meaning that our model and the kinetic parameters are in good

accordance with the experimental data. The results are summed up in Table 2.1.

Table 2.1 — Results of the global fitting of the mathematical model considering nucleation-elongation-
fragmentation and Arrhenius law to predict the rate constants.

Variable Value

In (4,4,) 67.78 + 0.13

In (4,45) 81.42 £ 0.05

Eup+ Eqn | 156.7 £ 0.3 k].mol!

Eqgp+ Eqf | 264.3 £ 0.2 k.mol"

To gain insight on other physically meaningful parameters, the enthalpy and entropy of

activation can be extracted from the Eyring plot or global fitting using the Eyring equation
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(Figure 2.5 and Sub-Section 2.8.3.4 for details). Eyring equation is similar to Arrhenius law, but
has a physical significance rooted in the physical/energetical origin of rate constants,*! and is
defined by:

K'kBT _E
k = h e RT

Where k is any rate constant, R is the universal gas constant, T is temperature, AG* is
the free energy of activation, k is the transmission coefficient, kg is the Boltzmann constant,
and h is the Planck constant. For simplicity reasons k is considered as equal to 1. The
linearization, Figure 2.5-A&B, is performed by plotting the natural logarithm of the combined

rate constants (obtained from previous global-fitting) multiplied by the Planck constant and

kiky.h
kgT

divided by the Boltzmann constant and temperature (In ( )) as a function of inverse of

temperature. For the global fitting, Eyring equation was directly used instead of Arrhenius law,
obtaining AHj,, is 154.1 £+ 0.3 kJ.mol™* and ASjy;, is 310.0 £+ 1.1 J.mol™ . K~ (TAS;;. =
92.38 £ 0.32 kJ.mol™! at 298 K). All the results are shown in Table 2.2. Since not many
variable-temperature kinetic studies of supramolecular polymerization exist, especially in
water, and because our results are given in terms of combined rate constants, the comparison
of our results with existing literature results is difficult. However, the enthalpies of activation

are in the same magnitude as in other studies.'®**'®
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Figure 2.5 - A&B - Linearization of the rate constants obtained from previous global-fitting (using Arrhenius
equation) as a function of the inverse temperature. The slope of the linear fit is the enthalpy of activation (AH*)
and the intercept is entropy of activation (AS*). C - Variable temperature self-assembly of BTA-1. The circles are
the kinetic data, and the solid lines are the result of the global fitting using the nucleation-elongation-
fragmentation model and Eyring equation. Adjusted-R? of 0.9848.
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Table 2.2 - Results of the linearization and global fitting of the mathematical model considering nucleation—

elongation-fragmentation and Eyring equation to predict the rate constants.

Variable Value Linearization | Value Global Fitting
AHF, 154.08+0.04 k].mol™! 154.140.3 kJ.mol™*
ASy . 310.0 £0.1 J.mol'K™* | 310.0 + 1.1 J.mol'K™*

AGF, at 298 K

61.70+0.05 kJ.mol™*

61.72+0.44 k].mol™*

AH;f

261.68+0.04 kJ.mol ™!

229.5 + 0.6 k].mol*!

AS;f

423.3 £0.13 J.mol'K™*

326.2 + 0.9 J.mol 'K

AGZ; at 298 K

135.54+0.06 kJ.mol™*

132.29+0.66 kJ.mol™*

Our data could be fitted with kinetic models including nucleation-elongation-
fragmentation and temperature variability, by either Eyring or Arrhenius law. This result is
surprising because supramolecular polymerization in aqueous media is often affected by the
hydrophobic effects, that are entropic in origin."*® Therefore we can conclude that BTA-1
polymerization is predominantly enthalpic in nature, driven by the hydrogen bonding of the

peptide sequence and n-m stacking, while solvophobic interactions play a secondary role.
2.4 Surface-Assisted Hydrogelation

The next step was to gain spatiotemporal control over BTA-1 hydrogelation. The logical
strategy was to take advantage of the pH-dependent aggregation behavior of BTA-1 with little
to no surface modification needed. To achieve this goal, a (semi)porous material was used to
absorb an acidic agent and subsequently release the protons into a basic solution of
(monomeric) BTA-1.

Firstly, a cube of 5 to 10 mm?® of agarose gel was placed in saturated HCI for 96h and then
placed in a 160 uM solution of BTA-1 at pH 7.4. Since agarose is a hydrogel, it is too porous
and proton diffusion into the monomer-containing solution was too fast. The nucleation
kinetics are not fast enough to keep up with proton diffusion from agarose and BTA-1

precipitates in the whole solution, Figure 2.6. No ordered structure nor hydrogel were
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observed, and no spatial control over aggregation was achieved. To achieve our goal, proton

diffusion needed to be slowed down.

t
>

0 min 43 min 8.6 min 12.9 min 17.2 min

Figure 2.6 - Attempt to induce surface-assisted self-assembly from an agarose cube. Confocal microscopy of a 5
mm’ cube made of agarose gel, soaked in saturated HCl solution for 96 hours and subsequently dropped in a 160
uM BTA-1 solution at pH 7.4 (monomers). Only precipitates and disordered aggregates are observed, no hydrogel
is formed. Nile Red at 5 uM is used as a dye. The scale bar is 50 um.

From the kinetic studies, we know that nucleation at room temperature takes between 10
to 100 s, so diffusion needs to be slower than that for hydrogelation to take over precipitation.
Therefore, a less porous material is needed. We chose poly(dimethyl siloxane), PDMS, a
polymeric material with low porosity (compared to agarose hydrogel), but still able to absorb
protons and release them back into solution. So, the same procedure was repeated, but with
PDMS instead of agarose: a 5-10 mm” polymeric cube was soaked in concentrated HCI for 96
h and dropped into a pH 7.4 solution of 160 uM BTA-1. Differently from the try with agarose,
no precipitation was observed whatsoever. Instead, after four minutes a thin hydrogel layer is
formed from the solid surface, and continuously grows outward at a velocity of ~ 3 um.s™,
Figure 2.7. Proton diffusion from the PDMS seems to be the rate limiting step in the
hydrogelation process, which is needed for proper supramolecular polymerization, i.e.
diffusion slower than nucleation and elongation. Interestingly, hydrogels of up to 3 mm
thickness could be generated (Figure 2.10 in Appendix) showing the robustness of the self-
assembled material and that this methodology can be scale-up to larger dimensions. After
around 9 minutes, the gel, that was previously uniform, starts showing signs of coarsening,
probably due to the diffusion of deprotonated BTA-1 from the bulk solution. This leads to new
supramolecular architectures, Figure 2.11 in Appendix, that were not achieved previously when

aggregation was induced in solution, Figure 2.1-C.
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Figure 2.7 - Surface-assisted self-assembly from a PDMS cube. Confocal microscopy of a 5 mm?® PDMS cube,
soaked in saturated HCI solution for 96 hours and subsequently dropped in a 160 uM BTA-1 solution at pH 7.4
(monomers). After 4 min, one can see a thin hydrogel layer emerging from the PDMS block, followed by a
propagating front of polymerization. Nile Red at 5 uM is used as a dye. The scale bar is 200 pm.

Next, a 3-D printed microfluidic device was constructed to investigate the first stages of
the surface-assisted self-assembly. The device was designed to have two perpendicular channels
on top of each other, separated by a 100 um PDMS film. On the top channel, a stagnant 160
1M BTA-1 solution at pH 7.4, on the bottom a pH 4 KHP (potassium hydrogen phthalate)
buffer was continuously flowed, Figure 2.8—-A (see Figure 2.13 and Sub-Section 2.8.1.6).
Aggregation occurs close to the intersection of the two channels, Figure 2.8-B, showing that
proton diffusion from the buffer through the PDMS membrane is responsible for the local
BTA-1 assembly. The experiment was run for two hours and the device was taken apart so the
film can be imaged by confocal microscopy (since the whole set-up is too big for the confocal

stage).
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Figure 2.8 - A - Representation of the side-view of the microfluidic device with two perpendicular channels
separated by a 100 pum PDMS membrane. Top channel contains a stagnant solution of BTA-1 at pH 7.4. A pH 4
KHP buffer continuously flows in the bottom channel. B - Transmitted light (left) and fluorescence image (right)
of the intersection between the two microfluidic channels taken after the experiment. Fluorescence is only
observed at the intersection between the two channels, showing that proton diffusion locally induces BTA-1 self-
assembly. Scale bar is 500 pum. C - Image from z-slice confocal experiment at 3.85 um height from the PDMS
membrane at the intersection of the two channels, after the 2-hour experiment. Scale bar is 10 um. D - 3D-
reconstructed image (from a z-slice confocal experiment in C) of the PDMS membrane at the intersection of the
two channels. Scale bar is 10 pm. The top left colour gradient indicates the height in the z-axis, where red is 0 and
blue is 10 um. Note that the image is elongated in the z-direction (up) due to the point spread function. Nile Red
at 5 pM is used as a dye for all these experiments.

Surprisingly, spherical assemblies of ~ 2 um were formed on top of the PDMS membrane
(Figure 2.8-C&D). Since the pH 4 KHP buffer is a much ‘softer’ acid than concentrated HCI,
polymerization is expected to occur much slower in the microfluidic device than in the cube
experiments. This would mean that, probably, these spherical assemblies are the early stages of
aggregation, that would evolve to the hydrogel formed in the previous experiments.
Interestingly, this phenomenon has already been described in surface-assisted hydrogelation,
where spherical aggregates appear before fibers and hydrogels.*

We can therefore conclude that the kinetic studies of BTA-1 polymerization were
important to properly design the surface-assisted hydrogelation. A careful choice of the solid
support is needed so that proton diffusion is slower than the kinetics of nucleation and

elongation, so that a robust hydrogel is synthesized. Otherwise just precipitation occurs. Also,
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the self-assembled materials made from proton diffusion were morphologically different from
the ones obtained in solution and depending on the ‘strength’ of the acid, different stages of

aggregation can be isolated

2.5 Conclusions

We showed the pH-dependent self-assembly of the Cs-symetrical discotic BTA-1, that is
monomeric at pH > 6 and self-assembles into high aspect ratio fibers at pH < 5. Using a porous
material capable of releasing protons, surface-assisted self-assembly was achieved by soaking a
PDMS cube in concentrated HCI and dropping it in a basic solution of BTA-1. The hydrogel
is nucleated in the vicinity of the surface and gradually grows outwards, reaching many
millimeters in length. Our approach leads to robust hydrogels, and different stages of self-
assembly can be unlocked depending on the experimental conditions. The same methodology
can be applied to many pH-responsive low molecular-weight hydrogelators to synthesize
functionalized and patterned surfaces. For instance, using multiple gelators with different pKa

to sequentially obtain 3-D-structured functional gels.”
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2.6

Appendix

average diameter: 6.8 nm
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Figure 2.9 - A - cryo-TEM image of BTA-1 (2.5 mg/ml), in 10 mM TRIS-buffer adjusted to pH =5.0. B & C -
TEM images of the peptide amphiphile BTA-1 (20 pM) stained with a solution of uranyl acetate (2.0% w/w) in
20 mM TRIS-buffer. B - At pH = 7.4 no discernible supramolecular structure, BTA-1 is disassembled in this
condition. C - Ordered fibers can be observed, at pH 5.0 BTA-1 is protonated thus assembled. D - Histogram of
diameters of BTA-1 fibers based on the evaluation of negatively stained TEM images at pH = 5.0. This analysis

gives an average diameter of 6.8 nm, or ~ 7 nm.
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Figure 2.10 - Confocal microscopy of a hydrogel formed by proton diffusion from PDMS, ~ 80 minutes after the
cube was placed in the monomeric solution of BT A-1. Nile Red 5 uM was used as a dye. Scale bar is 1 mm.
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Figure 2.11 - SEM picture of the surface of the PDMS cube. Bundles of fibers can be seen laying on the surface.
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2.8 Materials and Methods

2.8.1 Materials and Experimental procedures
2.8.1.1 General Considerations

Air and moisture sensitive reactions were carried out under an argon atmosphere with
common Schlenk techniques and dry solvents. For this purpose, all glassware was previously
oven-dried or dried via heat gun in vacuo at least three times. In addition, all necessary solvents
and liquid starting materials were added via septum and with disposable syringes, which were
previously flushed with argon. Solids were added under continuous counterflow of argon.
Water was deionized using an Elga PURELAB® flex water purification system. Whenever
necessary, the pH was measured with either a Mettler Toledo S220 SevenCompact™ device
equipped with an InLab®Routine Pro-ISM pH-electrode or a MI-410 (Microelectrodes, Inc.)

pH-electrode. Both were calibrated against certified buffer solutions prior to use.

All reagents and chemicals were obtained from commercial sources at the highest purity
available and used without further purification, if not otherwise stated and purchased from the

following distributors:

ABCR (ABCR GmbH & Co. KG, Karlsruhe, Germany), Acros Organics (Fisher Scientific
GmbH, Schwerte, Germany), Aldrich (Sigma Aldrich Chemie GmbH, Taufkirchen, Germany),
Alfa Aesar (Thermo Fisher (Kandel) GmbH, Karlsruhe, Germany), Carbolution Chemicals
(Carbolution Chemicals GmbH, St. Ingbert, Germany), Iris Biotech (Iris Biotech GmbH,
Marktredwitz, Germany), Merck (Merck KGaA, Darmstadt, Germany) and Tokyo Chemical

Industry (TCI Deutschland GmbH, Eschborn, Germany).
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2.8.1.2 NMR Spectroscopy

'H-NMR measurements were performed on a Bruker DPX300 (‘H-NMR: 300 MHz) and
Bruker Avance 300 (‘H-NMR: 300 MHz) in the Department of Organic Chemistry at the
Westfaelische Wilhelms-University Muenster. Furthermore, 'H-NMR and *C-NMR spectra
were measured on a Bruker Avance II 400 (‘H-NMR: 400 MHz, BC{*H}-NMR: 101 MHz) and
Bruker Avance III HD 300 (‘H-NMR: 300 MHz) at the Institute of Organic Chemistry of the

Johannes Gutenberg-University Mainz.

The chemical shifts (0) are given in parts per million (ppm) according to the solvent peak
of DMSO-ds with 2.50 ppm for 'H-NMRs. For “C{'H}-NMR spectra, the signals were
referenced to the deuterium coupled "*C solvent signal of DMSO-ds with 39.52 ppm. The signal
splittings are listed as s (singlet), d (doublet), t (triplet), m (multiplet), br (broad singlet) and in
suitable combinations. The coupling constant (J) is stated in hertz (Hz). For complex molecular
structures, signal assignment was supported by 2D-NMR techniques: COSY, HSQC and

HMBC. All spectra were analyzed using MestReNova 10.0.2-15465 (Mestrelab Research S. L.).

2.8.1.3 Mass Spectrometry

Mass spectra were recorded in the Department of Organic Chemistry at the Westfaelische
Wilhelms-University Muenster. As electrospray ionization (ESI) devices a Bruker Daltonics
MicroTof and a Thermo Scientific Orbitrap LTQ XL were used. In addition, for molecules with
a higher molecular mass, matrix-assisted laser desorption/ionization (MALDI) mass spectra
were performed on a Bruker Daltonics Autoflex speed in the linear and reflector mode,

respectively.

Furthermore, mass spectra were received at the Johannes Gutenberg-University Mainz.
ESI measurements were executed on a Waters/Micromass QTof Ultima 3 device. MALDI
samples were measured on a Shimadzu Axima CFR Tof. The corresponding matrices used are

stated in the synthetic procedures.
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2.8.1.4  Circular Dichroism Spectroscopy

CD measurements were carried out on a JASCO J-815 spectrometer run with
Spectra Manager 2.12.00. Unless not otherwise stated, all sample measurements were buffer-
corrected in advance and measured at 20 °C controlled by a Jasco PTC-423S/15 Peltier-element.
Moreover, each measurement was repeated at least three times and averaged to minimize
errors. The concentrations were adjusted to keep the photomultiplier’s high voltage (HV)
below 600 V in the wavelength area of interest to prevent noise increasement. In the UV-Vis
spectra no evidence for scattering was observed in any of the solutions. The pH values were
adjusted by addition of diluted aqueous HCl and NaOH and afterwards measured with a MI-

410 (Microelectrodes, Inc.) pH-electrode. The data was analyzed using OriginPro 9.1.

Kinetic investigations were conducted by attachment of a temperature-controlled
BioLogic SFM 3000 stopped-flow device equipped with a Berger Ball mixer, an electro-valve
hard-stop and a micro-cuvette of 1.5 mm optical path length. To control the temperature of
the cuvette and syringes, the SFM 3000 was connected to a Polystat 36 (Fisher Scientific GmbH,

Schwerte, Germany) thermostat.

cuvette /} ’

mixing
chamber

Figure 2.12 - Schematic representation of the stopped-flow set-up attached to the CD spectrometer: the front
syringe is filled with an aqueous solution of BTA-1 at pH = 6.1 with a concentration of 200 uM; the back syringe
is filled with a pH = 5.0 sodium acetate buffered solution. A fast mixing process in the mixing chamber triggers
the supramolecular polymerization of BTA-1 and subsequent transfer into the measurement cuvette provides fast
signal recording in the range of milliseconds.
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2.8.1.5 Transmission Electron Microscopy

TEM images were accomplished on a FEI Tecnai™ TI12 transmission electron
microscope equipped with a BioTWIN lens and a LaBs cathode operated at 120 kV. Samples
were prepared on freshly glow-discharged copper grids (CF300-Cu, 300 mesh, Electron
Microscopy Sciences) coated with a 3-4 nm carbon layer. Thereto, 5 uL samples were allowed to
deposit on the grid for 1 min and excess solvent was afterwards carefully removed with
Whatman® No. 4 filter papers. Subsequently, the samples were negatively stained by incubation
with a 5pL drop of 2% v/v solution of uranyl acetate and allowed to dry prior to the

measurement.

Cryo-TEM samples were prepared using a GATAN Cryoplunge 3 System together with
freshly glow-discharged C-Flat™ holey carbon grids (Protochips CF-1/1-3C-T-50, hole size:
1.0 um, spacing: 1.0 um, 300 mesh). The blotting process was performed at 95% humidity and
the blotting time is given in the synthetic procedures. Images were acquired not until the

sample and temperature were equilibrated to give accurate results.

Digital electron micrographs were recorded with a TVIPS 4k x 4k CMOS camera and a
MEGASYS 1k x 1k CCD camera (only TEM).

2.8.1.6  PDMS cube experiment

A 10:1 mixture of base and curing agent Sylgard® 184 Silicone Elastomer (DOW
CORNING, PDMS) was mixed vigorously and degassed. Small 10 x 10 mm cubes were cut and
soaked in concentrated HCl,, for 96 hours. Before the experiment, the cube had to be rinsed in
water for 1 min to prevent small convections to drag the protons in the bulk too rapidly.
Proceeding like this allowed us to remove the outer layer of acid from the PDMS cube and
provided more time before the first protons diffuse out of the PDMS. The cube was then
suspended (with a steal needle) in a 160 uM solution of the monomers at pH 7.4. The
supramolecular growth from the surface was imaged with confocal microscopy using a Zeiss
LSM 710 system with a 10x magnification objective, or a 63x objective for higher resolution

images. The samples were excited by continuous wave laser at Aexc = 543 nm. The emission of
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the assemblies was collected in the range from 415 to 735 nm (using a spectral detector). The
assemblies were fluorescent due to the intercalation of Nile Red dye (5 uM).

After the surface-assisted self-assembly of the BTA-1 monomers, the PDMS cube was
lifted out of the solution and allowed to dry under vacuum for three hours. The cube was then

imaged by SEM using a FEI Quantum FEG 225 at 5 KV.
2.8.1.7 Microfluidic supramolecular growth

The microfluidic chip was designed and 3D-printed on a Form 1+ 3D-printer with the
clear resin FLGPCLO3 purchased from FORMLABS, Figure 2.13 and Figure 2.14. The
membrane was made from a known amount of a 10:1 mixture of base and curing agent Sylgard®
184 Silicone Elastomer (DOW CORNING, PDMS) which was prepared, degassed and cured
overnight at 50 °C. The monomers were dissolved into a 160 uM solution at pH 7.4 with a final
concentration of 5 uM Nile Red. A pH 5 buffer was flowed in one channel and the other channel
was filled with the monomer solution. To image the growth of the supramolecular fibers on the
PDMS membrane, we used a Nikon eclipse Ti inverted fluorescence microscope with a Nikon
Intensilight C-HGFI lamp, CoolSNAP HQ2 CCD and a 1 x objective (Plan UW). The
microscope was equipped with a TxRed filter cube with a 540 — 580 nm band-pass excitation

filter, a 600 — 660 nm band pass emission filter and a 595 nm dichroic mirror.

pH4 PDMS
A KHP B BTA-1
PDMS
pH4
KHP
BTA-1

Figure 2.13 — Schemes representing the microfluidic device: two perpendicular channels are separated by a 100
pm PDMS membrane; the top channel contains a basic solution of BTA-1; pH 4 KHP buffer flows in the bottom
channel . A - Top view. B - Sideview. C - 3-D Rendering of the schemes. These drawing are not to scale.
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Figure 2.14 - Picture of the 3D-printed microfluidic device 75 by 75 by 13 mm on the fluorescence microscope
stage.

2.8.2 Synthesis

2.8.2.1 Compound 1

o~ MoK
HoN O/\)OLOJ<
0
MR

Tris(hydroxymethyl)aminomethane (6.06 g, 50.00 mmol, 1.0 eq.) was dissolved in
DMSO (10 mL) and treated with NaOH (1 mL, 5 M). Afterwards tert-butylacrylate (22.43 g,
25.4 mL, 175.00 mol, 3.5 eq.) was added. The opaque solution was stirred at rt for 24 h. The
reaction mixture was concentrated under reduced pressure and purified by FC (EtOAc:CH —
2:1 to + 0.05% v/v NH,OH, Rf = 0.14). A colorless oil was obtained.

Yield: 10.58 g, 20.93 mmol, 42%.

'"H-NMR (400 MHz, 296 K, DMSO-d;): 6/ ppm = 3.55 (t, ] = 6.0 Hz, 6H, OCH,CH,),
3.17 (s, 6H, CH,0), 2.39 (t, ] = 6.0 Hz, 6H, OCH,CH,), 1.40 (s, 27H, CH).

ESI-HRMS (MeOH) (m/z): calculated for [C,sHyeNOoH]*™: 506.3324, found: 506.3332;

calculated for [C,sHNOgNa]*: 528.3143, found: 528.3147.
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2.82.2 Compound?2
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Compound 1 (3.034g, 6.00 mmol, 1.0eq.) was dissolved in dry DCM (10 mL).
Afterwards PyBOP (3.746 g, 7.20 mmol, 1.2 eq.) and DIPEA (3.112 g, 4.180 mL, 24 mmol,
4.0 eq.) were added to the solution followed by the addition of Cbz-6-aminohexanoic acid
(1.910 g, 7.2 mmol, 1.2 eq.). The solution was stirred for 18 h at rt and the solvent was removed
in vacuo. The resulting oil was purified via FC (EtOAc:DCM — 4:5, Rf = 0.52). The product
was obtained as a colorless oil.

Yield: 4.489 g, 5.96 mmol, 99%.

'"H-NMR (400 MHz, 296 K, DMSO-d;): 6/ ppm =7.41-7.26 (m, 5H, CH™), 7.21 (t,
J=5.7Hz, 1H, NHCH,), 6.90 (s, 1H, NHC,), 4.99 (s, 2H, PhCH,), 3.59-3.44 (m, 12H,
C,CH,OCH,), 3.00-2.91 (m, 2H, NHCH>), 2.38 (t, J=6.1 Hz, 6H, OCH,CH,), 2.03 (t,
] = 7.4 Hz, 2H, CH,CO*™), 1.47-1.32 (m, 4H, CH"™), 1.39 (s, 27H, CH3), 1.26-1.18 (m, 2H,
CH,*™).

ESI-HRMS (MeOH) (m/z): calculated for [Cs0HauN201,H]*: 753.4532, found: 753.4520;

calculated for [C3oHeN,ONa]*: 775.4351, found: 775.4342.

2.8.2.3 Compound 3

Compound 2 (1.15g, 1.52 mmol, 1.0 eq.) was dissolved in MeOH (30 mL) under an
argon atmosphere. Pd/C (115 mg, 10% w/w) was carefully poured into the solution. The flask
was evacuated and a Hx-baloon was connected to the flask via syringe. After stirring for 24 h,
the crude product was filtered over celite and washed with MeOH (3 x 70 mL). The solvent was

removed under reduced pressure leading to a colorless oil.
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Yield: 0.943 g, 1.52 mmol, quantitative.

"H-NMR (300 MHz, 293 K, DMSO-d;): 6/ ppm = 6.91 (s, 1H, NH), 3.61-3.47 (m, 12H,
C,CH,OCH,), 2.38 (t, ] = 6.1 Hz, 6H, OCH,CH>), 2.03 (t, ] = 7.4 Hz, 2H, CH,CO"™), 1.49-1.35
(m, 31H, CH,A*/CH3), 1.34-1.16 (m, 4H, CH,*™).

ESI-HRMS (MeOH) (m/z): calculated for [Cs;HssN2O1oH]*: 619.4164, found: 619.4163;

calculated for [CsHssN,OoNa]*™: 641.3984, found: 641.3980.

2.82.4 Compound4

Q 0 i 0 i
O‘ OTH\)L”/q/H\)LH/q(OH
ACR®

Fmoc-protected methionine (3.566g, 9.6 mmol, 2.0eq.) to be coupled to the 2-
chlorotrityl chloride resin (3 g, 1.0-1.6 mmol capacity, 1.0 eq.) was dissolved in dry DCM
(30 mL, 10 mL/g resin). The dissolved amino acid was added to the reaction vessel containing
the resin under an argon atmosphere followed by the addition of DIPEA (1.241 g, 1.673 mL,
9.6 mmol, 2.0 eq.). The reaction mixture was shaken for 5 min. Afterwards, DIPEA (1.861 g,
2.508 mL, 14.4 mmol, 3 eq.) was added and the reaction mixture was shaken for 1 h, treated
with MeOH (1 mL/g resin) and subsequently shaken for another 15 min. The vessel was
drained and the resin was washed three times consecutively with 20 mL of DCM, DMF, DCM
and MeOH. The resin was dried in vacuo overnight. The resin loading was calculated
(4.62 mmol loading, 1.54 mmol/g resin) and the beads were transferred to the reaction vessel
of the peptide synthesizer.

The dried beads were swollen in DCM p.a. and DMF for 10 min while shaking the
reaction vessel. After sucking off the solution, piperidine (20% in DMF) was added and the
vessel was shaken for 10 min. After draining of the vessel, the beads were washed two times
with DMF and the deprotection was repeated two times prior to the next coupling step. After
the third deprotection, the resin was consecutively washed two times with DMF, DCM and
DMEF. Next, the resin was treated with a solution of the corresponding protected amino acid

(0.4 mM, 4.0 eq.), HBTU (0.4 mM, 4.0 eq.), HOBt (0.4 mM, 4.0 eq.) and DIPEA (0.6 mM,
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6.0 eq.) in DMF. After shaking for 1 h, the solution was removed, and the resin was washed five
times with DMF. This procedure was repeated with the corresponding amino acid for every
coupling process, starting with the Fmoc deprotection on the resin. The resin was consecutively
washed with DMF and DCM after the last coupling step.

In a final step, the peptide was cleaved from the resin by addition of a mixture of TFA
and DCM (1:1, 15 mL). The reaction mixture was shaken for 1 h. The solution was sucked off,
collected and the beads were washed two times with DCM (20 mL). The solution was
concentrated under reduced pressure and slowly dropped into a solution of cold Et;O (50 mL).
The obtained precipitate was centrifuged at 4350 rpm for 10 min. The supernatant was
removed, and the precipitate was washed with Et;O (30 mL) two times. The precipitate was
dried in vacuo overnight to yield a colorless solid. The cleavage procedure was repeated two
more times.

Yield: 3.658 g, 4.59 mmol, 99% (referenced to 4.62 mmol/3g resin loading)

'H-NMR (400 MHz, 296 K, DMSO-ds): 6/ ppm = 12.73 (br, 1H, COOH), 8.30 (d,
J=7.9Hz, 2H, NH), 8.11 (d, J=8.0 Hz, 2H, NH), 8.05 (d, J=8.1 Hz, 2H, NH), 7.87 (d,
] = 7.6 Hz, 2H, CH™<), 7.66-7.56 (m, 2H, CH*™>), 7.44-7.36 (m, 2H, CHF™>), 7.34-7.03 (m,
13H, CH'™</NH/CHP"), 4.61-4.50 (m, 1H, a.-CH), 4.39-4.04 (m, 6H, CHCH,*/o.-CH), 3.05
(dd, J=14.0, 4.4 Hz, 1H, CH,™*), 2.93 (dd, J = 13.9, 3.7 Hz, 1H, CH,™), 2.81 (dd, ] = 14.1,
9.4 Hz, 1H, CH,™), 2.74 (dd, ] = 13.9, 10.9 Hz, 1H, CH,™), 2.48-2.29 (m, 4H, CH.S), 2.03 (s,
3H, CH3MY), 1.99 (s, 3H, CH:"¢), 2.05-1.69 (m, 4H, CH,CH,S).

ESI-HRMS (MeOH) (m/z): calculated for [CsHasN4O;S;Na]™: 819.2857, found:
819.2834; calculated for [CsHiNiO,S:Na,]™: 841.2676, found: 841.2646; calculated for

[(C43H43N4O7Sz)2Na]+Z 16155821, found: 1615.5527.
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2.82.5 Compound5

Compound 4 (1.219 g, 1.53 mmol, 1.0 eq.), Compound 3 (947 mg, 1.53 mmol, 1.0 eq.),
DIPEA (198 mg, 267 uL, 1.53 mmol, 1.0 eq.), PyBOP (796 mg, 1.53 mmol, 1.0 eq.) and HOAt
(208 mg, 1.53 mmol, 1.0 eq.) were dissolved in a mixture of THF (20 mL) and DMF (5 mL) and
stirred for 24 h at rt. The solvent was removed under reduced pressure. The residue was
redissolved in DMF (10 mL), precipitated in H,O centrifuged and washed twice with H,O. The
crude mixture was purified by FC (EtOAc:DCM:MeOH:DMF — 10:10:0.8:0.04, R¢= 0.41)
yielding a colorless solid.

Yield: 1.245 g, 0.89 mmol, 58%.

'H-NMR (400 MHz, 296 K, DMSO-de): 5/ ppm = 8.13 (d, ] = 8.0 Hz, 1H, NH), 8.09 (d,
J=8.2Hz, 1H, NH), 8.07 (d, J=7.6 Hz, 1H, NH), 7.87 (d, /= 7.6 Hz, 3H, CH"™), 7.69 (t,
] = 5.6 Hz, 1H, NH*™), 7.65-7.57 (m, 3H, CHF™</NH), 7.44-7.36 (m, 2H, CH*™), 7.35-7.10 (m,
12H, CH'™</CH™"), 6.90 (s, 1H, NHC,), 4.58-4.48 (m, 1H, a-CH), 4.40-4.06 (m, 6H,
CHCH,*™*/0,-CH), 3.60-3.48 (m, 12H, C,CH,OCH,), 3.08-2.64 (m, 6H, NHCH,*™/ CH,™®),
2.46-2.30 (m, 4H, CILS), 2.38 (t, J= 6.1 Hz, 6H, OCH,CH,), 2.06-1.98 (m, 2H, CH,CO*™),
(2.01 (s, 3H, CHM), 1.99 (s, 3H, CH:Y),1.93-1.70 (m, 4H, CH,CH,S), 1.47-1.31 (m, 4H,
CH,*™), 1.39 (s, 27H, CHy™), 1.25-1.14 (m, 2H, CH*™).

ESI-HRMS (MeOH) (m/z): calculated for [(C;sH10sNe¢O1:S:):Na]*: 721.3367, found:
721.3362; calculated for [C;sH104NsO14S:Na]*: 1419.6842, found: 1419.6808; calculated for

[C74H10sN6O14S:K]*: 1435.6582, found: 1435.6765.
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2.82.6 Compoundé6

Compound 5 (409 mg, 293umol, 1.0eq.) was stirred in a mixture of
ACN:DME:piperidine (5:2:1, 31 mL) for 2 h at rt. The solvent was removed under reduced
pressure and the residue was purified by SEC in MeOH (R; = 0.63 in CHCl::MeOH — 9:1). The
product was obtained as a colorless, sticky solid.

Yield: 317 mg, 270 pmol, 92%.

'H-NMR (400 MHz, 296 K, DMSO-d,): 5 / ppm = 8.17 (d, ] = 7.8 Hz, 1H, NH), 8.12-
8.00 (m, 2H, NH), 7.69 (t,] = 5.7 Hz, 1H, NH™), 7.31-7.12 (m, 10H, CH™*), 6.90 (s, 1H, NHC,),
4.58-4.45 (m, 1H, o-CH), 4.38-4.18 (m, 2H, a-CH), 3.58-3.49 (m, 12H, CHLOCH,), 3.47-3.43
(m, 1H, H,No-CH), 3.10-2.87 (m, 4H, NHCH*™/CH,™), 2.80 (dd, J=13.9,9.4 Hz 1H,
CH,™),2.62 (dd, ] = 13.5, 8.4 Hz 1H, CH,™¢), 2.38 (t, ] = 6.1 Hz, 6H, OCH,CH,), 2.45-2.32 (m,
2H, CH:S), 2.27 (t, ] = 7.9 Hz, 2H, CH.S), 2.02 (s, 3H, CH:Y), 2.00 (s, 3H, CH;M), 2.11-1.97
(m, 2H, CH,CO*™), 1.95-1.65 (m, 4H, CH,CH.S), 1.39 (s, 27H, CH®"), 1.48-1.15 (m, 6H,
CH,*™).

MALDI-MS (CHCA) (m/z): calculated for [CssHouNsO14S;H]*: 1175.63, found: 1175.63;
calculated for [CsoHosNsO14S:Na]*: 1197.62, found: 1197.64; calculated for [CsoHosNsO15S,H]*:
1213.61, found: 1213.63.

ESI-HRMS (MeOH) (m/z): calculated for [CssHoNsOwS;H]*: 1175.6342, found:

1175.6342.

83



2.8.2.7 Compound?7
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Compound 6 (313 mg, 266 pmol, 3.6 eq.) was dissolved in DMF (6 mL). DIPEA (96 mg,
129 pL, 740 umol, 10.0 eq.) and 1,3,5-benzenetricarbonyl chloride (19.6 mg, 74 umol, 1.0 eq.)
dissolved in DMF (1 mL) were added to the solution. The solution was stirred for 48 h at rt.
PyBOP (127 mg, 244 yumol, 3.3 eq.) was added and the solution was stirred for 24 h. The
reaction mixture was precipitated in H,O (50 mL) and centrifuged at 4300 rpm for 6 min. The
precipitate was consecutively washed twice with H,O and MeOH followed by centrifugation.
The desired product was obtained as a colorless solid.

Yield: 194 mg, 53 pmol, 72%.

'H-NMR (400 MHz, 296K, DMSO-ds): &/ppm= 873 (d, J=82Hz, 3H,
CONHP*<®T 829 (d, J = 7.7 Hz, 3H, NHM<), 8.22 (s, 3H, CH’™), 8.1 (d, J = 8.1 Hz, 3H,
NHM), 8.05 (d, ] = 7.6 Hz, 3H, NH™), 7.69 (t, ] = 5.7 Hz, 3H, CONH*™), 7.39-7.05 (m, 30H,
CH™), 6.90 (s, 3H, NHC,), 4.80-4.71 (m, 3H, o-CH" %), 4.59-4.50 (m, 3H, o-CH™*), 4.39-
4.32 (m, 3H, a-CHMY, 4.31-4.24 (m, 3H, a-CHM*), 3.65-3.44 (m, 36H, CH,OCH,), 3.08-2.78
(m, 18H, NHCHA™/CH,P), 2.38 (t, ] = 6.1 Hz, 18H, OCH,CH,), 2.44-2.30 (m, 12H, CH.S),
2.01 (s, 9H, CHM), 1.99 (s, 9H, CH;M), 2.07-1.69 (m, 18H, CH,CO**/CH,CH,S), 1.50-1.15
(m, 99H, CH,A™/CH;™Y).

MALDI-MS (CHCA) (m/z): calculated for [CissHs:N1sO4sSNa]*: 3704.86 found:
3705.52; calculated for [CissH2s:N1sOsSsNa]®: 3720.86 found: 3721.44; calculated for

[C136H282N1304736Na]+2 3736.85 found: 3737.02.
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2.8.2.8 Compound 8 (BTA-1)
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7 (185 mg, 50 pmol, 1.0 eq.) was dissolved in a mixture of DCM:TFA (1:1, 14 mL). The
solution was stirred for 1 h. The deprotection was repeated once. The solvent was removed
under reduced pressure and after lyophilization a colorless solid remained.

Yield: 156 mg, 49 umol, 98%.

'H-NMR (400 MHz, 296 K, DMSO-ds): &/ ppm = 12.17 (br, 9H, COOH), 8.73 (d,
J=8.0 Hz, 3H, NH™®™) 829 (d, J=7.7 Hz, 3H, NH"*), 8.22 (s, 3H, CH®*"™), 8.12 (d,
J = 8.1 Hz, 3H, NHY<), 8.05 (d, ] = 7.6 Hz, 3H, NH™), 7.70 (t, ] = 5.7 Hz, 3H, CONHA™), 7.38-
7.08 (m, 30H, CH™*), 6.93 (s, 3H, NHC,), 4.81-4.72 (m, 3H, a.-CH"®™), 4,60-4.52 (m, 3H, o-
CH™), 4.41-4.33 (m, 3H, o.-CH®), 4.32-4.25 (m, 3H, a.-CH™*, 3.65-3.45 (m, 36H, CH,OCH,),
3.12-2.72 (m, 18H, NHCHA™/CH,™), 2.41 (t, ] = 6.3 Hz, 18H, OCH,CH>), 2.49-2.28 (m, 12H,
CH>S), 2.01 (s, 9H, CH5™<"), 1.99 (s, 9H, CH;M*"), 2.16-1.65 (m, 18H, CH,CO*™/CH,CHS,S), 1.50-
1.12 (m, 18H, CH,*™).

MALDI-MS (CHCA) (m/z): calculated for [CisoH210N1sO045SsNa]*: 3198.29 found:

3198.24; calculated for [Ci50H210N15045S6K]*: 3214.27 found: 3214.22.
2.8.3 Mathematical Model
2.8.3.1 Description of the model

The cooperative model of supramolecular polymerization usually considers the balance
of the monomers and of polymers of every chain length considering a nucleation step, followed
by the elongation. The same idea was developed since the 60’s to describe the kinetics of
filamentous aggregates, but also including fragmentation of the filaments. The equations

governing the aggregation mechanism are as follows:'*'
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of (¢, ))
Jt
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+ 2kyf (t,j+1) — 2kyf(t,j + 1)

kg = DFED) + 2k D 6D

i=j+1
+ k,m(t)"
(S1)
d
mgt) ZJ X f(t,)) (s2)

Where: f(t,j) is the polymers concentration of length j at time t; m(t) is the
concentration of free monomers at time t; k, is the elongation rate constant; kg is the
depolymerization rate constant; k, is the nucleation rate constant; kf is the fragmentation rate
constant; and n is the nucleus size.

The two first moments, F(t) and P(t), being the total number and molar concentration

of polymers respectively, are given by:

F©O = ) f(&)) (5)
PO = ) jxf(t)) (s4)
m(t) = my — P(¢t) (S5)

The time derivation of the moments results in:®

dF
=7 = kam(O)" + ke P (1) (S6)
d_’; = 2(m(k, — kg )F(®) &7

The linearized analytical solution of this differential equation was derived by Knowles

and co-workers in 2009,"® and is given by

ky, (4ck cosh(kt) + Fyr?sinh(kt))
X

P(t) = P, +exp|— e

(S8)
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[(PO — P,)exp <2kpc)]

K2
¢ = kymy© + kePy (59)
K= Jz(kpmo — kq)ks (S10)
Py = Mg — kd/kp (S11)

Where F; and P, are the initial polymer number and molar concentrations, m, is the
total initial monomer concentration and m;,, is the total monomer concentration (monomers
in monomeric or polymeric form). For unseeded experiments these Fy and Py are zero and

Meor = My, S0 equations S8 to S11 can be simplified to:

P(t) =P, {1 — exp [Zﬁ‘z’c (1- cosh(;ct))]} (S12)
¢ = kymg© (S13)

K= Jz(kpmo — kq)ks (S14)

P, = m, — K k, (S15)

In the case of unseeded experiments these equations depend only on the combined rate
constants — kyky, kpks, and ksky — and the individual constants cannot be extracted.

For the case where k is negligible the equations are reduced to:

2

P(t) =m, {1 — exp [ :ZC (1- cosh(zct))]} (S16)

¢ = k,mg® (517)

K= /kakfmo (S18)

For the data fitting, mainly equations S12 to S15 were used.
For the temperature dependency, the Arrhenius equation was used to get the rate
constants as follows:

k= Ae_l% (S19)

Where k is any rate constant, E is the activation energy, R is the universal gas constant,
T is temperature, and A is a pre-exponential factor. For the combined rate constants this

equation transforms to:

87



Ea, +Ea,n
kpky = AyAne ™ RT (820)

Eap+Eas (S21)

kpkr = ApAge RT
where: E, , and A,, are respectively the activation energy and pre-exponential factor of
elongation; E, ,, and A, are respectively the activation energy and pre-exponential factor of
nucleation; and E y and Af are respectively the activation energy and pre-exponential factor
of fragmentation.
To simplify the fitting and to overcome the built-in function limitations to very large

numbers (i.e. the pre-exponential factor) equations S20 and S21 were linearized as follows:

Eup+E
In (kpkn) = In (A,4,) — % (822)
Eop+ Eo ($23)

In (kpky) = In (ApA) ==

2.8.3.2 Individual fitting

The fitting of the model to the data was done in MATLAB using the built-in function fit
(Code is available in Section 2.8.4). For simplicity, the nucleus size n. was always considered as
the minimum possible for cooperative self-assembly, that is . = 2.

Firstly, the individual fitting to each dataset was performed, to initially estimate the global
rate constants. Using equations S12 to S15 and fitting the combined rate constants ky, ky, kp ks,
and k¢k 4, the difference between the model and the data was minimized using the fif function.

After individual fitting, the combined rate constant kyk; was found to be more than 6
orders of magnitude smaller as compared to the two others (k,ky, kpky). For the case where
kg < kpmy (where my is the initial monomer concentration) the depolymerization rate can
be considered negligible.® The ratio kg/k,m, was determined to be ~107, so for subsequent

global fitting, k; was considered to be zero.

2.8.3.3 Global Fitting

The global fit of the temperature dependent model to the data was performed applying

equations S16 to S18 combined with equations S22 and S23. As discussed in the main text, the
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depolymerization rate was neglected, because it is not significant to the process and the results

of the individual fittings were used as initial guesses for the global procedure.
2.8.3.4 Eyring treatment

The Eyring equation was developed from transition state theory, and is an Arrhenius type
equation, with physical significance,'®” and it can be written as follows:

K= Kk:T e i (S24)

Where k is any rate constant, R is the universal gas constant, T is temperature, AG™ is
the free energy of activation, k is the transmission coefficient, kp is Boltzmann's constant, and
h is Planck's constant. For simplicity reasons k is considered as equal to 1.'* The free energy of
activation is temperature dependent and can be written as AG* = AH* — TAS*. Where AH*
and AS” are the enthalpy and entropy of activation, respectively. So, equation S24 transforms
to equations S25 and S26 for the combined rate constants.

kgT _AH,f_p+AS,’§p (S25)

kpkn = Te RT R

(526)

kgT _AHor ASpr
_ R ) r—
kpke = — e RR

Where: AH;, = AH + AHJ; AHp = AHp + AHZ; AS7, = AS; + AS]; ASj =
ASy + ASF; AH, AHJ, AHZ are the activation enthalpies of nucleation, elongation and
fragmentation respectively; AS7, AS}, AS7 are the activation entropies of nucleation,

elongation and fragmentation respectively. By linearizing equations S25 and S26 we get the

equations for the Eyring plot:

. (kpkn.h) __AHE, +ASff,e (S27)
kT RT R

ok R\ AHE S 529

"\Ti,T )T T RT TR

The enthalpy and entropy of activation were extracted from the Eyring plot using the rate

constants collected from the variable temperature global fitting.
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The next step was to perform the global fit of the model to our data using Eyring’s
equation instead of Arrhenius. The same procedure as detailed in the previous section was

implemented, but instead of equations S22 and S23 the equations S25 and S26 were used.

2.8.4 MATLAB® code

Note that for simplicity a numerical stability, all E;, AH* and AS™ are expressed as E, /R,

AH*/R and AS*/R.

2.8.4.1 Model with Arrhenius

function [Alpha] = polymfit_knowles2_multifit_T(t,opt,al,el,a2,e2,a3,e3,x,T)
%Multi fitting variable temperature

%THIS MODEL DESCRIBES COOPERATIVE SUPRAMOLECULAR POLYMERIZATION (nuc. size
% x) - using the linearized moments equations unseeded taking into account
% fragmentation and arrhenius Tlaw

% cf T. P. J. Knowles, et al., Nat. Protoc. 2016, 11, 252-272.

% Georges Formon 28 FEB 2018 - HERMANS@UNISTRA.FR

S

k)

% BERBRHRRR R R R BB RR R R R R R R R R BB R34
o WHHHHHHHEHEHEHHFHFHFHFHFHRHHFH R T H AT AR w

VB i g g g

nT=size(T);

Tu = unique(T);
nTu=size(Tu);
x_=1;
y=nT(1)/(nTu(1));

if nT(1)==nTu(l)
Alpha(1:nT,1)=1; % Trick to bypass the software
else
for i=1:nTu(l)
Ti=Tu(i);
CON = 0; %Polymer initial concentration
COM=opt; %monomer inital concentration

Y0 = zeros(2,1); % define initial conc. vector (first x vals, then y vals)
YO(1)=0; % initial condition M(t)

Y0(2)=0; % initial conc P(t)

t_range = t(x_:y,1l); % better sampling since most event happen early on

kfekfn=exp(al)*exp(-el/Ti); % Arrhenius equation to predict the combined elongation-nucleation rate
constant

kfekfrag=exp(a2)*exp(-e2/Ti); % Arrhenius equation to predict the combined elongation-fragmentation
rate constant

kfragkre=exp(a3)*exp(-e3/Ti); % Arrhenius equation to predict the combined depolymerization-
fragmentation rate constant

kappa=sqrt(2*(kfekfrag*cOm-kfragkre));
kpc=kfekfn*COM.Ax; %kfe*c
Minf=CcOM-kfragkre/kfekfrag;

Alpha(x_:y,1)=(Minf*(1-exp((2*kpc/kappa.A2)*(1-cosh(kappa*t_range)))))/COM; % Calculation of alpha

X_=Xx_+1000;
y=x_+1000-1;
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end
end

2.8.4.2 Model with Eyring

function [Alpha] = polymfit_knowles2_multifit_T_Eyring(t,opt,H1,S1,H2,S2,H3,S3,x,T)

%Multi fitting variable temperature

%THIS MODEL DESCRIBES COOPERATIVE SUPRAMOLECULAR POLYMERIZATION (nuc. size

% x) - using the Tinearized moments equations unseeded taking into account fragmentation and % Eyring
equation

% cf T. P. J. Knowles, et al., Nat. Protoc. 2016, 11, 252-272.

% Georges Formon 28 FEB 2018 - HERMANS@UNISTRA.FR

% ;
o

nT=size(T);

Tu = unique(T);
nTu=size(Tu);
x_=1;
y=nT(1)/(nTu(1));

if nT(1)==nTu(l)
Alpha(1:nT,1)=1;% Trick to bypass the software
else
for i=1:nTu(l)
Ti=Tu(i);
CON = 0; %Polymer initial concentration
COM=opt; %monomer inital concentration

Y0 = zeros(2,1); % define initial conc. vector (first x vals, then y vals)
Y0(1)=0; % initial condition M(t)

Y0(2)=0; % initial conc P(t)

t_range = t(x_:y,1);

kb=1.38064852e-23; % Boltzmann constant
h=6.62607004e-34; % Planck constant

kfekfn=Ckb*Ti/h)*exp(-H1/Ti+S1); %Eyring equation to predict the combined elongation-nucleation rate
constant

kfekfrag=(kb*Ti/h)*exp(-H2/Ti+S2); % Eyring equation to predict the combined elongation-fragmentation
rate constant

kfragkre=(kb*Ti/h)*exp(-H3/Ti+S3); % Eyring equation to predict the combined depolymerization-
fragmentation rate constant

kappa=sqrt(2*(kfekfrag*cOm-kfragkre));
kpc=kfekfn*COM.Ax; %kfe*c
Minf=COM-kfragkre/kfekfrag;

Alpha(x_:y,1)=(Minf*(1-exp((2*kpc/kappa.A2)*(1-cosh(kappa*t_range)))))/COM;% Calculation of alpha

X_=X_+1000;
y=x_+1000-1;
end

end

2.8.4.3 Fitting Routine with Arrhenius

function Besenius_Fitroutine_T_var_frag_unseeded_multifit
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%%Besenius

%%Fitting routine for analyze experimental data using a cooperative supramolecular
polymerization model

%Nucleation elongation fragmentation unseeded - analytical

% Georges Formon - 16 Frebruary 2018 (Hermans@unistra.fr)

clc

close all

clear all

tic % start timer

Load Data

S=1oad('Temp_var_80uM'); %conc 80 uM
% time in seconds.

t(:,1) = S.B_80uM_20C(:,1);
t(:,2) = S.B_80uM_25C(:,1);
t(:,3) = S.B_80uM_30C(:,1);
t(:,4) = s.B_80um_35C(:,1);
t(:,5) = S.B_80uM_40C(:,1);
t(:,6) = S.B_80uM_45C(:,1);
t(:,7) = S.B_80uM_50C(:,1);
t(:,8) = S.B_80uM_55C(:,1);
% alpha

a(:,1) = s.B_80uM_20C(:,2);
a(:,2) = s.B_80umM_25cC(:,2);
a(:,3) = s.B_80umM_30C(:,2);
a(:,4) = s.B_80umM_35C(:,2);
a(:,5) = s.B_80um_40c(:,2);
a(:,6) = S.B_80umM_45C(:,2);
a(:,7) = s.B_80umM_50C(:,2);
a(:,8) = s.B_80umM_55C(:,2);
T=[20; 25; 30; 35; 40; 45; 50; 55];
Tk=T+273;

Tkinv=1./Tk;

nT=size(Tk);

nt=size(t);

x_=1;

y=nt(1,1);

Putting all data into one vector

for j=1:nT(1,1)
a_(x_:y,D=a(:,3);
t_(xory,D=t(:,3);
T_(x_:y, D=Tk(G);

X_=x_+1000;
y=x_+1000-1;
end

Setting Parameters
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opt=80e-6;
R=8.314;
kfragkrel=0;
X=2;
a3=-inf;
e3=0;

Fitting

fomm = fitoptions('Method', 'NonLinearLeastSquares',

'StartPoint’',

'Lower', [10,1e3,10,1e3], 'upper', [le3,le6,le3,1le6],...
'TolFun',le-14, 'TolX',le-14, '"MaxIter',5000, 'MaxFunEval"', 2500, 'Display', 'iter"');

[75,1.7e4,80,2.5e4],

ftmm = fittype('polymfit_knowles2_multifit_T(t,opt,al,el,a2,e2,a3,e3,x,T)",...

'coefficients',{'al','el','a2','e2'},...

"independent', {'t','T'},...
"problem',{'opt','x",'a3"','e3"'},...
'options', fomm) ;

[f,gof] = fit ([t_,T_], a_, ftmm, 'problem',{opt,x,a3,e3})

Success, but fitting stopped because change in coefficients less than tolerance (TolX).

General model:

f(t,T) = polymfit_knowles2_multifit_T(t,opt,al,el,a2,e2,a3,e3,x,T)

Coefficients (with 95% confidence bounds):

al = 67.78 (67.66, 67.91)
el = 1.884e+04 (1.88e+04, 1.888e+04)
a2 = 81.42 (81.36, 81.48)

e2 = 3.176e+04 (3.173e+04, 3.178e+04)

ProbTem parameters:

opt = 8e-05

X = 2

a3 = -Inf

e3 = 0

gof =

sse: 15.4259

rsquare: 0.9848
dfe: 7996

adjrsquare: 0.9848

rmse: 0.0439

Acquiring Results

Al=f.al;%%10gA
El=f.el*R;%%E
A2=f.a2;%%1ogA
E2=F.e2*R; %%E
A3=f.a3%%1ogA
E3=f.e3*R%%E

confidenceInterval=confint(f);

confintAl=ConfidenceInterval(:,1);
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confintEl=ConfidenceInterval(:,2).*R;
confintA2=confidenceInterval(:,3);
confintE2=ConfidenceInterval(:,4).*R;

R1l=gof.sse;
R2=gof.rsquare;
R3=gof.dfe;
R4=gof.adjrsquare;
R5=gof.rmse;

% message=output.message;

kfekfn=exp(Al) *exp(-E1l./(R*Tk));
kfekfrag=exp(A2)*exp(-E2./(R*Tk));
kfragkre=exp(A3)*exp(-E3./(R*Tk));

A3 =
-Inf

Plotting

nT=size(Tk);
cor_i [0 0 1];
cor_f [1 0 0];
var = (cor_f - cor_1)/(nT(1)-1);
cor = cor_i;
for 1i=2:(nT(1))
cor=[cor; cor(end,:) + var];
end

F=polymfit_knowles2_multifit_T(t_,opt,Al,E1/R,A2,E2/R,A3,E3/R,X,T_);

x_=1;

y=nt(1,1);

fig=figure;

for i=1:nT(1)
Results(:,3*i-2)=t_(x_:y,1);
Results(:,3*i-1)=a(:,i);
Results(:,3*i)=F(x_:y,1);
plot(t_(x_:y,1),F(x_:y,1), 'color',cor(i,:))
hold on
plot(t(:,i),a(:,i),".", "Markeredgecolor',cor(i,:));
hold on
Tgdtt1{2*i-1}=sprintf('%4.0f %ccC',T(i),176);
Tgdtt1{2*i}=sprintf('%4.0f %ccC',T(i),176);
hold on;
X_=x_+1000;
y=x_+1000-1;

end

Tegend(1gdttl, 'Location', "best');

ttl=sprintf('Nucleus size: %4.0f',x);

title(ttl);

axis([1 10000 0 1)
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ylbl=sprintf('%c',945);
ylabel(ylb1);
xTabel('t/s");
set(gca, 'xscale', 'Tog")

hold off
Mucleus size: 2
1 T T
09r B
20°C
oalk + 04| |
25
07r - L ol
30 -C
06 + oEC| A
35 C
— 0sf . wEeoe| T
40 °C
D4y o amc|
03k LT o
+ 45 °C
02r smec| |
+ 50 °C
01r 5| A
+ 55 °C
ok : > ]
10 10 10 10 10
tfs
end

2.8.4.4 Fitting Routine with Eyring

function Besenius_Fitroutine_T_var_frag_unseeded_multifit_Eyring

%%Besenius

%%Fitting routine for analyze experimental data using a cooperative supramolecular
polymerization model

%Nucleation elongation fragmentation unseeded - analytical

% Georges Formon - 16 Frebruary 2018 (Hermans@unistra.fr)

clc

close all

clear all

tic % start timer

Load data

S=load('Temp_var_80uM'); %conc 80 uM
% time in seconds.

t(:,1) = S.B_80uM_20C(:,1);
t(:,2) = S.B_80uM_25C(:,1);
t(:,3) = S.B_80uM_30C(:,1);
t(:,4) = S.B_80uM_35C(:,1);
t(:,5) = S.B_80uM_40C(:,1);
t(:,6) = S.B_80uM_45C(:,1);
t(:,7) = S.B_80uM_50C(:,1);
t(:,8) = S.B_80uM_55C(:,1);
% alpha

a(:,1) = s.B_80uM_20C(:,2);
a(:,2) = S.B_80uM_25C(:,2);



a(:,3) = s.B_80umM_30C(:,2);
a(:,4) = S.B_80uM_35C(:,2);
a(:,5) = S.B_80uM_40C(:,2);
a(:,6) = S.B_80uM_45C(:,2);
a(:,7) = S.B_80uM_50C(:,2);
a(:,8) = S.B_80uM_55C(:,2);
T=[20; 25; 30; 35; 40; 45; 50; 55];
Tk=T+273;

Tkinv=1./Tk;

nT=size(Tk);

nt=size(t);

x_=1;

y=nt(1,1);

for j=1:nT(1,1)
a_(x_:y,D=a(:,3);
t_(x_ry,D=t(:,3);
T_(x_:y,D=Tk(J);

X_=X_+1000;
y=x_+1000-1;
end

Setting Parameters

opt=80e-6;
R=8.314;
kfragkrel=0;
X=2;

H3=inf;
S3=0;

Fitting

fomm = fitoptions('Method', 'NonLinearLeastSquares', 'StartPoint', [1.7e4,37,2.5e4,40],
'Lower', [1000,1el,1000,1el], 'upper', [le6,le2,le6,le2],...
'TolFun',le-14, 'TolX',le-14, '"MaxIter', 5000, 'MaxFunEval',2500, 'Display', 'iter")

ftmm = fittype('polymfit_knowles2_multifit_T_Eyring(t,opt,H1l,S1,H2,S2,H3,S3,x,T)"',...
'coefficients',{'H1',"'s1l",'H2"',"'S2"'},...
'independent', {'t','T'},...
'problem',{'opt','x","H3"',"'S3"}, ...
'options', fomm)

[f,gof,output] = fit ([t_,T_], a_, ftmm, 'problem',{opt,x,H3,S3})

fomm =

Normalize: 'off'

Exclude: []

weights: []
Method: 'NonlinearLeastSquares'
Robust: 'off'

StartPoint: [17000 37 25000 40]
Lower: [1000 10 1000 10]



Upper: [1000000 100 1000000 100]
Algorithm: 'Trust-Region'
DiffMinChange: 1.0000e-08
DiffMaxChange: 0.1000
Display: 'Iter'
MaxFunEvals: 2500
MaxIter: 5000
TolFun: 1.0000e-14
Tolx: 1.0000e-14

ftmm =
General model:
ftmm(H1,S1,H2,S2,0pt,x,H3,S3,t,T) = polymfit_knowles2_multifit_T_Eyring(t,
opt,H1,S1,H2,S2,H3,S3,%,T)

Success, but fitting stopped because change in coefficients less than tolerance (TolX).
General model:
f(t,T) = polymfit_knowles2_multifit_T_Eyring(t,opt,H1,S1,H2,S2,H3,S3,x,T)
Coefficients (with 95% confidence bounds):

H1 = 1.853e+04 (1.849e+04, 1.857e+04)
sl = 37.29 (37.16, 37.42)
H2 = 2.745e+04 (2.733e+04, 2.757e+04)
S2 = 39.24 (39.07, 39.41)
ProbTem parameters:
opt = 8e-05
X = 2
H3 = Inf
S3 = 0
gof =
sse: 15.3660
rsquare: 0.9849
dfe: 7996
adjrsquare: 0.9848
rmse: 0.0438
output =

numobs: 8000

numparam: 4

residuals: [8000x1 double]

Jacobian: [8000x4 double]

exitflag: 2
firstorderopt: 1.4888

iterations: 36

funcCount: 185
cgiterations: 0

algorithm: 'trust-region-reflective

message: [1x87 char]

Acquiring Results

H_fefn=f.H1*R;%%10gA
S_fefn=f.S1*R;%%E
H_fefrag=f.H2*R;%%10gA
S_fefrag=f.S2*R;%%E
H_fragre=f.H3*R;%%10gA
S_fragre=f.S3*R;%%E



TS_fefn=Tk.*s_fefn;
TS_fefrag=Tk.*s_fefrag;
G_fefn=H_fefn-Tk.*s_fefn;
G_fefrag=H_fefrag-Tk.*s_fefrag;

ConfidenceInterval=confint(f);

confintH_fefn=ConfidenceInterval(:,1).*R;
confints_fefn=ConfidenceInterval(:,2).*R;
confintH_fefrag=ConfidenceInterval(:,3).*R;
confints_fefrag=Confidenceinterval(:,4).*R;

R1l=gof.sse;
R2=gof.rsquare;
R3=gof.dfe;
R4=gof.adjrsquare;
R5=gof.rmse;
message=output.message;

kb=1.38064852e-23;
h=6.62607004e-34;

kfekfn=Ckb.*Tk./h).*exp(-H_fefn./(Tk.*R)+S_fefn./R);
kfekfrag=(kb.*Tk./h).*exp(-H_fefrag./(Tk.*R)+S_fefrag/R);
kfragkre=(kb.*Tk./h).*exp(-H_fragre./(Tk.*R)+S_fragre/R);

Plotting

nT=size(Tk);
cor_i = [0 0 1];
cor_f = [1 0 0];
var = (cor_f - cor_i)/(nT(1)-1);
cor = cor_i;
for ii=2:(nT(1))
cor=[cor; cor(end,:) + var];
end

F=polymfit_knowles2_multifit_T_Eyring(t_,opt,H_fefn/R,S_fefn/R,H_fefrag/R,s_fefrag/R,H_fragre
,S_fragre,x,T_);

x_=1;

y=nt(1,1);

fig=figure;

for i=1:nT(1)
Results(:,3*i-2)=t_(x_:y,1);
Results(:,3*i-1)=a(:,i);
Results(:,3*i)=F(x_:y,1);
plot(t_(x_:y,1),F(x_:y,1), 'color',cor(i,:))
hold on
plot(t(:,i),a(:,i),"'.", '"MarkeredgecColor',cor(i,:));
hold on
Tgdtt1{2*i-1}=sprintf('%4.0f %cC',T(i),176);
Tgdtt1{2*i}=sprintf('%4.0f %cC',T(i),176);
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hold on;

X_=x_+1000;
y=x_+1000-1;
end

Tegend(1gdttl, "Location', "best');

ttl=sprintf('Nucleus size: %4.0f',x);

title(tt);

axis([1 10000 0 1])

ylbl=sprintf('%c',945);

ylabel (y1b1);

xTabel('t/s'");

set(gca, 'xscale', 'Tog")

% saveas(fig, 'C:\Users\owner\Google Drive\Doctorat\1lst year\Besenius\Moments
modeT\Besenius_Fitroutine_T_var_unseeded_multifit_Eyring\Model_data_overlay.png')
% saveas(fig, 'C:\Users\owner\Google Drive\Doctorat\1lst year\Besenius\Moments
modeT\Besenius_Fitroutine_T_var_unseeded_multifit_Eyring\Model_data_overlay.eps"')
hold off

save('T_var_kopt_nuc_elong_frag_Nucsize_fix_multifit_Eyring"')
toc % stop timer

Elapsed time is 3.027391 seconds.
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Chapter 3. Controlling Morphology
and Mechanical Properties of a
Hydrogel Using a Fuel-Driven

Reaction Cycle

Abstract: In this Chapter, we will show how an aldehyde-targeting reaction cycle can be
used to control hydrogel formation. By adding dithionite, hexamine and glucono-§-lactone to
an aldehyde containing sugar-based hydrogelator we see its complete dissolution after 5 to 10
minutes due to the conversion of aldehyde into an a-hydroxy-sulfonate. Hexamine hydrolyses
into formaldehyde, mediated by acid catalysis, which will react with the sulfonate, bringing
back the original hydrogel. The amount of gluconolactone, i.e. catalysis rate, will influence the
reaction cycle kinetics, which by itself controls the morphological and mechanical properties
of the final material. Lastly, the syneresis property of the hydrogel is explored to develop a

methodology for waste removal, that allows us to repeat the cycle up to thirteen times.

This chapter has been published in:
Singh, N.; Lainer, B.; Formon, G. J. M.; De Piccoli, S;; Hermans, T. M. Re-Programming
Hydrogel Properties Using a Fuel-Driven Reaction Cycle. J. Am. Chem. Soc. 2020, 142 (9),

4083-4087. https://doi.org/10.1021/jacs.9b11503.
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3.1 Introduction

Biological systems use chemical reaction cycles to precisely control multiple mechanisms,
such as microtubule polymerization during mitosis, as has been discussed in Section 1.1. These
reaction cycles are responsible for the circadian rhythm, for example, which synchronizes the
metabolism and cell replication with the 24 hours in a day. These cycles rely on the
accumulation and subsequent decrease in concentration of metabolites that control or signal
different functions. The subsequent repetition of these cycles leads to oscillations that are
responsible for the periodicity in living systems.*

Chemists have been capable of replicating these oscillations, but in a limited fashion
because there are specific minimal requirements for autonomous chemical oscillations that are

not easily achievable in man-made chemical systems."® Examples of (supra)molecular
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oscillators using enzymatic networks,'®* autocatalysis in small organic molecules,"® and redox
reactions coupled to cooperative polymerization,* have been demonstrated recently but these
observations are still elusive. Some success has been found in developing DNA string

displacement reaction networks that are capable of oscillations,"'"'*

signaling,'**'° spatial
pattern formation,'”® and reconfigurable nanotubes.’”* However, DNA is a very powerful
toolbox, with a much higher degree of control than fully synthetic systems.

With the advent of dissipative supramolecular polymerization, chemists have been able
to perform at least one ‘oscillatory’ cycle of disassembly-assembly-disassembly driven by a
chemical reaction cycle, some examples have been listed in Section 1.3.%* These single cycles
seem very simple when compared to chemical oscillations, however they have to be carefully
designed and are an important stepping stone for more complex phenomena like non-

15 and supramolecular oscillations and patterns.®

equilibrium steady-states

Since the field of fully synthetic fuel-driven reaction cycles is still new, the variety of
chemistries being used is very small when compared to the plethora of reactions that exist in
the toolset of synthetic chemists. The opportunity of growth within this field is immense and

the design of new reaction cycles if of utmost importance for the development of man-made

dissipative self-assembly.”® With the goal to expand towards this route, a new dissipative
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reaction cycle targeting an aldehyde-containing hydrogelator will be discussed. Catalytic
hexamine hydrolysis is used to drive this cycle out-of-equilibrium, with the rate of catalysis
being directly correlated with the final morphology and mechanical properties of the hydrogel.
Finally, syneresis (where a gel can expel the solvent from its matrix) of the hydrogel is explored

to repeat the cycle by waste-removal.

3.2 Stimuli-Responsive Hydrogel and Reaction cycle

The previously reported,® sugar-based aldehyde-containing hydrogelator, SachCHO,
forms micron-sized fibers in water that are visible by the naked eye, Figure 3.1. Sodium

197

dithionite (DT) reacts with aldehydes forming a-hydroxy-sulfonates,””” so by treating a
SachCHO hydrogel with a DT solution, the aldehyde is converted to SachSOs™ (this reaction is
an equilibrium). Since the sulfonate is completely soluble in water, the hydrogel becomes a clear
solution 5-10 minutes after it is treated with dithionite, Figure 3.1. To revert back to the
hydrogel, a more reactive aldehyde has to be added to snatch the sulfonate group from
SachSO;". Formaldehyde, being one of the most reactive aldehydes, was used to convert
SachSO;™ to SachCHO in a few minutes. However, DT and formaldehyde react with each other
and if the goal is to achieve an autonomous reaction cycle, they cannot be added simultaneously
to the reaction mixture. To that end, hexamine (HMTA), a compound that is hydrolyzed into
formaldehyde and ammonia, was used to delay the back reaction. The HMTA decomposition
reaction is acid-catalyzed, so glucono-d-lactone (GdL) is utilized for its slow hydrolysis into
gluconic acid. If DT, HMTA and GdL are added simultaneously to a SachCHO hydrogel,
SachSO;™ is obtained in 5-10 minutes, yielding a clear solution. After 20 to 60 minutes
(depending on GdL concentration) the hydrogel is obtained once again by the reaction of

formaldehyde with the sulfonate, driven by the acid-catalyzed hydrolysis of HMTA, Figure 3.1.

Experimental details in Sub-Section 3.10.1.3.
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Figure 3.1 - Reaction cycle targeting the aldehyde-containing hydrogelator SachCHO.

3.3 Gelation Mechanism and Kinetics

To obtain an insight into the polymerization of SachCHO, before studying the full
reaction cycle, the kinetics and thermodynamics of self-assembly (hydrogelation) were studied.
To attempt to obtain the thermodynamic parameters of SachCHO assembly, the temperature-
dependent behavior was measured by UV/Vis spectroscopy, following the optical density at
500 nm (translated into turbidity of the sample) as a function of temperature. We assume that
the turbidity is linear to the degree of polymerization of SachCHO since the final hydrogel is
completely opaque. Impressively, the self-assembly showed a 70 °C hysteresis at a
heating/cooling rate of 10 K/min that decreased to 50 °C at 1 K/min and 20 °C when there was
a 5 minute equilibration at each temperature point, Figure 3.2. This large hysteresis means that
the self-assembly is very cooperative,” and is not under thermodynamic control, meaning that

no quantitative thermodynamic parameters can be obtained.'*®
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Figure 3.2 - Heating/Cooling curves of SachCHO using UV/Vis turbidity measurements. Heat/Cool rates: 10
K/min (¢#), 1 K/min (A), and 5 min hold at each temperature (®). Arrows indicate increasing rate of

heating/cooling.

To further gain insight into the SachCHO assembly mechanism, the kinetics of the
chemically triggered hydrogelation was studied. For that, a solution containing SachSO;~ was
treated with 50 to 100 equivalents of formaldehyde, to quickly convert the sulfonate into
aldehyde and induce hydrogelation, which was followed by measuring the turbidity of the
sample by UV/Vis spectroscopy, Figure 3.3—-A (experimental details in Sub-Section 3.10.1.7)
The kinetics of assembly, which also included seeded experiments, showed the typical behavior
of nucleation-elongation aggregation. A lag-time followed by a fast increase in turbidity,
indicated that the kinetic barrier of nucleation was strong, but elongation was fast. This was
further confirmed by seeding experiments, that yielded fast aggregation, overcoming the
nucleation obstacle, Figure 3.3-A. The same way as performed in Chapter 2, the half-times of
polymerization (t1,) were plotted against the initial monomer concentration, Figure 3.3-B.
The slope of the log-log plot (y) was found to be -3.6 (~ -3.5) which would indicate towards
either a simple nucleation-elongation mechanism with nucleus size of 7, or a case where
secondary nucleation (where the existing fibers catalyze the creation of new nuclei) with

secondary nucleus size of 6 plays an important role in SachCHO aggregation.®
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Figure 3.3 - A - Kinetics of the chemically triggered gelation of SachCHO. Symbols are the representative
experimental data, and the lines are the global-fit of the supramolecular polymerization model considering
nucleation-elongation-secondary nucleation. The faded blue region delineates the upper/lower boundaries of
triplicate experiments. B — Log-log plot of the half-times of polymerization as a function of initial monomer
concentration. The squares are the experimental points and the error bars are the standard deviation over three
replicates. The dashed line is the exponential fit of the type: 7,1, = a m}. he scaling exponent is found to be y =
-3.61.

The global fitting of the kinetic data in Figure 3.3-A which included secondary
nucleation (setting primary and secondary nucleus size as 6) yielded better fits than the
mechanism with solely nucleation-elongation. Further evidence of secondary nucleation is that
when dithionite is added in an insufficient quantity to destroy all the existing SachCHO fibers,
and GdL and HMTA are also added, new fibers are formed on top of the pre-existing ones,
forming brush-like structures, Figure 3.9 in the Appendix. Similarly to Chapter 2 a cooperative
polymerization model, initially developed by Knowles and co-workers to study amyloid fibril
polymerization, was used, but this time with secondary nucleation.®'®>'*® To fit the data, a
home-built code in MATLAB® was employed (Sub-Sections 3.10.3 and 2.8.4, for model
derivation a and code respectively), and the results were compared with fitting acquired using
the amylofit online toolbox." The kinetic rate constant obtained by both methods were similar,
but slightly different probably due to differences in the fitting algorithm. The results are listed

in Table 3.1.

¥ https://www.amylofit.ch.cam.ac.uk/fit
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Table 3.1 - List of the kinetic parameters obtained by the global fitting of the kinetic data. The errors to the fit
presented in the table are directly obtained from the fitting algorithms.

Parameter Home-built code amylofit

nq and n, 6 6

ks 2.84 4 0.64-1071° [3mol=5s71 | 4.79 (1939) - 1075 LSmol>s ™1
ko 481+ 0.11-10* Lomol™%s~1 | 1.75 (*312) - 10* L®mol= 651
k, 1.69 £ 0.02- 103 Lmol™*s™1 | 1.67 (2312)-103 L mol~1s1

Where n, and n; are the primary and secondary nucleus size, k,,; is the rate constant of
primary nucleation, k,, the secondary nucleation rate constant and k. the elongation rate
constant. The depolymerization rate constant, k,ss, was set to a global constant of 107 s~*
(discussion in Sub-Section 3.10.3). The secondary nucleation and elongation rate constants are
of the same order of magnitude, for both fitting methods, with the biggest difference being the
primary nucleation rate. This difference arises from the different fitting algorithms used by
both methods. However, amylofit is a black box software, and we do not know how it works,
so it is difficult to probe the differences that would cause different fitting results. From the
numerical parameters, it can be said that the degree of cooperativity of SachCHO assembly is
very high, with the rate of primary nucleation being many orders of magnitude lower than the
rate of elongation and secondary nucleation. This means that the formation of a primary
nucleus is highly kinetically unfavorable, giving a long lag-time before elongation, 8-15
minutes for 26.8 mM (Figure 3.3). However, this lag-time decreases quickly when increasing
concentration because nucleus size is relatively big (6). Once nucleation occurs, elongation and
secondary nucleation take over and the conversion of monomers into polymers happens very

quickly.
3.4 Kinetics of the Full Reaction Cycle

Now that the mechanism and kinetics of SachCHO polymerization are known, the
kinetics of the full reaction cycle will be studied. Practically speaking, a SachCHO hydrogel was
prepared by heating a suspension of the hydrogelator in water adjusted to pH 8, until

dissolution, followed by slow cooling, so uniform long fibers are present. Next, a mixture of
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dithionite (3.6 equivalents), HMTA (3.5 equivalents, and glucono-8-lactone (0.9 to 7
equivalents) was added on top of the hydrogel (experimental details in sub-section 3.10.1.3 and
3.10.1.5). Each hexamine molecule releases six formaldehyde equivalents into solution, so the
effective formaldehyde released is ~20 equivalents in relation to SachCHO, this large amount
is needed for two reasons: first, formaldehyde needs to react with the remaining dithionite
present in solution; second, since the reaction between aldehyde and sulfonate is an
equilibrium, a large amount of formaldehyde would ensure the completion of the reaction,
shifting the equilibrium towards SachCHO. In maximum 20 minutes, SachCHO is fully
converted in SachSOs™, Figure 3.4, rendering a clear solution. The kinetics of the next phase of
the reaction cycle, i.e. HMTA degradation and conversion of sulfonate into aldehyde, is fully
dependent on the amount of GdL added, with higher concentration giving a faster rate of
hydrolysis, thus faster SachSO;™ to SachCHO conversion, Figure 3.4. A minimum threshold of
GdL (or acid) is needed to fully hydrolyze HMTA, as we can see that adding 46.8 mM (0.85
equivalents) is not enough to fully convert SachSO;~ to SachCHO, even after 48 hours.™
[GdL]=93.6 mM (1.7 equivalents) leads to full conversion in ~ 100 minutes, reaching 90% at ~
75 minutes. The times for full conversion steadily decrease with increasing GdL, reaching a
plateau at 312 and 374 mM, with full conversion happening at ~60 minutes. This happens
because the pH drop caused by GdL is around the same from 312 mM and up (Figure 3.10 in
Appendix). The influence of GdL concentration on the kinetics of SachSOs~ to SachCHO
conversion is further confirmed by the first order rate constants obtained by the semi-log plot
of mole fraction of SachSO;™ in function of time, Figure 3.11 and Table 3.2 in Appendix. The
apparent rates increase with increasing amount of glucono-8-lactone, reaching a plateau at 312

mM.

¥i Data not shown.
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Figure 3.4 - Mole fraction of SachSOs™ in function of time, for different [GdL]. Kinetics of the full reaction cycle,
ie. DT (190 mM), GdL (variable, see figure legend) and HMTA (190 mM) are added simultaneously to a
SachCHO (53.6 mM) hydrogel. Data obtained by quantitative NMR experiments.

Next, the kinetics of gelation for the full-reaction cycle, was studied by UV/Vis optical
density measurements, relating turbidity to hydrogel conversion. So, the same procedure as
above was followed: a mixture of dithionite (3.6 equivalents), HMTA (3.5 equivalents), and
glucono-0-lactone (0.9 to 7 equivalents) was added on top of a heat/cool hydrogel
(experimental methods in sub-section 3.10.1.7). The turbidity of the sample was then followed
for different [GdL], Figure 3.5-A. In this case, gelation takes 30 to 90 minutes, depending on
the amount of GdL, compared to 5 to 20 minutes with just formaldehyde, Figure 3.3. Three
characteristic times of gelation can be identified, where optical density reaches 10%, 50% and
90% of the maximum: To, indicates the onset of gelation, or nucleation, Tos indicates the half-
time of gelation where the elongation is the dominant phenomenon, T, indicates the time
where the gel is almost fully formed and ripening/depletion of SachCHO is dominant (see
Figure 3.5-B). The same trend as observed for SachSOs~ conversion can be identified, higher
[GdL] leads to faster onset of gelation with all characteristic times decreasing, until a plateau is
reached for [GdL] > 312 mM. Interestingly, the difference between these characteristic times
also decrease with increasing [GdL], meaning that not only the nucleation process is influenced

by glucono-d-lactone but also the gelation process itself is faster with higher amount of acid.
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Figure 3.5 - Kinetics of gelation for the full reaction cycle, i.e. DT, GdL and HMTA are added simultaneously to
a SachCHO hydrogel. A - Normalized optical density in function of time for different GdL concentrations. B -
Different characteristic times in function of GdL concentration. 1y, Tos and T represent the times at which optical
density reaches 10%, 50% and 90% of the maximum, respectively. Error bars are the standard deviation over three
replicates.

This reaction cycle allows us to gain temporal control over gel formation, with a direct

correlation between GdL mediated catalysis of HMTA hydrolysis and the kinetics of the

reaction cycle and gelation.

3.5 Kinetic Control of Morphology and Mechanical Properties

Since [GdL] is directly responsible for an increase in gelation onset and kinetics, we
investigated the morphology of SachCHO fibers, obtained by heat/cool and the reaction cycle,
imaged by electron and confocal microscopy, Figure 3.6 (experimental details in sub-sections
3.10.1.9 and 3.10.1.11). The thermogel (prepared by heating/cooling, sub-section 3.10.1.2)
presented long thing fibers with ~ 2 um diameter and hundreds of microns long, Figure 3.6-
A&B. However, when the gel is prepared by the reaction cycle, with a low [GdL] amount, the
fibers become shorter and raggedy and grow from central nuclei forming flower-like
assemblies, Figure 3.6-C&D. When a higher amount of glucono-8-lactone is used, 374 mM,
the structures become much more branched, producing fractal aggregates, Figure 3.6-E&F.
This happens probably because the heat/cool gel is the thermodynamic conformation of
SachCHO, with slow nucleation and growth. With the reaction cycle, the release of
formaldehyde is relatively fast, and the concentration of the hydrogelator grows very rapidly.

Since the rate of nucleation is much slower than elongation and secondary nucleation, fewer
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nuclei are formed and multiple fibers grow from a single nucleus. For higher amount of GdL,
the SachSOs™ conversion is so fast that secondary nucleation takes over, with elongation from

a central nucleus and new fibers branching from pre-existing ones.
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Figure 3.6 -SEM photographs (top) and confocal microscopy photographs (bottom) of: A&B - The thermogel,
prepared by heat/cool; C&D - Hydrogel formed by the full reaction cycle using [GdL] = 234 mM; E&F - Hydrogel
formed by the full reaction cycle using [GdL] = 374 mM.

The different morphologies arising from the different preparation conditions were
further confirmed by powder X-Ray Diffraction (XRD) of the xerogels, Figure 3.12 and Table
3.3 (Sub-Section 3.10.1.10 for experimental details). The thermally annealed hydrogel shows
peaks at 1.15 nm and 0.648 nm, likely related to inter-columnar distances, and at 0.38 nm,
arising from the intermolecular stacking distance within the columns. The XRD patterns of the
gels made with 93.6 mM and 234 mM [GdL] do not differ substantially from the thermogel.
However, in the hydrogel prepared with 374 mM glucono-8-lactone two new peaks appear at
0.325 and 0.305 nm indicating smaller intermolecular packing distances. These results show
that GdL concentration, and thus the rate of catalysis, have a direct influence on hydrogel
morphologies, a phenomenon already demonstrated in the past.*>®

Interestingly, the amount of GdL not only influences the reaction cycle kinetics and the
resulting fiber morphologies, it also influences the mechanical properties of the hydrogel.

Rheology shows that the gelation time decreases with increasing [GdL], which was already
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known, Figure 3.7. Additionally, the maximum shear storage modulus increases with
increasing amount of glucono-d-lactone, Figure 3.7, going from ~110 Pa for [GdL] = 46.8 mM
to ~ 2100 Pa for [GdL] = 374 mM (thermally annealed hydrogel has G’ ~ 800 Pa). This means
that the faster kinetics, with increasing [GdL], lead to morphological changes within the
hydrogel which are directly responsible for the gel mechanical properties. The branchier

structures obtained with 374 mM [GdL] lead to a tighter gel resulting in a stronger material.
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Figure 3.7 - Maximum shear storage modulus of first and second cycle (left) and gelation time measured by
rheology (right) in function of GdL concentration. Error bars are the standard deviation over triplicate
experiments.

Interestingly, if the cycle is performed with a low GdL amount, 140 mM (G’ ~1100 Pa),
the system can be re-fueled with DT, HMTA and varying amounts of GdL to reset the material
and obtain a hydrogel with new mechanical properties. The storage moduli of the second cycle
are dependent on the [GdL] in the re-fueling, Figure 3.7 (2™ cycle). The cycle could not be
further repeated because of waste accumulation that hinders re-fueling and re-formation of the
hydrogel.

The properties of the SachCHO hydrogel obtained by the chemically fueled reaction
cycle are dependent on the catalysis rate, driven by GdL, yielding different gel morphologies

that are responsible for increasing storage modulus when [GdL] increases.
3.6 Syneresis

Lastly, SachCHO presents an interesting property called syneresis,”*' which permits the

solvent to be expelled from the hydrogel matrix by mechanical pressure. Since all the waste
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products and fuels are water soluble, this property was explored to remove waste from the
system, allowing to repeat the reaction cycle multiple times, Figure 3.8-A. Essentially, a
chemically fueled hydrogel was formed inside a syringe, equipped with a cotton swab at the tip,
[SachCHO] = 53.6 mM. After the completion of the reaction cycle, 60-70 minutes, the piston
of the syringe was pressed, expelling all the solvent (with waste products) retaining SachCHO
fibers inside. Then a solution containing DT (121 mM), HMTA (190 mM) and GdL (312 mM)
was added to the syringe to re-fuel hydrogel formation (methodology in Sub-Section
3.10.1.8)."" After 60 to 70 minutes the gel is re-formed, with the same structural integrity as the

original one.
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Figure 3.8 - A - Scheme of the syneresis-driven waste removal. In clockwise direction, chemically fueled
SachCHO gel made inside a syringe (bottom left), solvent with the soluble waste products are pushed out of the
system while the hydrogel fibers stay trapped (top), dissolution of fibers after refueling ([DT] = 121 mM, [HMTA]
=190 mM, [GdL] = 312 mM, bottom right), and re-formation of gel after a defined time. B - UV/Vis turbidity
measurements of the syneresis cycles. Up to 13 cycles can be repeated by refueling and subsequent waste removal.

This cycle could be repeated up to thirteen times, and the kinetics of every cycle was very
similar, Figure 3.8-B, with Too and the rate of elongation staying constant after the first
sequence, Figure 3.13 in Appendix. Showing that this method maintains the integrity of
gelation at each repetition. This method of waste removal surmounts the common hurdle that
is waste accumulation in fuel-driven systems,” that usually impedes the reaction cycle to be

repeated multiple times and requires creative problem-solving to be overcome.'®

¥l To overcome the partial solubility of SachCHO in water, 5.3 mM of building block had to be added together with the fuels.
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3.7 Conclusions

We have shown a new fuel-driven reaction cycle that powers the gel-sol-gel transition in
an aldehyde containing hydrogel. The fuel ‘cocktail’ contains sodium dithionite to solubilize
the gel and hexamine and glucono-6-lactone to re-form the material. Since GdL catalyzes
HMTA hydrolysis, its concentration influences the kinetics of the system, the final hydrogel
morphologies, and the mechanical properties of the resulting material. This is an interesting
tool to control hydrogel properties and kinetics by simply varying a single parameter. These
properties can be reset and re-programmed by either performing a second cycle, or by puritying
the material through syneresis and repeating the cycle up to thirteen times.

Overall, this approach gives new parameters to control dissipative self-assembly as well
as adding a new chemistry to the library of fully synthetic reaction cycles (Sub-Section 1.3.1).%
The methodology that was developed can open the door to new smart materials that have their

mechanical properties tuned according to the environmental needs.

3.8 Appendix

Figure 3.9 - Confocal image proving the secondary nucleation phenomenon by formation of new fibers on top of
already existing fibers giving brush-like morphology. A - Straight needle like fibers present in the thermally
annealed gel. B - Brush-like assemblies formed after a reaction cycle chemically fueled with an insufficient amount
of dithionate to dissolve all the primary fibers of the thermally annealed gel, HMTA and GdL. The remaining fiber
act as nuclei for the formation of new fibers once the SachSOs™ is converted back to SachCHO giving brush like
morphologies. Scale bar: 100 um
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Figure 3.10 - pH in function of time for different GdL concentrations. Note: the pH increases overtime because

HMTA hydrolysis releases ammonia.
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Figure 3.11 - Semi-log plot of the mole fraction of SachSOs (from quantitative NMR experiments) as a function

of time. Apparent first order rates could be extracted. Symbols represent the experimental data; solid lines are the

linear fits from the semi-In plot. Results of the apparent first-order rate constants found in Table 3.2.

Table 3.2 - Apparent first-order rate constants of SachSOs™ to SachCHO conversion for different [GdL].

Obtained from fit in Figure 3.11.

[GdL] (mM) kapp (s™1)
93.6 5.91+ 0.05 - 10~*
234 7.70 £ 0.17 - 107*
312 1.24 4+ 0.04 - 1073
374 1.17 + 0.06 - 1073
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Figure 3.12 - Powder X-Ray Diffraction (XRD) patterns of the different xerogels (Iyophilized) obtained from
different conditions. The peak list is in Table 3.3.

Table 3.3 - List of the XRD peaks for the xerogels obtained from different conditions.

Heat-Cool 93.6 mM 234mM 374mM
Peak# 20 d (nm) 20 d (nm) 20 d {(nm) 20 d (him)
1 7.671 1.153 7.322 1.208 7.377 1.199 7433 1.190

2 11.758 | 0.753 | 11.534 | 0.768 | 11.608 | 0.763 | 11.664 | 0.759

3 11907 | 0.744 | 13346 | 0.664 | 13421 | 0.660 | 13477 | 0.657

4 13.640 | 0.650 | 14.698 | 0.603 | 14.712 | 0.603 | 13.6% | 0.647

5 14991 | 0.591 | 15122 | 0.586 | 15178 | 0.584 | 14605 | 0.607

6 15434 | 0.574 | 15359 | 0.577 | 15.397 | 0.576 | 14.805 | 0.599

7 17.340 | 0.512 | 17.060 | 0.520 | 17.079 | 0.519 | 15234 | 0.582

8 20201 | 0440 | 26.156 | 0.341 | 26170 | 0.341 | 27465 | 0.325

9 29278 | 0.305
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Figure 3.13 - A - Times of gelation for each syneresis recycling cycle, 15 indicates the time where 90% of

maximum Optical Density at 500 nm is reached. The gelation times remain similar for every cycle after the first.
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B - Maximum derivative (or slope) of the gelation curves for each syneresis sycle. The gelation rate remains similar

for every cycle.
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3.10 Materials and Methods

3.10.1 Materials and Experimental procedures
3.10.1.1 Materials

The reagents and deuterated solvents were purchased from TCI chemicals, Fischer
Scientific or Sigma Aldrich and used without further purification. Terephtalaldehyde, Methyl
a-D-Glucopyranoside, Hexamethylenetetramine, p-Toluidine were bought from TCI Belgium,
Formaldehyde solution from Fischer Scientific and Glucono delta-lactone, Sodium Dithionite

technical grade 85%, D,O from Sigma-Aldrich.
3.10.1.2 Thermally annealed gel

A suspension of SachCHO (54mM unless mentioned otherwise) in pH 8 water was
heated to around 80-90°C until a clear solution was formed. This solution was allowed to cool

down at room temperature yielding a white gel able to support its weight when inverted.

3.10.1.3 Transient Cycles

To athermally annealed gel of SachCHO (30 mgin 1.5 mL pH 8 water), the fuels: HMTA-

48 mg unless mentioned otherwise, appropriate amount of GdL (see main text), Sodium
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dithionite (DT-60 mg unless mentioned otherwise), dissolved in 300 uL of pH 8 water were
added. The thermally annealed gel dissolves and reforms into a gel after a certain time
dependent on [GdL]. This method of creating transient cycles was used for NMR kinetic

experiments, UV-Vis experiments, Rheology experiments (except for 2 cycle experiments).

3.10.1.4 pH experiments

A VWR Model 110 pH meter was used to record the pH measurements.
The pH was recorded at different time intervals for different systems involving GdL,
GdL+HMTA, DT+GdL+HMTA, DT+GdL+HMTA+SachCHO (full transient cycle, and for

two consecutive cycles with 2 times fuels addition).

3.10.1.5 NMR experiments

(*H and "C, and kinetic measurements using a coaxial tube with an external reference.)
NMR spectra were recorded on a Bruker UltraShield Plus Avance III NMR instrument at
25°C.

Thermally annealed gels (10 mg in 500 uL D,O pH 8) were made in a NMR tube. To this
tube was introduced a co-axial tube containing p-toluidine as an external reference (0.97 mg in
200 uL). The fuels dissolved in 100 ul (HMTA-16 mg, GdL appropriate amounts, DT-20 mg)
D,O pH 8 were added to the NMR tube and spectra were recorded for specified time intervals.
The peaks of the aldehyde-proton (9.99 ppm) and the sulfonate-proton (5.77 ppm) were used

to follow the reaction kinetics.

3.10.1.6 Rheology experiments

Rheology experiments were performed on a Thermofischer Scientific MARS 40
rheometer using parallel plate geometry with plate distance of 1.8 mm, y= 0.08%, v= 1Hz at
25°C.

Fuels (dissolved in 300 ul) were added to thermally annealed gels (1.5 mL) and upon
dissolution the solution was transferred to the bottom plate of the rheometer and

measurements were recorded until the values plateaued. Time points reflecting ~50% of G’ max
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values were considered as gelation time. G’ and G” crossover was seen early during the
measurements in the experiments.

DT degrades rapidly in acidic environment. This is bound to happen when DT, HMTA
and GdL are all mixed together in a solution before addition to the thermal gel. Thus, to attain
complete transient cycles while using lesser amount of fuels and thus generating lesser wastes
we add all the fuels directly in powder form to 1.8 mL thermally annealed gel. This method was
used for rheology experiments involving two consecutive cycles. The fuels used for the 1* cycle
were SachCHO (30 mg in 1.8 ml pH 8 water), DT (40 mg), HMTA (24 mg), GdL (30 mg) and
for the 2™ cycle DT (40 mg), HMTA (48 mg), GdL (different concentrations). The pH was not
readjusted after each cycle. Only the first solution is adjusted to pH 8 by addition of a solution

of NaOH (aq.; 0.1 M)

3.10.1.7 UV-Vis experiments

UV experiments were performed on Agilent CARY 8454-UV spectrometer in 1 mm
cuvettes. Results found in Figure 1¢ are UV-Vis normalized absorbance at 500 nm of seeded
and unseeded chemical gel formation with the addition of the same large amount of
Formaldehyde solution (50 to 100 equivalents) to a SachSOs; solution, to ensure rapid
conversion of the a-hydroxy sulfonate to aldehyde.

In a typical reaction cycle experiment, Figure 1d, the fuels were added to the gel in a vial.
Once the gel turned to solution, the solution was transferred to the cuvette. The measurement
started with a delay of 6 minutes from fuel addition.

The fibers formed by SachCHO are big enough to be visible by naked eye and they are
opaque, so gelation can be easily followed by the increase in ‘absorbance’ followed by UV-Vis.

We assume that the increase in opacity is proportional to the gelation process.

3.10.1.8 Syneresis experiments

For utilizing syneresis to extrude the dissolved waste products we made a simple set up
comprising of a syringe and a needle. The needle was stuffed with cotton to avoid seeping out
of any fibers which are several micrometers in length and width. A thermally annealed gel was
transferred to the syringe using a spatula to which the fuels were added in powder form. After

118



each transient cycle, the plunger was pushed slowly so as to compress the gel and allow solvent
+ waste to be expelled via the outlet of the needle. For the next cycle, the solvent (1.8 mL) and
fuels were added. Importantly, for each cycle an extra 3 mg of SachCHO was added along with
the fuels to compensate the amount of soluble SachCHO coming out during syneresis. This
amount of replenished SachCHO was calculated based on the concentration of soluble
SachCHO (10% of the total amount) evident by NMR in the hydrogel using the ERECTIC
NMR method as described before. After syneresis we could confirm the amount of SachCHO

coming out with the waste products, which was 2.96 + 0.68 mg (10% of the total amount).

3.10.1.9 Confocal Microscopy

Images were acquired using a ZEISS LSM 710 confocal microscope. No fluorescent

markers were used.

3.10.1.10Powder X-Ray diffraction

Powder X-ray diffraction measurements were performed on a Bruker D2 Phaser
diffractometer (Source: Standard ceramic sealed tube CuKa 1.54184 A. Detector: Bruker 1D-
LYNXEYE). The lyophilized hydrogels were washed repeatedly with water to remove the salts
and wastes, and then mounted on a silicon wafer for measurements. The measurements were
done at 25 °C.

3.10.1.11Scanning Electron Microscopy

SEM images were taken using a FEI Quanta FEG 450 microscope. Using a 5.0 kV High
Voltage and dwell time of 50 ps. The lyophilized hydrogels were washed repeatedly with water
to remove the salts and wastes, mounted on a silicon wafer and sputtered with 10 to 15 nm of

gold.

3.10.2 Synthesis

3.10.2.1 SachCHO

SachCHO was synthesized following a previously reported method.® Uv/Vis Ama = 250

nm (Figure 3.14).
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3.10.2.2 SachSO;

SachSO;~ was prepared by adding the required amount of Dithionite (typically 3.6
equivalents, 85% pure) to SachCHO. NMR spectra were recorded in D,O (Figure 3.15).

'H NMR 400MHz (D;0, ppm): 5 3.46 (3H, s) 3.67-3.74 (2H, m) 3.90-3.91 (3H, m) 4.35
(1H, q, J= 10.7 Hz) 4.90 (1H, d, J= 3.25 Hz) 5.57 (1H, s) 5.77 (1H, s) 7.60 (4H, q, ] = 7.94 Hz)

C NMR 100MHz (D,O, ppm): d 55.3, 62.3, 68.1, 70.1, 71.7, 80.4, 85.2, 100.1, 101.4,
126.2,127.9, 136.8, 137.0

UV/Vis Amax = 218 nm (Figure 3.14).

Calculated mass (m/z): 391.0704, Mass found (m/z): 391.0703.

1.251 — SachCHO
SachSO,-
1.00-
Q
8 0.75
©
2
2
8 050
<
0.251
D>00_ T T T 1
200 250 300 350

Wavelength (nm)

Figure 3.14 - UV-Vis spectra of SachCHO and SachSO;™. The blue line is the spectra of SachCHO at 500 uM.
The green line is the same solution with 3.6 equivalents of dithionite, the same proportion used in the reaction

cycles.
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Figure 3.15 - NMR (a) 'H (D20, 400MHz), (b) *C (D20,100MHz) NMR spectra of SachSO;".

3.10.3 Mathematical Model and Fitting

The model chosen to be fitted to the experimental supramolecular polymerization kinetic
data was the analytical solution of the nucleation-elongation moments model derived by T.

Knowles et al.,’®* including secondary nucleation.'®>" This particular mechanism (nucleation,
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elongation and secondary nucleation) was chosen after the analysis of the half-times of
nucleation as a function of monomer initial concentration, discussion ins Sub-Section 3.3 and
Figure 3.3, and because of microscopy data evidencing the phenomenon of secondary
nucleation (Figure 3.9 in Appendix).

The original differential equations for the moments model are as follows:

dpP(t)
dt

= knim(t)™ + kpom(@©)™M(t) (1)

d";it) = Z(m(t)ke - koff)P(t) + nlk, ;m(t)" + n2k,,M(t)m(t)™ (2)

Where P(t) is the supramolecular polymer concentration at a given time (number of
fibers in solution), M (t) is the concentration of molecules in the polymeric form (number of
molecules in fibers), m(t) is the free monomer molar concentration, k,; is the primary
nucleation rate constant, k,, is the secondary nucleation rate constant, k, is the elongation
rate constant, ks is the depolymerization rate constant, n1 is the primary nucleus size and
n2 is the secondary nucleus size.

The analytical solution of coupled differential equations for the calculation of M (t) is:'®

ko
MO _ 4 _ (1 . M(O)) ( By+Cy B_+C+eKt)KEwe_k°ot
M () M () B,+C.e¥t B_+C,

(3)

Where M (0) is the initial concentration of molecules in the polymeric form, M () is the

final concentration of molecules in the polymeric form, and the other parameters are:

K= \/anzm(o)nz (m(o)ke - koff) (4)
A= \/Zkeknlm(o)nl (5)

__ keP(0) keM(0) A
€y = k= [2(m(0)ke—korf)] T 2K2 (©)
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2 2
ko = K\/ 2, 202 2M©) (ZkeP(O)) -

n2(n2+1) nik? = n2m(0) K

koo = k% — 4C,C_K? 8)
Kootkoo
By =— 9)

Where P(0) is the initial supramolecular polymer concentration and m(0) is the initial
free monomer molar concentration.

Practically, the equations (3) to (9) were used to perform the fitting. The fitting is done
by comparing the results of Equation (3) to the experimental data set and using the kinetic rate
constants as free parameters.

The supramolecular polymerization model, described above, was fitted to match the
normalized Optical Density experimental data present in Figure 3.3-A. It is assumed that
Optical Density is linearly related to M(t), because the opacity of the sample is directly
proportional to gelation. This is not to be confused with actual light scattering experiments
where intensity is changed by the number of scatterers (linearly) and by the size of the
aggregates (nonlinearly).

To perform the fitting the values n1 and n2 (primary and secondary nucleus size) were
set as global constants with a value of 6, Figure 3.3-B. For the model to be applicable, k,sf
(depolymerization rate constant) must be negligible when compared to the elongation rate
constant, so in this case it is set as a global constant with a value of 107° s~%. For seeded
experiments, the value of P(0) is a needed parameter, but it is a very difficult value to measure
or estimate since it is almost impossible to count the number of fibers injected in solution.® The

results of the fits are listed in Table 3.1.
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3.

3.

fu

10.4 MATLAB® code

10.4.1 Model

nction [Alpha] =

polymfit_knowles2seeded_secondarynucleation_multifit(t,kfe,kfn,kfn2,koff,x1,x2,cl,sl,c2,s2,c3

,S

3,c4,s4,c5,s5,n1,n2,n3,n4,n5,P1,P2)

%
%
%
%
%
%
%
%
%
%
%

THIS MODEL DESCRIBES COOPERATIVE SUPRAMOLECULAR POLYMERIZATION (nuc. size
x) - using the Tinearized moments equations taking into account

secondary nucleation

cf T. P. J. Knowles, et al., Nat. Protoc. 2016, 11, 252-272.

Georges Formon 28 Aug 2019 - HERMANS@UNISTRA.FR

kfn: primary nucleation;

kfn2: secondary nucleation;

kfe: Elongation;

koff: Depolymerization (negligeable and set to a small global constant koff=1le-9)
HHHBHARH AR AR HHRH AR H AR AR AHRHHRH R AR AR R AR H AR H AR AR AR AR B H AR H AR R R AR
HHHBHARH AR A AR H AR H AR HHR AR AR ARR AR H AR AR AR A AR A AR H AR AR AR B H AR H AR R AR

Trick to bypass the fitting algorithm

nt
tu
nt

if

=size(t);
= unique(t);
u=size(tu);

nt(1)==ntu(l)

Alpha(l:nt,1)=1;

el

SE

kf

n=kfn/1000;

26.8 mM unseeded

MO
PO
mO:

k_

K*sqrt((2./(x2.*(x2+1)))+((2.%LA2) ./ (X1.*KA2))+((2.*MO) . / (x2.*m0))+((2*kfe*P0) / (K))A2);

k_

B_|

3
]

sl; %Polymer initial molar concentration
= 0; %Initial Polymer number concentration
=cl; %monomer inital molar concentration

sqrt((2.*m0.Ax2).*(m0.*kfe-koff).*kfn2);

= sqrt(2.*kfe.*kfn.*m0.Ax1);

kfe.*P0./K + kfe.*M0./(2.*(m0.*kfe-koff)) + (L.A2)./(2.%K.A2);

T
]

_m = kfe.*P0./K - kfe.*MO./(2.*(m0.*kfe-koff)) - (L.A2)./(2.*%K.A2);

inf =

inf_ = sqrt(k_inf.A2 - 2.*C_p.*C_m.*K.A2);

p = (k_inf+k_inf_)./(2.*K);

(k_inf-k_inf_)./@.*K);
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Alpha(1l:n1,1)=(1-(1-M0./(M0+m0)) .*exp(-
k_inf.*t(1:n1,1)).*(((B_m+C_p.*exp(K.*t(1l:nl,1)))./(B_p+C_p.*exp(K.*t(1l:nl,1))).*((B_p+C_p)).
/(B_m+C_p))) .A(Ck_inf.A2)./(K.*k_inf_)))*100; %%%output

33.5 mM unseeded

MO
PO = 0;%Initial Polymer number concentration

s2; %Polymer initial molar concentration

m0=c2; %Monomer inital molar concentration

K = sqrt((2.*m0.Ax2).*(m0.*kfe-koff).*kfn2);

L = sqrt(2.*kfe.*kfn.*m0.Ax1);

C_p = kfe.*P0./K + kfe.*M0./(2.%(m0.*kfe-koff)) + (L.A2)./(2.*%K.A2);
c_m = kfe.*P0./K - kfe.*M0./(2.*(m0.*kfe-koff)) - (L.A2)./(2.*K.A2);
k_inf =

K*sqrt((2./(x2.*(x2+1)))+((2.%LA2) ./ (x1.*KA2))+((2.*M0) . /(x2.*m0)) +((2*kfe*P0) /(K))A2);
k_inf_ = sqrt(k_inf.A2 - 2.*C_p.*C_m.*K.A2);

(k_inf+k_inf_)./(2.*K);

B_p

IW
E
]

(k_inf-k_inf_)./(2.%K);
Alpha(nl+1:n1+n2,1)=(1-(1-M0./(MO0+m0)) .*exp(-

k_inf.*t(n1l+1:n1+n2,1)).*(((BLm+C_p.*exp(K.*t(nl+1l:n1+n2,1)))./(B_p+C_p.*exp(K.*t(nl+l:nl+n2,
1))) . *((B_p+C_p)) ./ (BLm+C_p))) .A(Ck_inf.A2)./(K.*k_inf_)))*100; %%%output

40.2 mM unseeded

MO = s3; %Polymer initial molar concentration
PO = 0; %Initial Polymer number concentration
m0 = c3; %Monomer inital molar concentration
K = sqrt((2.*m0.Ax2).*(m0.*kfe-koff).*kfn2);

L = sqrt(2.*kfe.*kfn.*m0.Ax1);

C_p = kfe.*P0./K + kfe.*M0./(2.*(m0.*kfe-koff)) + (L.A2)./(2.%K.A2);
c_m = kfe.*P0./K - kfe.*M0./(2.*(m0.*kfe-koff)) - (L.A2)./(2.*K.A2);
k_inf =

K*sqrt((2./(x2.%(x2+1)))+((2.*%LA2) . /(X1.*KA2))+((2.*M0) . / (x2.*m0) ) +((2*kfe*P0) /(K))A2);

k_inf_ = sqrt(k_inf.A2 - 2.*C_p.*C_m.*K.A2);

B_p (k_inf+k_inf_)./(2.%K);

[vs)
=
Il

(k_inf-k_inf_)./(2.*K);

Alpha(nl+n2+1:n1+n2+n3,1)=(1-(1-M0./(MO+m0)) . *exp(-
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k_inf.*t(nl+n2+1:n1+n2+n3,1)).*(((B_m+C_p.*exp(K.*t(nl+n2+1:n1+n2+n3,1)))./(B_p+C_p. *exp(K.*t
(n1+n2+1:n1+n2+n3,1))) .*((B_p+C_p)) ./(B_m+C_p))) .A((k_inf.A2)./(K.*k_inf_)))*100; %%%output

10% seeds

MO s4; %Polymer initial molar concentration
PO Pl; %Initial Polymer number concentration
m0 = c4; %Monomer inital molar concentration

~
1

sqrt((2.*m0.Ax2).*(m0.*kfe-koff).*kfn2);
L = sqrt(2.*kfe.*kfn.*m0.Ax1);
C_p = kfe.*P0./K + kfe.*M0./(2.%(m0.*kfe-koff)) + (L.A2)./(2.*%K.A2);

kfe.*P0./K - kfe.*MO0./(2.*(m0.*kfe-koff)) - (L.A2)./(2.%K.A2);

@]
E]
I

k_inf =
K*sqrt((2./(x2.*(x2+1)))+((2.%LA2) ./ (x1.*KA2))+((2.*M0) . /(x2.*m0)) +((2*kfe*P0) /(K))A2);

k_inf_ = sqrt(k_inf.A2 - 2.*C_p.*C_m.*K.A2);

(k_inf+k_inf_)./(2.*K);

B_p

IW
E]
]

(k_inf-k_inf_)./(2.*K);

Alpha(nl+n2+n3+1:nl1+n2+n3+n4,1)=(1-(1-M0./(MO+m0)) . *exp(-
k_inf.*t(n1l+n2+n3+1:n1+n2+n3+n4,1)) .* (((B_m+C_p.*exp(K.*t(nl+n2+n3+1:nl+n2+n3+n4,1)))./(B_p+C
_p.*exp(K.*t(nl+n2+n3+1:n1+n2+n3+n4,1))) . * ((B_p+C_p)) ./ (B_m+C_p))) .A((k_inf.A2)./(K.*k_inf_))
)*100; %%%output

20% seeds

MO = s5; %Polymer initial molar concentration
PO = P2; %Initial Polymer number concentration
m0 = c5; %Monomer inital molar concentration

K = sqrt((2.*m0.Ax2).*(m0.*kfe-koff).*kfn2);

L = sqrt(2.*kfe.*kfn.*m0.Ax1);

C_p = kfe.*P0./K + kfe.*M0./(2.*(m0.*kfe-koff)) + (L.A2)./(2.*K.A2);
c_m = kfe.*P0./K - kfe.*M0./(2.*(m0.*kfe-koff)) - (L.A2)./(2.*K.A2);
k_inf =

K*sqrt((2./(x2.%(x2+1)))+((2.*%LA2) . /(X1.*KA2))+((2.*M0) ./ (x2.*m0) ) +((2*kfe*P0) /(K))A2);

k_inf_ = sqrt(k_inf.A2 - 2.*C_p.*C_m.*K.A2);

B_p (k_inf+k_inf_)./(2.%K);

(k_inf-k_inf_)./(2.*K);

[vs)
=
Il

Alpha(nl+n2+n3+n4+1:nl+n2+n3+n4+n5,1)=(1-(1-M0./(MO+m0)) . *exp (-
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k_inf.*t(nl+n2+n3+n4+1:nl1+n2+n3+n4+n5,1)) . * (((B_m+C_p.*exp(K.*t(n1l+n2+n3+nd4+1:nl+n2+n3+n4+n5,
1)))./(B_p+C_p.*exp(K.*t(nl+n2+n3+n4+1:n1l+n2+n3+n4+n5,1))) . * ((B_p+C_p)) ./(B_m+C_p))) .A((k_inf
A2) . /(K. *k_inf_)))*100; %%koutput

end

end

3.10.4.2 Fitting Routine

function SacCHO_Fitroutine_multifit_seeded

%%Fitting routine for analyze experimental data using a cooperative supramolecular
polymerization model

% Georges Formon - 05 August 2019 (Hermans@unistra.fr)

close all

% clear all

load('Al1_kinetics_revisions.mat');

26.8 mM

N=1;
[n1,ml]=size(kin_1mgc);

t(1l:nl,1)=kin_1mgc(:,1);
Y(1:n1l,1)=kin_Imgc(:,2)*100;

c1=0.0268;
s1=0;

33.5mM

N=2;

[n2,m2]=size(kin_1_25mgc);
t(nl+l:nl1+n2,1)=kin_1_25mgc(:,1);
Y(nl+l:nl+n2,1)=kin_1_25mgc(:,2)*100;

c2=0.0335;
s2=0;

40.2 mM

N=3;

[n3,m3]=size(kin_1_5mgc);
t(nl+n2+1:n1+n2+n3,1)=kin_1_5mgc(:,1);
Y(n1l+n2+1:n1l+n2+n3,1)=kin_1_5mgc(:,2)*100;

c3=0.0402;
s3=0;
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9% seeds

N=4;
[n4,m4]=size(kin_10percentseeds);

t(nl+n2+n3+1:nl+n2+n3+n4,1)=kin_10percentseeds(:,1);
Y(nl+n2+n3+1l:n1+n2+n3+n4,1)=kin_10percentseeds(:,2)*100;

c4=0.02948;
s4=2.68e-3;

17% seeds

N=5;
[n5,m5]=size(kin_20percentseeds);

t(nl+n2+n3+n4+1:nl+n2+n3+n4+n5,1)=kin_20percentseeds(:,1);
Y(nl+n2+n3+n4+1:nl+n2+n3+n4+n5,1)=kin_20percentseeds(:,2)*100;

c5=0.03216;
s5=5.36e-3;

Fitting

tic % start timer
koff=1e-9;

x1=6;

x2=6;

Pl=le-5;

p2=2e-5;

fomm = fitoptions('Method', 'NonLinearLeastSquares', 'StartpPoint', [2000 4.79e-5 50000],

'Lower', [le-5 le-12 le-5], 'upper', [le6 le-3 le6],...

'TolFun',le-16, 'TolXx',1le-8, 'MaxIter',40000, 'MaxFunEval',648000,...

'DiffMaxChange',1le6, 'Algorithm', 'Trust-Region', 'Robust', 'LAR', 'Normalize', 'off')

ftmm =

fittype('polymfit_knowles2seeded_secondarynucleation_multifit(t,kfe,kfn,kfn2,koff,x1,x2,cl,sl
,c2,s2,c3,s3,c4,s4,c5,s5,n1,n2,n3,n4,n5,P1,P2)", ...

'coefficients',{'kfe', 'kfn', 'kfn2'}, ...

'independent', 't',...

'problem', {'koff"','x1','x2",'cl',"'s1",'c2',"'s2","'c3","'s3"',"'c4"','s4",'c5','s5","'nl","'n2","'n3",
'nd','n5','P1','P2"}, ...
'options', fomm)
[f,gof,output] = fit (t,y, ftmm, 'problem', {koff,x1,x2,cl-s1l,sl,c2-s2,s2,c3-s3,s3,c4-
s4,s4,c5-s5,s5,n1,n2,n3,n4,n5,P1,P2})

Y_val=polymfit_knowles2seeded_secondarynucleation_multifit(t,f.kfe,f.kfn,f.kfn2,f.koff,f.x1,f
.x2,cl-s1,s1,c2-s2,s2,c3-s3,s3,c4-s4,s4,c5-s5,s5,n1,n2,n3,n4,n5,f.P1,f.P2)/100;

fomm =
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Normalize: 'off'

Exclude: []

weights: []
Method: 'NonlinearLeastSquares'
Robust: 'LAR'

StartPoint: [2000 4.7900e-05 50000]
Lower: [1.0000e-05 1.0000e-12 1.0000e-05]
Upper: [1000000 1.0000e-03 1000000]

Algorithm: 'Trust-Region'

DiffMinChange: 1.0000e-08
DiffMaxChange: 1000000
Display: 'Notify'
MaxFunEvals: 48000
MaxIter: 40000
TolFun: 1.0000e-16
TolX: 1.0000e-08

ftmm =

General model:

ftmm(kfe,kfn,kfn2,koff,x1,x2,cl,sl,c2,s2,c3,s3,c4,s4,c5,s5,n1l,n2,n3,n4,n5,
P1,P2,t) = polymfit_knowles2seeded_secondarynucleation_multifit(t,
kfe,kfn,kfn2,koff,x1,x2,cl,sl,c2,s2,c3,s3,c4,s4,c5,
s5,n1,n2,n3,n4,n5,P1,P2)

f =
General model:

f(t) = polymfit_knowles2seeded_secondarynucleation_multifit(t,kfe,kfn,kfn2,
koff,x1,x2,cl,sl,c2,s2,c3,s3,c4,s4,c5,s5,n1,n2,n3,n4,

n5,P1,P2)
coefficients (with 95% confidence bounds):
kfe = 1687 (1666, 1708)

kfn = 2.438e-07 (1.887e-07, 2.99e-07)
kfn2 = 4.855e+04 (4.748e+04, 4.962e+04)
Problem parameters:

koff = le-09
x1 = 6

X2 = 6

cl = 0.0268
sl = 0

c2 = 0.0335
s2 = 0

c3 = 0.0402
s3 = 0

c4d = 0.0268
s4 = 0.00268
c5 = 0.0268
s5 = 0.00536
nl = 350
n2 = 150
n3 = 122
n4 = 63

ns = 86

Pl = le-05
P2 = 2e-05
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sse: 666.7769
rsquare: 0.9996
dfe: 768
adjrsquare: 0.9996
rmse: 0.9318

output =

numobs: 771

numparam: 3

residuals: [771x1 double]

Jacobian: [771x3 double]

exitflag: 2

firstorderopt: 4.0901e+04

iterations: 599
funcCount: 2604
cgiterations: 0

algorithm: 'trust-region-reflective

message: [1x87 char]

Plotting

modl=Y_val(1l:n1,1);
mod2=Y_val(nl+1l:nl+n2,1);
mod3=Y_val(nl+n2+1:n1l+n2+n3,1);
mod4=Y_val(nl+n2+n3+1:nl+n2+n3+n4,1);

mod5=Y_val(nl+n2+n3+n4+1:nl+n2+n3+n4+n5,1);

h=figure;

plot(kin_1mgc(:,1),kin_1mgc(:,2),'s"', 'Markeredgecolor',[0 O 204/255], 'MarkerFaceColor',[0 O

204/255], '"Markersize',8)

hold on

plot(Ckin_1_25mgc(:,1),kin_1_25mgc(:,2),"'s", 'MarkeredgeColor',[102/255 0

204/255], 'MarkerFaceColor', [102/255 0 204/255], '"Markersize',8)

hold on

plot(kin_1_5mgc(:,1),kin_1_5mgc(:,2),"'s", "Markeredgecolor', [204/255 0

204/255], 'MarkerFaceColor', [204/255 0 204/255], '"Markersize',8)

hold on
plot(kin_lOpercentseeds(:,1),kin_l0Opercentseeds(:,2),"'s"', '"MarkeredgecColor', [204/255 0
102/255], 'MarkerFaceColor', [204/255 0 102/255], '"Markersize',8)

hold on
plot(kin_20percentseeds(:,1),kin_20percentseeds(:,2),'s", '"MarkeredgecColor', [204/255 0
0], 'MarkerFacecolor', [204/255 0 102/255], 'Markersize',8)

hold on

plot(kin_lmgc(:,1),modl, '-', 'Linewidth',3, 'color',[0 O 204/255])

hold on

plot(kin_1_25mgc(:,1),mod2,"'-", "Linewidth',3, 'color',[102/255 0 204/255])
hold on
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plot(kin_1_5mgc(:,1),mod3,"'-", "Linewidth',3, 'Color"', [204/255 0 204/255])
hold on

plot(kin_10percentseeds(:,1),mod4,'-"', 'Linewidth',3, "'Color',[204/255 0 102/255])
hold on

plot(kin_20percentseeds(:,1),mod5, '-", "Linewidth',3, 'Color',[204/255 0 0])

hold off

set(gca, 'FontName', 'arial', 'FontSize',24, 'Linewidth',2.5, "box', "off")

xlabel('Time (sec.)','FontName','arial','FontSize',24,'Fontweight', 'bold")

ylabel ('Normalised Absorbance @500nm','FontName','arial','FontSize',24, ' 'Fontweight', 'bold"');
legend({'26.8 mM','33.5 mM' ,'40.2 mM','9% seeds','1l7% seeds','26.8 mM - Fit','33.5 mM - Fit'
,'40.2 mM - Fit','9% seeds - Fit','1l7% seeds -

Fit'}, 'FontName', 'arial', 'FontSize',17, 'Fontweight', 'bold', 'Location', 'SouthEast');
Tegend('boxoff")

set(gcf, 'color','w',"Position', [470, 200, 1000, 750]);

y1lim([-0.00 1.00])

% title('G\deltaL 233 mM', 'FontName','arial', 'FontSize',24, ' 'Fontweight', 'bold")

h=figure;
plot(kin_1mgc(:,1),kin_1mgc(:,2),'0")
hold on

plot(kin_1mgc(:,1),modl, '-")

hold off

title('26.8 mm")

h=figure;
plot(kin_1_25mgc(:,1),kin_1_25mgc(:,2),'0")
hold on

plot(kin_1_25mgc(:,1),mod2,"'-")

hold off

title('40 mm")

h=figure;
plot(kin_1_5mgc(:,1),kin_1_5mgc(:,2),'o0")
hold on

plot(kin_1_5mgc(:,1),mod3,"'-")

hold off

title('53.6 mM")

h=figure;
plot(kin_lOpercentseeds(:,1),kin_l0percentseeds(:,2),'o")
hold on

plot(kin_lOpercentseeds(:,1),mod4,"'-")

hold off

title('10% seeds')

h=figure;
plot(kin_20percentseeds(:,1),kin_20percentseeds(:,2),'0")
hold on

plot(kin_20percentseeds(:,1),mod5, '-")

hold off

title('30% seeds')

Y_val=polymfit_knowles2seeded_secondarynucleation_multifit(t,1666.3,4.79%-
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5%1000,17517.0,koff,x1,x2,cl,s1,c2,s2,c3,s3,c4,s4,c5,s5,n1,n2,n3,n4,n5,P1,P2)/100;

modl=Y_val(1l:nl,1);

mod2=Y_val(nl+1l:nl+n2,1);

mod3=Y_val(nl+n2+1:nl+n2+n3,1);

mod4=Y_val (nl+n2+n3+1:nl+n2+n3+n4,1);

mod5=Y_val (nl+n2+n3+n4+1:nl+n2+n3+n4+n5,1) ;

h=figure;

plot(kin_1mgc(:,1),kin_1mgc(:,2),'s"', 'Markeredgecolor',[0 O 204/255], 'MarkerFaceColor',[0 O
204/255], '"Markersize',8)

hold on

plot(kin_1_25mgc(:,1),kin_1_25mgc(:,2),"'s"', '"MarkeredgeColor',[102/255 0

204/255], '"MarkerFacecolor',[102/255 0 204/255], 'MarkersSize',8)

hold on

plot(kin_1_5mgc(:,1),kin_1_5mgc(:,2),"'s", "MarkeredgecColor', [204/255 0

204/255], '"MarkerFacecolor',[204/255 0 204/255], 'MarkerSize',8)

hold on
plot(kin_lOpercentseeds(:,1),kin_l0Opercentseeds(:,2),'s", '"MarkereEdgeColor', [204/255 0
102/255], '"MarkerFacecColor',[204/255 0 102/255], 'MarkersSize',8)

hold on
plot(kin_20percentseeds(:,1),kin_20percentseeds(:,2),"'s"', '"MarkeredgecColor', [204/255 0
0], 'MarkerFacecolor', [204/255 0 102/255], '"Markersize',8)

hold on

plot(kin_1mgc(:,1),modl, '-", 'Linewidth',3, '"color',[0 O 204/255])

hold on

plot(kin_1_25mgc(:,1),mod2,"'-", "Linewidth',3, 'Color',[102/255 0 204/255])
hold on

plot(kin_1_5mgc(:,1),mod3,"'-", "Linewidth',3, 'Color', [204/255 0 204/255])
hold on
plot(kin_lOpercentseeds(:,1),mod4,'-"', 'Linewidth',3, " 'Color"', [204/255 0 102/255])
hold on
plot(kin_20percentseeds(:,1),mod5,"'-', 'Linewidth',3, 'Color"', [204/255 0 0])
hold off

set(gca, 'FontName', 'arial', 'FontSize',24, 'Linewidth',2.5, "box', "off")

xlabel('Time (sec.)', 'FontName','arial','FontSize',24, 'Fontweight', 'bold")

ylabel('Normalised Absorbance @500nm','FontName','arial','FontSize',24, ' 'Fontweight', 'bold');
legend({'26.8 mM','33.5 mM' ,'40.2 mM','9% seeds','l7% seeds','26.8 mM - Fit','33.5 mM - Fit'
,'40.2 mM - Fit','9% seeds - Fit','1l7% seeds -

Fit'}, 'FontName', 'arial', 'FontSize',17, 'Fontweight', 'bold', 'Location', 'SouthEast');
Tegend('boxoff")

set(gcf, 'color','w','Position', [470, 200, 1000, 750]);

y1im([-0.00 1.00])

% title('G\deltaL 233 mM', 'FontName', 'arial', 'FontSize',24, ' 'Fontweight', 'bold')

h=figure;
plot(kin_1mgc(:,1),kin_1mgc(:,2),'0o")
hold on

plot(kin_1mgc(:,1),modl, '-"')

hold off

title('26.8 mm")
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h=figure;
plot(kin_1_25mgc(:,1),kin_1_25mgc(:,2),'0")
hold on

plot(kin_1_25mgc(:,1),mod2,"'-")

hold off

title('33.5 mM')

h=figure;
plot(kin_1_5mgc(:,1),kin_1_5mgc(:,2),'0")
hold on

plot(kin_1_5mgc(:,1),mod3,"'-")

hold off

title('40.2 mM')

h=figure;

plot(kin_10percentseeds(:,1),kin_10percentseeds(:,2),'o")

hold on
plot(kin_10percentseeds(:,1),mod4,"'-")
hold off

title('10% seeds')

h=figure;

plot(kin_20percentseeds(:,1),kin_20percentseeds(:,2),'o")

hold on
plot(kin_20percentseeds(:,1),mod5,"'-")
hold off

title('20% seeds')
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Chapter 4. Magnetic Control over

Supramolecular Networks

Abstract: Rare-earth-containing Cs-symmetrical paramagnetic discotic molecules self-
assemble into rods in water, that interact with each other forming a network. We show in this
Chapter, that applying a relatively weak magnetic field will densify and change the topology of
these networks. This change in structure also influences the magnetic properties of the sample.
Magnetic calculations show that, even if the magnetic energy acting on a single magnetic ion is
negligible when compared to thermal noise, these aggregates are large enough to overcome this

barrier.

This chapter has been published in:

Marichez, Vincent; Sato, Akihiro; Dunne, Peter A.; Leira-Iglesias, Jorge; Formon,
Georges ]J.M.; Schicho, Michaela K.; de Feijter, Isja; Hébraud, Pascal; Bailleul, Matthieu;
Besenius, Pol; Venkatesan, M.; Coey, ].M.D.; Meijer, E.W.; Hermans, Thomas, M. “Magnetic
Control over the Topology of Supramolecular Rod Networks.” ChemRxiv. Preprint. (2020)

https://doi.org/10.26434/chemrxiv.12762269.v1
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4.1 Introduction

The precise control of biological assemblies is a requirement for the good functioning of
living systems. The balance between the chemical structure of protein and nucleic acids (and
other biologically relevant (macro)molecules) with the environmental conditions is the driving
factor for proper structure-function relationship.**

The precise control over synthetic self-assembled structures is needed if we want to
impart advanced functions and applications to supramolecular polymers. For that, new and
practical systems must be developed to gain multiple levels of control over aggregate structural
properties. As it has been discussed in Chapter 1, different techniques and stimuli have been
used to achieve thermodynamic control over supramolecular assemblies, such as: pH,*® ionic
strength,’ light,”® temperature,* and chemical species.® Other methods like the use of strong

ﬂow203,204

and electric®®2" fields have also been employed but are not as practical because they
require the use of specific and specialized equipment. Using magnetic fields to control
molecular assemblies (Section 1.4) usually require strong fields, > 8 T, because the magnetic

energy must overcome thermal noise for the magnetic effect to be observable.”*>**® Take for

instance a single paramagnetic Gd** ion in water, its magnetic energy is Ejqg =

—ﬁ xV B%=-3-1072°], for 1 T and 25 °C." The thermal energy would be Eperm =
0

kgT = 4 - 10721 J, which is four orders of magnitude higher than Emag- But for assemblies
containing thousands of ions at 8 T the magnetic energy would be around kgT, since energy
grows quadratically with magnetic field for paramagnets.'*® However, recent reports show the
control of supra or macromolecular assemblies using magnetic fields < 2 T (as discussed in
Sub-Section 1.4.3), like the self-assembly of a Dy**-containing surfactant into millimeter-sized
dumbbell-shaped structures that could be aligned with a simple neodymium magnet,* or the
alignment of the cylindrical phases of Fe-containing block-co-polymers with B ~ 0.35 T.'¢¢
Inspired by these last reports, in this chapter we show the control over paramagnetic
supramolecular of rods containing rare-earth elements with 1 to 2 T homogeneous magnetic
tields, which can be easily achieved in common laboratory facilities. The use of relatively weak

magnetic fields, when compared to previous studies that apply > 8 T, to control supramolecular
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assemblies opens the door to new uses of magnets in supramolecular chemistry. Moreover,
calculations using physical models unveil possible new design paradigms for magnetically

controlled self-assembly.

4.2 Characterization of Supramolecular Assemblies

The previously well studied Cs-symmetrical Y(III)-DOTA-BTA and Gd(III)-DOTA-
BTA, Figure 4.1-B, is comprised of a benzene-1,3,5-tricarboxamide (BTA) core, with one
1,4,7,10-tetraazacyclododecane-N,N',N",N""-tetraacetic acid (DOTA) group per arm, which
chelates the rare earth elements Yttrium or Gadolinium. Both Y(III)-DOTA-BTA and
Gd(IIT)-DOTA-BTA are known to self-assemble into long fibers (rods) by a cooperative
polymerization, K;™ in Figure 4.1-A.>*'° At a concentration of 100 puM, the aggregates show a
bimodal distribution observed by dynamic light scattering (DLS), Figure 4.1-C. There are two
diffusive relaxation processes in solution: P1, that presents fast diffusion; and P2, a slow
process. Both processes are diffusive in nature, with gq> dependence, meaning that both
hydrodynamic radii can be calculated using the Stokes-Einstein equation (see Sub-Section

4.9.3.1).

 Bven if for cooperative supramolecular polymerization there are two equilibria governing self-assembly (one for nucleation and one for
elongation),in this case we chose to represent this equilibrium by a single constant since a detailed analysis of this process is not in the scope
of this work. Furthermore, in the studied concentration, the elongation equilibrium would be the dominant phenomenon.
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Figure 4.1 - A - Depiction of the different equilibria driving the assembly of M(III)-DOTA-BTA into rods (P1)
and a network of rods (P2). B - Chemical structure of the Cs;-symmetrical M(IIT)-DOTA-BTA where M(III) is
either Y(IIT) or Gd(III). Only one arm out of 3 is shown for clarity. C - Polarized field correlation function
gE,IV) (q,t) of GA(III) and Y(IIT)-DOTA-BTA at 100 uM concentration in 100 mM pH 6 citrate buffer, measured
atq=0.0288 nm™, shown by the hollow symbols. The solid lines show the corresponding distribution of relaxation
times G(T) obtained by the Contin analysis at this wavevector, showing P1 and P2. The hydrodynamic radii
obtained by DLS are summed up in Table 4.1. D - Cryo-TEM of Gd(III)-DOTA-BTA at 100 pM concentration
in 100 mM pH 6 citrate buffer.

Cryo-TEM shows that GA(III)-DOTA-BTA self-assembles into 6 nm diameter rods,
Figure 4.1-D. A model by Tirado, permits the calculation of the average lengths of rods by
inputting the hydrodynamic radius and the rod diameter.*'" If we use the hydrodynamic radii
of P1 (Table 4.1) with a diameter of 6 nm, the model gives calculated rod lengths of ~2 45 nm
for GA(IIT)-DOTA-BTA and ~ 120 nm for Y(III)-DOTA-BTA, which are in agreement in
Cryo-TEM and previously reported data.”*'° This means that the fast process P1 corresponds
to the rod assemblies formed by the molecular aggregation of Y(III)-DOTA-BTA and Gd(III)-
DOTA-BTA. The hydrodynamic radii of both processes, as well as the calculated rod lengths

of P1 are listed in Table 4.1.
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Table 4.1 - Hydrodynamic radii obtained by DLS of P1 and P2 and calculated rod length of P1 for Y (III)-DOTA-
BTA and Gd(IIT)-DOTA-BTA.

Species Ry (P1) (nm) | Rod length (from P1) (nm) | Ry (P2) (nm)
Gd(III)-DOTA-BTA 30.5+£4.5 245 (calc.) 348.2 £ 69
Y(III)-DOTA-BTA 179+ 15 120 (calc.) 503.7 £ 169.6

From DLS, we know that P2 is ~10 times larger than P1 for Gd(III)-DOTA-BTA and
~30 times larger for Y(III)-DOTA-BTA. To gain further insight into the P2 process, its fractal
dimension was calculated using two different methods: static light scattering (SLS) and box-
counting of TEM pictures*'* (Sub-Section 4.9.4 for details). The slope in the log-log plot of the
normalized scattering intensity (Rayleigh ratio, R(q)) as a function of the wavevector g, gives
the fractal dimension, which is used to characterize the topology of aggregates (where the lower
limit of dp = 1 describes a line, and the upper limit dr = 3 a sphere).?"® In our case, dp =
1.7 £ 0.2 for the SLS analysis (Figure 4.2-A below and Figure 4.4 and Table 4.3 in Appendix)
and dp = 1.77-1.85 for box-counting (Figure 4.5 and Table 4.4 in Appendix). The values
found by the two different methods, being on agreement, show that process P2 would
correspond to a rod network. 2!

From electron microscopy and light scattering, the assembly of Y(III)-DOTA-BTA and
Gd(IIT)-DOTA-BTA (at 100 uM in pH 6 100 mM citrate buffer and without magnetic field)
could be better understood. First, the molecule self-assembles through n-n stacking and
hydrogen bonding into 6 nm diameter rods, with 245 nm and 120 nm length for Y(III)-DOTA-
BTA and Gd(III)-DOTA-BTA respectively, this process is called P1. The rods interact with
each other, forming a network, P2, comprised of thousands of rods. Overall, there are two
equilibria driving the assembly of M(III)-DOTA-BTA: K,, which is the equilibrium between
the molecules and the one-dimensional P1; and K>, that governs the aggregation of P1 into
larger network-like structures, P2 (Figure 4.1-A). No ordering (i.e. mesophases or gelation) in
both assemblies was observed. Furthermore, depolarized dynamic light scattering (DDLS)*'¢

did not yield any correlation.
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4.3 Magnetic Control Over Supramolecular Assemblies

Since GA(III)-DOTA-BTA is paramagnetic, and Gd** ions present one of the highest
ionic magnetic moments,"' the magnetic behavior of those assemblies was investigated. For
that, a 100 uM solution of either Y(III)-DOTA-BTA and Gd(III)-DOTA-BTA in 100 mM pH
6 citrate buffer was placed between the poles of an electromagnet and the magnetic field was
set to either 1 or 2 T. After one hour inside the magnet, the sample was removed and analyzed
in a light scattering set-up for one hour as well. This cycle was repeated until the measurements
reached a plateau after 12 to 14 h. Interestingly, the scattering intensity (Rayleigh ratio, R(q))
steadily increases over time for the process P2 of Gd(III)-DOTA-BTA, stabilizing at a 20% to
35% increase, for 1 and 2 T respectively, Figure 4.2-B. The fractal dimension, dr, of the same
process increases from 1.7 £ 0.2 at 0 Tto 2.2 + 0.2 at 1 T, and 2.6 £ 0.2 at 2 T, Figure 4.2-A.
However, the hydrodynamic radius of P2, measured by DLS, does not change during the
experiment. This means that the magnetic field causes P2 to become an increasingly dense rod
network at 1 T, reaching randomly branched clusters at 2 T, without a change in size.*’’*" P1
is unaffected by the magnetic field,* neither for Gd(III)-DOTA-BTA nor for the diamagnetic
Y(III)-DOTA-BTA, because P1 does not contain an amount of paramagnetic entities in its
structure for the magnetic energy to surpass the thermal noise. Y(III)-DOTA-BTA, P1 and P2,
is completely unaffected by the magnetic field, since Y(III) is diamagnetic, and the magnetic
energy acting on diamagnetic entities is very small. As a control, Gd(IIT)-DOTA-BTA was
placed between the poles of the magnet, without any magnetic field, and both the scattering
intensity and the fractal dimension stayed constant for the duration of the experiment.

This process is reversible, so when Gd(III)-DOTA-BTA is removed from the magnet,
the scattering intensity of the assemblies and the fractal dimension revert back to the original

values, a process that takes ~two days.

* Note that R(q) ~ 7° (r being the radius of the particle). As P2 is one order of magnitude larger than P1, the scattering intensity of the former
would be ~10° bigger than for the latter. So, if there is any change in P1 scattering, it is not observable.
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Overall, it can be then concluded that both magnetic field and paramagnetic assemblies
are necessary for the reversible densification of the rod-network and changes in the network

topology, both phenomena observed by static light scattering.
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Figure 4.2 - A - Log-log plot of the Rayleigh ratio(R(q), i.e. corrected scattered intensity) of P2, as a function of
wavevector q, for different magnetic fields. The slope of this plot is the fractal dimension of P2, which the value is
shown for each plot. B - Rayleigh ratio, R(q), versus time of Y(IIT)-DOTA-BTA and Gd(IITI)-DOTA-BTA at 100
1M concentration in 100 mM pH 6 citrate buffer under 1 or 2 T (only 2 T for Y(III)), for P1 and P2. The gray area
represents GA(IIT)-DOTA-BTA under no magnetic field (mean and standard deviation). Error bars are the
standard deviations of 50 measurements.

4.4 Magnetic Characterization of Assemblies

To understand how the magnetic field affects the assemblies, the magnetic properties of
Y(III)-DOTA-BTA and Gd(III)-DOTA-BTA were measured in a superconducting quantum
interference device (SQUID) magnetometer, following the magnetization of the molecule in
powder form as a function of temperature, Figure 4.3-A. For the yttrium containing molecule,
typical diamagnetism was measured. Gd(III)-DOTA-BTA shows a Curie-Weiss behavior with
a small negative paramagnetic Curie temperature of -0.7 K, meaning that at low temperatures,

close to 0 K, it displays antiferromagnetism but at room temperature this effect is negligible
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and Gd(III)-DOTA-BTA behaves like a paramagnet. The crystal field interaction between the
Gd™, is also insignificant at room temperature, meaning that Gd(III)-DOTA-BTA does not

display any special magnetic property beyond the trivial that would explain the observed

magnetic field effects.
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Figure 4.3 - A - Temperature-dependent magnetization, m, curve of Gd(III)-DOTA-BTA and Y(III)-DOTA-
BTA in powder form. GA(IIT)-DOTA-BTA shows weak antiferromagnetism of -0.7 K while the Y(III)-DOTA-
BTA is diamagnetic. B - Magnetization of Gd(III)-DOTA-BTA and Y(IIT)-DOTA-BTA in solution as a function
of time. Buffer is used as an additional control. The samples were placed in a SQUID under 5 T magnetic field and
their magnetization was followed for 12 h. The solid and dotted lines represent different runs.

100 uM solutions of Y(III)-DOTA-BTA and Gd(III)-DOTA-BTA (in 100 mM pH 6
citrate buffer) were placed inside a SQUID magnetometer at 5 T and the susceptibility of the
sample was followed for 12 h, Figure 4.3-B . This experiment was performed to probe the effect
that the change in network topology, caused by applying a magnetic field, would have in the
magnetic properties of GA(III)-DOTA-BTA in solution. Curiously, the magnetic susceptibility
of GA(IIT)-DOTA-BTA solution decreases ~ 2% over 12 hours under 5 T, this result indicates
in a loss in anisotropy in the structures when they become more randomly branched. When
the same experiment is performed with Y(III)-DOTA-BTA (or only buffer) no changes in
susceptibility are observed over the course of the experiment.

It has been shown that Gd(III)-DOTA-BTA does not possess non-trivial magnetic

properties, capable of explaining its behavior under a magnetic field. Additionally, the

¥ A strong magnetic field is needed for this experiment because the effect on the magnetic susceptibility is very small and could not reliably be
detectedat 1 or 2 T.
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magnetic field not only influences the topology of GA(IIT)-DOTA-BTA P2 assemblies it also

changes the magnetic properties of the material.

4.5 Energetic Considerations

As it has been briefly discussed in the

Introduction of this chapter and more in detail in Sub-Section 1.4.1, at 1 or 2 T the
magnetic energy acting on a single paramagnetic Gd** ion at 25 °C is insignificant, being four
orders of magnitude smaller than the thermal energy. For GA(IIT)-DOTA-BTA the magnetic
energy of a single monomer can be defined as:"

Frags = —Amp =3 - yype = 3 Mer B Mo B
mag1 = "7 2 X 2 3kgT  2kgT

Where m is the magnetic moment induced by the field B at temperature T, y is the
volumetric magnetic susceptibility of the monomer, V is the volume of the monomer, m. is
the effective atomic paramagnetic moment in Am® (given in units of Bohr magneton pg). The
factor 3 arises from having three paramagnetic ions per monomer. We can therefore define a
critical length L of the supramolecular rod, with N, the critical number of monomers per rod,
where the magnetic energy of the object is in the same order as the thermal energy
(|Emag| > kgT). The critical energy for a rod would be:

L¢

dTT—TT
Where d;_ is the -7 stacking distance between each Gd(III)-DOTA-BTA.? Equating

Em,rod = N, Em,l = Em,l

this equation to the thermal noise(kg T'), we get for the critical rod length:

2
dkgT kg T
L, =—2 =2d< B )

Em,l meffB

The critical length and supramolecular magnetic energy was calculated for different
paramagnetic ions (Table 4.2 and Table 4.5 in Appendix). In addition, a more detailed model
considering the exact positioning of Gd** ions within the supramolecular rods, and dipole-
dipole interactions, was in quantitative agreement (see Sub-Section 4.9.6 and Sub-Section 4.7.1

in the Appendix).
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Table 4.2 - Magnetic energies of assemblies (M(III)-DOTA-BTA, where M(III) is a trivalent paramagnetic ion)
and critical length for different paramagnetic ions at B =2 T and T = 298 K. Gd** is used in the current work.
Effective magnetic moment data taken from Coey, J. M. D. Magnetism and Magnetic Materials.

fon Mers Ema L
M(III) (ug) (J.mol'monomer™) | (nm)
Nd* 34 -0.29 2980
Gd** 8.9 -1.99 435
Tb* 9.8 -2.42 359
Dy** 10.6 -2.83 307
Ho® 10.4 -2.73 318

Since the lengths of the P1 rod is 245 nm (see Table 4.1), which corresponds to ~56% of
the critical length, the magnetic energy acting on the rod assemblies is smaller than kg T.
However, P2 aggregates consist of a large number of entangled rods, meaning that the magnetic
energy acting on the rod network would surpass the thermal energy. A problem with this
reasoning, however, is that that for the magnetic energy it does not matter how the Gd** ions
are distributed across space. The magnetic energy is the same for monomers floating freely in
solution or for monomers contained within self-assembled rods. There is, however, another
aspect that we can consider, which can qualitatively explain our observations. Namely, there is

a small energetic correction due to shape anisotropy (Ks):"

Ko =7 o M2 (1 3N)
Where N is the shape-dependent demagnetizing factor (N = 0 for an axially magnetized
long rod), M is the saturation magnetization that depends on the distribution of the
magnetized material and po is the vacuum permeability. For the rods, the saturation

1, leading to a maximum anisotropy energy of Kg =

magnetization is M; = 600 Am™
0.11Jm™3. A minimal critical volume of the assembly of V, = kzT /K; = 36 - 10721 m? is
therefore needed to overcome thermal energy. Since a single Gd(III)-DOTA-BTA P1 rod is

~4-1072* m3, thousands of rods are necessary for the anisotropy energy to overcome kgT.
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P2, being the network behavior of P1, probably comprises thousands of rods, giving enough
size to the assembly to reach the critical volume.

These energetic calculations show that, even if GA(III)-DOTA-BTA does not present
special magnetic properties, the supramolecular assembly into rods and rod-networks
accumulate enough paramagnetic entities to overcome the thermal energy (kgzT). These
calculations also present a rule of thumb for the design of future magneto-responsive

supramolecular materials (see Table 4.2 and Table 4.5 in Appendix).

4.6 Conclusions

We have shown the magneto-responsive supramolecular assembly of paramagnetic
Gd(IIT)-DOTA-BTA, that self-assembles into rods in solution, that further aggregate into rod
networks comprising thousands of entities. When submitted to a magnetic field the
densification and branching of the rod network topology is observed. Which is not a trivial
observation, since (as discussed above) the magnetic energy acting on a single Gd** ion or a
single supramolecular rod is not significant to overcome the thermal noise, needing a network
of rods to break this barrier. Furthermore, the experimental magnetic response is not expected,
since previous examples show alignment of assemblies parallel or perpendicularly to the
magnetic field."”> Magnetic measurements show that his does not happen and the densification
of the rod network is an unexpected observation. Energetic calculations show that the
supramolecular rod network is large enough and contains sufficient paramagnetic ions for the
magnetic energy to overcome the thermal energy of kgT, but these calculations still cannot
explain what is happening inside the aggregates.

These results open the door for a new class of supramolecular magnetic materials that are
responsive to easily achievable magnetic fields (< 2 T). The energetic calculations also show
that this approach can be easily expanded to other paramagnetic ions, opening the door to

multi-functional materials.

*i Exact number is difficult to estimate
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4.7 Appendix
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Figure 4.4 - Fractal dimension d and the corresponding standard deviations obtained from linear regression for
0T,1Tand2T fields (method in Sub-Section 4.9.4.1). The horizontal line represents the average values over the
experiment and the shaded area the standard deviation. The error bards for the data points are the standard
deviation over triplicate experiments. 2 h of measurement include 1 h of exposure to the magnetic field and 1 h of
light scattering measurements in the absence of an external magnetic field. The mean values and standard

deviations are summed up in Table 4.3.

Table 4.3 - Mean values of drand the corresponding standard deviations obtained from linear regression for 0T,
1T and 2T fields. Data taken from Figure 4.4.

B(T) de
0 17%0.19
1 22%0.18
2 262017
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Figure 4.5 - A - Original Cryo-TEM image. B - Image obtained by automatic processing (method A). C - Image
obtained from manual generation of a binary image (method B). D - Image obtained from the differential
grayscale method (method C) and the respective intensity-coded legend. Methodologies in Sub-Section 4.9.4.2.

Table 4.4 - Mean values of dg, dy, and dy and their corresponding standard errors obtained from the FracLac
application. Method A refers to the automatic generation of a binary image provided by the application. Method
B refers to a manual generation of a binary image using standard Image] commands. Method C is the differential
gray scaling method provided by Fraclac. Data treatment show in Figure 4.5 and methodology in Sub-Section
4.9.4.2.

method dg dy dy
A (Automatic binary) | 1.85+0.113 | 1.85+£0.113 | 1.85 + 0.069
B (Manual binary) 1.79+£0.084 | 1.79£0.084 | 1.79 = 0.059
C (Grey differential) | 1.77 £ 0.097 | 0.08 £ 0.065 | 1.76 £+ 0.052




4.7.1 Results of Magnetic Ground-State Calculations

First, as a reference value, we calculate the ideal magnetization of an assembly. The

cylindrical volume for a rod containing 100 monomers is:
Vioq = mr?d,_; = 557 nm3

Since there are three Gd per monomer, in this rod there are 300 Gd atoms, which means
around 0.54 Gd per nm’. For fully aligned moments, with B = 2Tand T = 298K, the
effective magnetic moment is mysr ~ 0.12 ug per Gd atom (ip is the Bohr magneton which
is equal t0 9.27 - 1072* . T~1). Then, the saturation magnetization is:

Mg =012 pug - 0.54-10*” m™3 = 600 A.m™!

The induced M is 0.04% the external field B.

We find that for any external field, B, the local magnetic moments are collinear with B
in the ground state (Figure 4.6-A&B). For a sum over an assembly of 1000 monomers, with B
parallel to the fiber, (2 T) the magnetization is M = 595.1 A.m~*. With B perpendicular to
the fiber (2 T) M = 594.8 A.m™'. Both values are marginally smaller than the ideal of
600 A.m™?, the difference arises from the demagnetizing field due to the local dipolar fields.
Unlike the atomic moments, the local dipolar fields form complex helical patterns (Figure 4.6
C&D). However, we find that their magnitude is = 2 mT, three orders of magnitude smaller
than the 2T external field (Figure 4.7), and lead to the calculated magnetization being
marginally smaller than the ideal case as expected for a very weak demagnetizing field. So, for

1

the sake of simplicity, the maximum value of Mg =600 A.m™" is considered. These

calculations were performed using SciPy** following the methodology in Sub-Section 4.9.6.
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Figure 4.6 — Normalized quiver plot of the induced atomic moments under an external 2 T field - A - along z, -
B - along x, with the corresponding local dipolar fields in C and D for B // z and B // x, respectively. B // y is not
shown but is identical to B // x.
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Figure 4.7 - Distribution of the magnitude of the dipolar magnetic fields for 100 monomers for - A - B // z, and
-B-B//x.B//yis not shown but is identical to B // x.
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Table 4.5 - The experimental magnetic moment m, magnetic energy per monomer E,, 1, , and magnetic Gibbs
free energy per monomer AG,, 1, critical length L. and critical monomer number N, for various transition metal
and rare earth ions in a M-DOTA-BTA assembly (M being the metal), with B =2 T and T = 298 K. Beware that
these are calculated values and that we assume that the assemblies are all rod-like as those shown in the main text.

I m! Em,l AGm,l Lc Nc
on
(us) | (J mol* mono™) | (J mol' mono™) | (nm) | (monomers)
Ti*t, v** 1.7 -0.07 -0.04 11918 34052
Ti%t, V3 | 2.8 -0.20 -0.10 4393 12553
vV, Cr*t | 3.8 -0.36 -0.18 2385 6816
Cr*, Mn*" | 4.9 -0.60 -0.30 1435 4099
Mn*, Fe** | 5.9 -0.88 -0.44 989 2828
Fe**, Co®>* | 54 -0.73 -0.37 1181 3375
Co*, Ni** | 4.8 -0.58 -0.29 1495 4272
Ni** 3.2 -0.26 -0.13 3364 9611
Cu* 1.9 -0.09 -0.05 9541 27261
Ce* 2.5 -0.16 -0.08 5511 15746
Pr3* 3.5 -0.31 -0.15 2812 8034
Nd** 34 -0.29 -0.15 2980 8513
Sm?* 1.7 -0.07 -0.04 11918 34052
Eu® 34 -0.29 -0.15 2980 8513
Gd* 8.9 -1.99 -1.00 435 1243
Tb** 9.8 -2.42 -1.21 359 1025
Dy** 10.6 -2.83 -1.41 307 876
Ho® 104 -2.72 -1.36 318 910
Er** 9.5 -2.27 -1.14 382 1091
Tm?* 7.6 -1.45 -0.73 596 1704
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4.9 Materials and Methods

4.9.1 Synthesis

Gd(III)-DOTA-BTA and Y(IIT)-DOTA-BTA were synthesized following a previously

described methodology.’

4.9.2 Cryo-TEM

The cryoTEM experiments were performed on the TU/e CryoTitan (FEI), using a Gatan
cryo-holder operating at ~ -170 °C (www.cryotem.nl). The TU/e CryoTitan is equipped with a
field emission gun (FEG) operating at 300 kV. Images were recorded using a 2k x 2k Gatan
CCD camera equipped with a post column Gatan Energy Filter (GIF). The sample vitrification
procedure was carried out using an automated vitrification robot (FEI Vitrobot™ Mark III).
CryoTEM grids, R2/2 Quantifoil Jena grids, were purchased from Quantifoil Micro Tools
GmbH. Prior to the vitrification procedure the grids were surface plasma treated using a

Cressington 208 carbon coater operating at 5 mA for 40 s.
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4.9.3 Dynamic Light Scattering
4.9.3.1 Generalities

We employed a Krypton Ion Laser with 413 nm wavelength and maximum intensity of
1W, made by Spectra Physics. The laser power was 200 mW. The measured polarized field

autocorrelation functions g‘(,},) (g, t) is obtained for different the wave vectors (q). Where:

_4mng (9)
q=—7sin(3

n is the refractive index of the sample, A is the wavelength of the laser, and 8 is the angle

at which the scattering is collected.

From the Contin analysis*" the distribution of relaxation times (G (7)) can be obtained,
which contains the characteristic relaxation times (7), that when are inverted give the decay
constant (I' = ™). In processes that are diffusive in nature, the decay constant is linear with
the square of the wave vector and the slope is the diffusion constant (Dy):

I =Dy q*
The hydrodynamic radius can be calculated by the Stokes Einstein equation, using the

calculated diffusion constant, as follows:

kg T

H:6T[77DH

Where kp is the Boltzmann constant, T is temperature and 77 the dynamic viscosity.

4.9.3.2 Electromagnet experiments

For the experiment involving the electromagnet, the following procedure was used: i)
The sample (100 uM solution in a 100 mM pH 6 citrate buffer) is immersed in a 25°C
thermostated Toluene bath and allowed to thermally equilibrate for 40 min. ii) We then
measured the angle dependent correlation function from 30 to 120 degree with a 15 deg
increment. The integration time was 30 sec each. iii) 60 consecutive correlation functions are
subsequently measured with a 30 sec integration time. iv) The sample is placed in a uniform

magnetic field of 1 T or 2 T depending on the experiment for 1 hour.

X Tari-Gabriel Marino (2007). rilt (https://www.mathworks.com/matlabcentral/fileexchange/6523-rilt), MATLAB Central File Exchange.
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The electromagnet is from the DRUSCH company was powered by a 14 kW power
supply with a distance between the two poles of 38 mm. Steps iii) and iv) are repeated until the

scattering intensity collected reaches a plateau.
4.9.4 Fractal dimension
4.9.4.1 Fractal dimension from static light scattering

Mean scattering intensities (/s4,,) have been measured for 6 angles from 30° to 120° in
15° increments at a laser wavelength of 413 nm and a laser power of 200 or 300 mW. Every
measurement was repeated 4 times. In the measurements in a 1 T field, an ND filter was used
for the angles 30° and 45°.

The Rayleigh-Ratio (R(q)) is obtained from the measured mean scattering intensity

(Isqm) following the equation:

I —1 n 2
m b 0
ef

L Nref
Where
Iy intensity of the background, measured
Lyes intensity of the reference (toluene), measured
Ryer Rayleigh ratio of the reference (toluene) 1.35-10° cm™.
Ny refractive index of the sample solution, measured 1.338
Nyes refractive index of the reference (toluene) 1.497

The angle is converted into scattering vector g according to the equation

.- 41N, -;in (g)

Where 6 is the angle and A the laser wavelength, here 413 nm.
The Rayleigh ratio is g-dependent, following a power law:

R(q) ~q %

Where d is the fractal dimension of the process.
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The logarithm of average Rayleigh ratio (over 5 measurements) is then plotted as a
function of the logarithm of the scattering vector. Linear regression allows the determination

of fractal dimension d, which is the slope.
4.9.4.2 Fractal dimension from cryo-TEM imaging: Box counting

The FracLac application in Image] was used to calculate the fractal dimension from the
obtained cryo-transmission electron images (cryo-TEM). The program works as follows: a
series of grids of decreasing caliber &, referring to the number of pixels per box, is laid over a
binary image of the structure to be analyzed, and the number of boxes N containing foreground
pixels is recorded for every caliber. The fractal dimension d;is obtained from the slope of the

linear regression of logarithmic N versus the logarithm of &*"

Q=1 In N
f _el—r>% Ine

For example, Figure 4.5 was analyzed using three different methods. In method A (Figure
4.5-B), the original image is automatically converted by the software to produce a binary image,
which is then analyzed. In method B (Figure 4.5-C), this conversion was done manually.
Method C (Figure 4.5-D) is a grayscale option, in which the grid caliber is set in relation with
the variation in average intensity of the I.instead of N.. where dIj;.is the difference between the
maximum pixel intensity and the minimum pixel intensity.

Three basic types of drare reported, that differ in their way of accounting for the number
of boxes or the intensity, respectively. For the determination of ds, the sum of all intensities Ij;,
are considered, whereas for dy it is the mean over all intensities I;;.. For dx, the average cover
over all grids is calculated, and then processed as for ds. The methods apply analogously for

binary images, for which dz and dirare inherently equivalent.

4.9.5 SQUID (Superconducting Quantum Interference Device)

The SQUID measurements were done with a Quantum Design MPMS XL 5 SQUID

magnetometer on the Gd(III)-DOTA-BTA and Y(III)-DOTA-BTA powders, Figure 4.3-A.

¥ Box Counting https://imagej.nih.gov/ij/plugins/fraclac/FLHelp/BoxCounting.htm (2020).
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The relaxation measurements, in Figure 4.3-B, were performed by placing a 100 uM (in
a 100 mM pH 6 citrate buffer) solution of Gd(III)-DOTA-BTA ( or Y(III)-DOTA-BTA as
control) in the center of the coil of the SQUID magnetometer. A 5 T field is applied for the

duration of the experiment and magnetization/susceptibility was measured in situ.

4,9.6 Magnetic dipole calculations

To ensure that, at room temperature, the local dipolar fields play no role in the
arrangement of the magnetic moments, we calculate the magnetic ground state for a magnetic
assembly of length Ny, in an external magnetic field using a lattice sum approach:

1 - Impose an external field B = B, X+ B, ¥ + B, Z.

2 — Generate the positions of each rare earth atom in the BTA assemblies:

knowing that in a single monomer those positions are (x,y,z) = (0,7, 0), (ﬂ,%, 0)
V3r T . . .
and (— SR 0) where r = 2.25 nm, that the stacking distance between monomers is d =

0.35 nm, and that there is a helicity of 10° rotation per layer, which for the i atom of the j

layer is:"!
x' cosjd —sinj6@ 1 x
[y' = |sinj@  cosj@ 1 Y
2 1o 0o 1 z+jal,

3 - Calculate each local dipole moment using either a Curie-Law or Brillouin function
(at T = 298 K the difference is negligible) giving and array of
m=m,X+m,y+m,Z
4 - At each atomic site, calculate the dipolar field due to all other moments in the
assembly using:

Uo [Bm(m-T) m

B(r) =

rs 73
which is the magnetic field at a point in space due to a magnetic dipole, resulting in a
matrix
Baip = Baipx X + Baipy ¥ + Baip,z Z
5 — At each atomic site sum the external and dipole fields B;otq; = Bext + Baip

6 — Calculate a new moment m,,,,, at each site using the local B;o¢q;
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7 — Calculate the mean L, norm for the difference between the updated and old moment

vectors at each site:

— 1
||m||2 = z(mnew - Tnold)2

Natoms

Repeat 3-7 with updated total field and moments until W < threshold

Other minimization approaches are possible, such as by fixing the magnitude of the
magnetic moments and minimizing the energy cost function through a free rotation of each
moment. A first, simpler cost function, takes a macro-spin approach, assigning one polar (8)
— azimuthal (¢) angle pair, with all atomic moments rotating coherently, which is minimised
using the L-BFGS-B algorithm. The second allows the free rotation of each moment using basin
hopping global optimization, with L-BFGS-B as the local optimizer. However, both approaches
are slower than the L, norm method presented above, particularly the global optimization

method.
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Chapter 5. Magnetic Lanthanides to

Control Supramolecular Polymers

Abstract: In this Chapter, we show the synthesis and characterization of a library of
lanthanide-containing self-assembling perylene diimide derivatives. The supramolecular
polymerization was analyzed by UV/Vis and CD spectroscopy, and a variable temperature
isodesmic model could be fitted to the data. The morphology and size of the assemblies were
probed by light scattering and microscopy techniques, showing that the molecule containing
Holmium produces the largest assemblies among the studied library. This approach opens the
door to new magnetic and/or luminescent materials whose structures and properties can be

tuned by carefully choosing the rare earth metal ion that is included in the molecule.
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5.1 Introduction

Molecular magnetic materials and compounds are of high importance for future
technologies with molecular magnets and single chain magnets showing promise for data
storage applications.”?"**> Compounds containing paramagnetic lanthanides have been utilized
to fabricate these magnetic materials because they possess large magnetic moment and
anisotropy, and present significant magnetic hysteresis at low temperatures.*” Lanthanide
complexes have also been extensively used as magnetic resonance imaging contrast agents
because they optimally change the relaxation times of the protons in the water molecules
surrounding them, with six clinically approved Gd-containing agents.”** Apart from their
magnetic applications, lanthanides are also widely used for their luminescent** and catalytic**
properties.

Lanthanides also have a property called single-ion anisotropy, where the charge density
distribution of the 4f electrons deviate from spherical symmetry. This means that the spin-orbit
interactions lead to the alignment of the magnetic moment of the materials within a specific
direction in the crystal structure."

In Chapter 4 and in Section 1.4 of the first Chapter we have shown how self-assembled
structures can be controlled using a magnetic field. In 2013 Polarz and colleagues presented a
dysprosium-containing surfactant that self-assembles into macroscopic dumbbell-shaped
assemblies, a phenomenon thought to be the result of the crystal-field interactions between the
magnetic heads. '’ Inspired by this work, we now seek to understand how the interaction of
paramagnetic lanthanides would influence supramolecular self-assembly, in absence of a
magnetic field. By bringing paramagnetic lanthanide ions close to one another through self-
assembly, magnetic dipole-dipole or crystal field interactions can possibly be induced, thus
changing self-assembly. For that we synthesized a library of perylene diimide molecules
coupled to DOTA (tetraazacyclododecane-tetraacetic acid) moieties chelating different
lanthanides. The thermodynamic parameters of their self-assembly in water was investigated

as well as the size and morphologies of the aggregates in solution.
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5.2 Synthesis and Spectroscopic Characterization

To understand the influence rare earth ions have on supramolecular polymerization, we
synthesized a library of bolaamphiphile perylene diimides functionalized with
tetraazacyclododecane-tetraacetic acid (DOTA) moieties. This functionality is used to chelate
different paramagnetic lanthanides: Ho(III), Er(III) and Gd(III); and a diamagnetic control,
Y(IIT)> (Figure 5.1-A). PDI-Ln (where Ln is Ho, Er, Gd or Y) self-assembles in water by the
ni-7t stacking of the perylene core, in addition to hydrophobic interactions. The close proximity
between the magnetic heads, brought together by aggregation, would influence the final
aggregate morphology or polymerization (Figure 5.1-B). From now on, each specific
compound will be referred to PDI- followed by their specific rare earth (i.e. PDI-Ho, PDI-Er,
PDI-Gd and PDI-Y). When referring to all the compounds simultaneously, the term PDI-Ln

will be used.

Ln = Ho(lll), Er(lll), GA(II), Y (111)

NQCLn))N ;\
A I & Q =

O

Figure 5.1 - A - Scheme of PDI-Ln and its cartoon representation. The perylene diimide is homodifunctionalized.
B - Scheme of PDI-Ln self-assembly, through n—mn stacking and the lanthanide-lanthanide interactions.

The synthetic scheme for the preparation of PDI-Ln is a four-step process (Figure 5.2):
e Imidization of perylenetetracarboxylic dianhydride (PTCDA) with L-alanine,
catalyzed by imidazole, yielding 1.'"
e Coupling of the Perylene diimide di-alanine (1) with a butyl spacer through
amide bond formation, producing 2.>’

e The DOTA moiety is attached to 2 by peptide coupling, giving 3.

* Although Yttrium is not technically a lanthanide, it is often included in the studies because its size and coordination sphere are similar to
lanthanides.
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e Different lanthanides are chelated to 3 using a microwave reactor, forming PDI-
Ln (Ln= Ho, Er, Gd, Y).?®#

The detailed procedure for the preparation of PDI-Ln is found in Sub-Section 5.8.1
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Figure 5.2 - Synthetic scheme of PDI-Ln. A - Imidazole for 30 minutes at 130 °C and under N, atmosphere. B &
C - 1. HBTU, DIPEA in DMF for 14h. 2. TFA/H20 (98:2) for 2h. D - 10 equivalents NaOH in H,O at 120 °C in
microwave reactor. Details in Sub-Section 5.8.1.

Perylene diimides are known to have aa broad absorption band between 420 to 620 nm,
due to Sp>S: transitions. In this region two maxima can be identified, one at ~500 nm,
corresponding to the 0-1 transition and another at ~540 nm, relative to the 0-0 transition. PDI
is a well-studied dye and supramolecular building block and a strong correlation has been
found between self-assembly and the spectroscopic properties of the perylene diimide. For
example, it is known that the ratio between the two maxima discussed above (I59q/l540) is
correlated to the degree of aggregation, with this fraction being equal to 0.65 when a PDI is
monomeric. Furthermore, a red-shift is also observed in the Ultraviolet/Visible (UV/Vis)
spectrum when PDI becomes more aggregated, accompanied by fluorescence quenching when

the molecule self-assembles into H-aggregates.'>**
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To characterize spectroscopically PDI-Ln the samples were first dissolved in methanol,
a solvent where they would be monomeric. The measured UV/Vis spectra at 4 uM (Figure 5.3—
A for PDI-Y and Figure 5.14-A, C, E, G for all PDI-Ln) is typical for monomeric PDI, with
three well resolved absorption maxima, and the ratio I5q¢/l549 = 0.65. Fluorometry in the
same solvent yield emission (excitation at 522 nm) spectra that are mirror images of the
absorbance. Normalized excitation spectra (measuring emission at 535 nm) are almost
superimposed to the UV/Vis spectra, but a slightly higher intensity at the 0-1 transition. This
indicates that PDI-Ln are molecularly dissolved in methanol at 4 uM concentration.

When the same measurements are performed in water, at the same concentration of 4
uM (Figure 5.3-B for PDI-Y and Figure 5.14-B, D, F, H for all PDI-Ln) a very different
absorption spectrum is obtained, but typical for assembled PDI. Firstly, the three maxima are
less resolved, with less prominent peaks. The spectra are all slightly red-shifted, and the ratio
I500/I540 doubled (~1.3). Moreover, the fluorescence spectra are also red-shifted and less
intense. This strongly indicates that PDI-Ln are assembled into H-aggregates in water.
Interestingly, the shape of the excitation and emission spectra is the same as in methanol,
suggesting that the weak fluorescence is induced by the monomeric PDI-Ln that are in

equilibrium with the assemblies.
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Figure 5.3 - Normalized fluorescence emission (522 nm) and excitation (535 nm) and UV/vis absorbance for
PDI-Y in A - methanol and B - water. Concentration is 4 uM. For the spectra in the same conditions for all PDI-
Ln see Figure 5.14 in Appendix.

Another indication for the assembly of PDI-Ln is the difference between the fluorescence

intensities in the two solvents, Figure 5.4. In methanol all PDI-Ln present strong emission and
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excitation intensities, that are more than ten times weaker in water. The quench in fluorescence
is a further indication that all PDI-Ln are monomeric in methanol and strongly aggregated in
water.

Curiously, fluorescence intensities were not the same for all the PDI-Ln. Consistently, at
the same concentration of 4 uM, PDI-Gd and PDI-Y are more strongly fluorescent than PDI-
Ho and PDI-Er, both in water and methanol. There are two possibilities: either PDI-Ho and
PDI-Er are more susceptible to form dimers (or small oligomers) in methanol, which would
slightly quench their fluorescence (without changing the UV/Vis spectrum); or the fact that
erbium and holmium absorb around 400 to 500 nm** could interfere in the spectroscopic
properties of PDI-Ho and PDI-Er (see Figure 5.15 in Appendix for the absorption spectra of
the corresponding lanthanide chlorides).
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Figure 5.4 - Fluorescence emission (A, 522 nm) and excitation (B, 535 nm) for all PDI-Ln in water and methanol.
The intensities were normalized to the highest measured intensity for both cases. All samples are at a 4 pM
concentration.

The spectroscopic analysis show that all PDI-Ln are molecularly dissolved in methanol
and aggregated in water, even at 4 uM. This indicates that the PDI-Ln are all strong assemblers

in water, driven by the strong hydrophobicity of the perylene core.
5.3 Thermodynamics of Supramolecular Polymerization

To further investigate the self-assembly of PDI-Ln in water, UV/Vis spectra were
collected at different concentrations, Figure 5.5-A for PDI-Ho and Figure 5.16-A, C, E, G for

all PDI-Ln. UV/Vis absorbance is both dependent on the concentration of the sample and the
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degree of aggregation. To remove the concentration as a variable, extinction coefficient (¢)
(obtained by dividing the absorbance signal by the concentration and path length) was used as
a comparison parameter. The extinction coefficient (¢) of all the samples decrease with
increasing concentration, showing that increasing concentration increases aggregation, as
expected.

Note that for PDI-Er and PDI-Gd the spectra at 800 uM have very diminished intensity,
when compared to 160 pM for the same compounds and the same concentration for the others,
and unresolved peaks. Also, the ratio Isgg /540 is lower than for 160 uM, which would indicate
a lesser assembled state, which is not possible at a higher concentration. Even heating to 90°C
and cooling the samples did not change the spectra. They are probably a result of a higher order
of assembly occurring in PDI-Er and PDI-Gd for this concentration. For this reason, this

concentration has been excluded for the following UV/Vis analysis for PDI-Er and PDI-Gd.
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Figure 5.5 - Extinction coefficient (&) in A (at 21°C) and molar ellipticity ([8]) (at 5 °C) in B of PDI-Ho as a
function of wavelength at different concentrations. For extinction coefficient (&) and molar ellipticity in ([8]) of
all PDI-Ln see Figure 5.16 in Appendix.

The I5q¢/I540 ratio steadily increases with increasing concentration, further showing that
higher concentration induces aggregation, Figure 5.6. Since there is a smooth transition in
I500/I540 with concentration, PDI-Ln are thought to polymerize by an isodesmic mechanism.
Unfortunately, fitting of an equal K indefinite self-association model*' was not possible and
did not yield satisfying results. This happens most likely because the isodesmic model does not

perfectly represent the mechanism of self-assembly of PDI-Ln, notably with its response to
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concentration variation. Furthermore, within the working concentration, a plateau of the

maximum I5qq/I540 value is not reached, which hinders an optimal fit of a model.
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Figure 5.6 — Ratios of the two absorbance maxima at 500 nm and 540 nm (Isg9/I540) as a function of
concentration for all PDI-Ln.

Since PDI-Ln present a chiral center, provided by the L-alanine, Circular Dichroism
(CD) can be a good technique to study supramolecular polymerization. So, CD spectroscopy
was measured at different concentrations, Figure 5.5-B for PDI-Ho and Figure 5.16-B, D, F,
H for all PDI-Ln. Like for UV/Vis absorbance, circular dichroism is both dependent on the
concentration of the sample and the degree of aggregation. So again, to remove the
concentration as a variable, the molar ellipticity ([#]) (obtained by dividing the CD signal by
the concentration and path length) was used as a comparison parameter. The CD spectrum of
PDI-Ln present a strong negative Cotton effect, indicating that they form helical structures in
water.””> Differently from the UV/Vis experiments, the molar ellipticity did not change
considerably when decreasing the concentration from 800 pM to 40 uM, with a strong dip
observed at 8 uM. This is curious, since we know from UV/Vis experiments that aggregation is
strongly influenced by concentration. This suggests that UV/Vis and CD spectroscopy probe
different processes in the self-assembly of PDI-Ln. Indeed, when analyzing ‘infinite’
supramolecular polymers, the CD spectrum only probes the interactions between a
chromophore and its nearest neighbors in the assembly. This means that for large
supramolecular polymers, the observed CD signal corresponds to the sum of many small

repeating units (sections of the aggregates containing a few molecules), and practically the
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spectrum of an infinite assembly cannot be distinguishable from a mixture containing dimers
and/or oligomers.>

Interestingly, useful information can be extracted from denaturation curves obtained by
changing the volumetric ratio of methanol and water, while maintaining the concentration of
PDI-Y constant, Figure 5.7-A. As expected, when increasing the amount of methanol (the
denaturizing solvent) the extinction coefficient becomes higher and the I5yq/l549 ratio
decreases. In contrast to the unsuccessful concentration series (see above), a denaturation
isothermal isodesmic model could be fitted to the data, Figure 5.7-A (see Sub-Section 5.8.3.1).*
The model yields a free energy of polymerization of AG = —31.4 * 0.8 kJ/mol (at 298 K)
with a denaturation potential of m = 18.5 * 0.8 k]/mol of methanol. This means that in
water PDI-Y is strongly assembled, and adding methanol depolymerizes it, increasing the free
energy of polymerization by ~1.9 k] /mol for each 10% of methanol that is added, reaching
AG ~ — 13 kJ/mol with pure methanol. Those two values are smaller in magnitude than
typical thermodynamic parameters of aggregation for perylene diimides in water and
methanol,** likely because the metal-containing moieties are very polar, increasing solubility

of the molecule in polar solvents, and very big, partially hindering the stacking of the perylene

core.
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Figure 5.7 - A - UV/Vis spectra of PDI-Y in different solvent mixtures (methanol/water) at a concentration of
40 uM. B - Plot of the degree of aggregation (&) in function of the volume fraction of methanol (fyeon). The
symbols are the data points and the solid line is the isodesmic model, containing solvent denaturation of the
assemblies (see Sub-Section 5.8.3.1).

The next step of the thermodynamic characterization of PDI-Ln was performing variable

temperature experiments. For that, UV/Vis spectra were measured from 0 to 90 °C at every 3
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°C (or from 5 to 90 °C with measurements every 2 °C) with a 2-minute hold at each
measurement temperature to assure equilibrium is reached for every stage (these temperature
ramps were chosen so that no hysteresis between heating and cooling curves is observed). An
example of these measurements can be found in Figure 5.8-A, for PDI-Ho at 4 uM. The
absorption band increases in intensity when the sample is heated with a slight blue-shift.
Furthermore, the I5q0/I549 decreases with increasing temperature, Figure 5.8-B, meaning that

PDI-Ho (and all PDI-Ln) becomes molecularly dissolved when it is heated in water.
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Figure 5.8 - A - UV/Vis spectra of PDI-Ho at 4 pM at different temperatures (from 0 to 90 °C). B - Ratios of the
two absorbance maxima at 500 nm and 540 nm (I59¢/I540) as a function of temperature, data extracted from A.

The same experiment was repeated for different concentrations for all PDI-Ln. For each
compound, a multi-fit of the isodesmic model to the variable temperature data for all
concentrations was performed by relating the ratio of I5q¢/I54¢ to a. The model employed was
the one described by Van der Schoot, for details see Sub-Section 5.8.3.2.">*” With the model,
the enthalpy of polymerization of each compound can be obtained, they are listed in Table 5.1
(a more detailed list is present in Table 5.2 in Appendix). With the obtained enthalpy (AH) and

melting temperatures (T},), the temperature data points can be converted to the reduced

T—Tp,
RT%,

temperature (T = AH ) and all the concentrations can be collapsed in a single plot, Figure

5.9 for all PDI-Ln.
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Figure 5.9 - Collapsed curves of the degree of aggregation () as a function of the reduced temperature (T) for
different concentrations. A - PDI-Ho; B - PDI-Er; C - PDI-Gd; D - PDI-Y. The symbols are the treated data
points and the solid lines are the isodesmic model for each compound. This data was obtained by UV/Vis
spectroscopy.

The same can be done with CD spectroscopy, relating the molar ellipticity ([8]) with the
degree of aggregation («). The molar ellipticity (at 475 nm) was followed for every 1 °Cbetween
5 and 90 °C with a 0.5 °C/min heating/cooling ramp. This heating/cooling rate is a little bit
faster than for the UV/Vis experiments, but no hysteresis was observed in the CD variable
temperature measurements. Similarly, the same isodesmic model was applied for the variable
temperature data (see Sub-Section 5.8.3.2), with the results summed up in Table 5.1 (a more
detailed list is present in Table 5.2 in Appendix). Again, the temperature was reduced into Tx

and the curves of all the concentrations could be plotted in the same graph, Figure 5.10.
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Figure 5.10 - Collapsed curves of the degree of aggregation (&) as a function of the reduced temperature (Tg) for
different concentrations. A - PDI-Ho; B - PDI-Er; C - PDI-Gd; D - PDI-Y. The symbols are the treated data
points and the solid lines are the isodesmic model for each compound. This data was obtained by CD spectroscopy.

When analyzing the obtained enthalpies of polymerization, Table 5.1 (full details in Table
5.2), the first impression is that the parameters obtained from UV/Vis and CD data are very
different, with AH from UV/Vis being ~ 3 times larger than the one obtained from CD. This
suggests that, as it has been discussed above, UV/Vis and CD spectroscopy probe different
processes of supramolecular polymerization. The UV/Vis spectra give us an idea of the
energetic transitions of PDI’s that change when the perylene core is m-n stacking, so the overall
spectrum is an average of both assembled and disassembled molecules in solution, linearly
relating I500/I540 to a,'>**’ while circular dichroism probes if chromophores are oriented in a
chiral fashion with respect to each other.”* For supramolecular building blocks like benzene-
1,3,5-tricarboxamide (BTA), the CD spectrum is well related to the size of the supramolecular
assemblies and the degree of aggregation, since these molecules usually self-assemble into one

dimensional aggregates, that are well defined.” In our case, PDI-Ln self assembles into almost
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spherical assemblies, with a less well-defined structure (see below), so it is possible that there is
some interference in the CD spectra, or other interactions that yield unreliable results, even if
the isodesmic model yielded good quality fits to the CD data. Also, the circular dichroism data
is much noisier than the UV/Vis, which makes it difficult to identify subtle changes in the curve,
such as the onset of a plateau. Finally, as discussed above, CD and UV/Vis probe different
processes in the supramolecular self-assembly, with CD being mostly affected by the nearest

neighbors in a stack,”® and does not probe overall aggregation in this type of assembly.

Table 5.1 - Results from the multi-fit of the isodesmic model to variable temperature UV/Vis and CD data. The
errors are the 95% confidence interval of the fit.

Compound AH from UV/Vis AH from CD

PDI-Ho | —30.60 £ 0.23kJ/mol | —9.07 £ 1.01 k]J/mol

PDI-Er | —31.01 £+ 0.38kJ/mol | —9.88 + 0.78 k]/mol

PDI-Gd | —33.44 +0.16 kJ/mol | —10.87 + 0.87 kJ/mol

PDI-Y | —27.47 +0.13kJ/mol | —9.76 + 0.87 kj/mol

The isodesmic model yielded good fits to the UV/Vis data, with R* > 0.997 for all PDI-
Ln and the enthalpy of polymerization is around —30 k] /mol for all compounds. They do not
differ greatly among each other, with the biggest difference being between PDI-Gd and PDI-
Y of ~ 6 kJ/mol. Even if this difference is greater than the error to the fits, it could arise by
small interference in the data and bias of the fitting procedure. The values obtained for the
enthalpy of polymerization are smaller in magnitude than values found in the literature for PDI
self-assembly in water (or buffer),''>*** probably because the DOTA moiety increases the
polarity and partially hinders the aggregation of PDI-Ln, as discussed above.

Overall, it can be said that PDI-Ln polymerizes following an isodesmic mechanism
(where all steps have the same equilibrium constant) with an enthalpy of polymerization of
—30kJ/mol. The mechanism and energies associated are very similar for all the PDI-Ln,
suggesting that the driving factor for supramolecular polymerization is the n-m stacking of the

perylene core.
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5.4 Size and Morphology of Assemblies

After analyzing the PDI-Ln aggregates and supramolecular polymerization
spectroscopically, the size and morphology of the assemblies were studied by light scattering
and microscopy techniques.

First, dynamic light scattering (DLS) measurements were performed in 800 and 160 uM

solutions of all PDI-Ln (see details in Sub-Section 5.8.2.5). Multi-angle experiments we

performed where the polarized field autocorrelation functions (g](,%,) (g, t)) were measured from
30° to 130° scattering angles, with 10° increments (Figure 5.17-A).

The polarized field autocorrelation function gives the distribution of relaxation times
(G(7) vs 1, Figure 5.17-A), by the Contin analysis.*"" The inverse of the relaxation times (I,
decay rate) is linear with the square of the wavevector (q?) if the process is diffusive in nature,
and the slope of the curve is the diffusion coefficient (Dy), Figure 5.17-B. From Dy the
hydrodynamic radius (Ry) can be calculated using the Stokes-Einstein equation. This
procedure was performed with the DLS data collected for all PDI-Ln at 800 and 160 uM, and
the average Ry can be found in Figure 5.11

1073 800 uM
] T ]160uM

®  PDI-Ho PDI-Er PDI.Gd PDIY |

Figure 5.11 - Hydrodynamic radii obtained by DLS for all PDI-Ln at 160 and 800 pM. The error bars are either
the propagation of the error to the fit or the standard deviation over two measurements, the biggest error was

selected. Note that this error does not represent the polydispersity of the sample but the variation between each
measurement.

i Tari-Gabriel Marino (2007). rilt (https://www.mathworks.com/matlabcentral/fileexchange/6523-rilt), MATLAB Central File Exchange.
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Interestingly, the hydrodynamic radii of the different PDI-Ln are very different from
each other, even if the thermodynamics of supramolecular polymerization are very similar.
PDI-Gd and PDI-Y present Ry between 320 and 370 nm, without much variation for the two
studied concentrations. On the other hand, PDI-Er presents hydrodynamic radii of 790 and
720 nm, for 800 and 160 uM respectively. PDI-Ho, however, shows the largest assemblies with
Ry of 2.1 and 2.8 um for 160 and 800 pM respectively. These results are surprising because the
thermodynamics of supramolecular polymerization were similar for each compound. This
suggested that, as discussed before, the supramolecular polymerization of PDI-Ln is mainly
driven by the n—n stacking of the perylene core, while the rare earths would influence the size
of the assemblies.

To better understand the morphological properties of PDI-Ln, the aggregates were
studied by Atomic Force Microscopy (AFM). Preliminary results, show that amorphous,
almost spherical, aggregates are found in solution for all PDI-Ln. It can be seen in Figure 5.12—
A that PDI-Y forms large spherulites, with diameter in the range of hundreds of nanometers.
PDI-Gd, at lower concentration, forms fewer spherical aggregates, but with the same size,

Figure 5.12-B. These types of aggregates were found in all samples of all PDI-Ln.

A B
16 nm 40 nm
|9nm IlOnm

Figure 5.12 - AFM microscopy of the different assemblies founds in PDI-Ln. A - Spherical assemblies found in
PDI-Y, a 1.6 uM sample was drop casted on the substrate. Scale bar is 1 pm. B - Shapeless aggregate found in 0.08
nM PDI-Gd solution that was dip coated, followed by substrate washing. Scale bar is 500 nm. Scale bar is 1 pm.
Samples were measured in Si/SiO, substrate.

Scanning electron microscopy (SEM) analysis of the PDI-Ln in powder form, lyophilized
from 800 uM solutions (Figure 5.18 in Appendix), shows that in the solid phase these molecules

form long fibers of hundreds of nm diameter and tens of um in length. These fibers then bundle
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and fuse forming mesh-like assemblies. These aggregates are very different than the ones found
in solution, observed by AFM, probably due to drying effects during lyophilization.
Morphological ~characterization of the samples shows that even though
thermodynamically all PDI-Ln are very similar to one another, structurally they are different.
Light scattering shows that PDI-Ho forms the larger assemblies in the library, followed by PDI-
Er, while PDI-Y and PDI-Gd show similar size. Structurally, PDI-Ln are similar, forming
amorphous, close to spherical, aggregates in water, which was evidenced by AFM and long

fibers in the solid phase.

5.5 Conclusions

We have shown the synthesis and characterization of a library of perylene diimides
coupled to rare-earth-chelating DOTA moieties. These molecules self-assemble in water by an
isodesmic mechanism with enthalpy of polymerization of around —30 k] /mol. Although the
thermodynamics and mechanism of polymerization is around the same for all PDI-Ln, the size
of the aggregates is not, with PDI-Ho forming much larger aggregates than the other
compounds. These results suggest that the polymerization of PDI-Ln is driven by the n-n
stacking of the perylene core, but the choice of the lanthanide influences the final aggregates.

Since lanthanides present different magnetic properties, the magnetic interaction could
be the source of the differences in morphology and size. However, lanthanides also differ in
other properties, like electronic/spectroscopic and coordination/hydration sphere, that could
also play a role in the self-assembly of PDI-Ln.*** Most likely a combination of all the factors
are influencing , even if by a small degree, the final aggregate properties.

This work opens the door to new class of materials that can combine the different
properties of lanthanides, such as luminescence or paramagnetism, with size control by
choosing the right rare earth metal to be included in the structure. Furthermore, applications
such as (supra)molecular magnetism can be developed and tuned by the choice of different

223

paramagnetic lanthanide,*” or new classes of magnetic resonance imaging contrast agents can

be synthesized and have a controlled morphology.?****
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5.6 Appendix
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Figure 5.13 - Thermogravimetric analysis of all PDI-Ln. %weight loss as a function of temperature.
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Figure 5.14 - Normalized fluorescence emission (522 nm) and excitation (535 nm) and UV/vis absorbance for:
PDI-Ho in A - methanol and B - water; PDI-Er in C - methanol and D - water; PDI-Gd in E - methanol and F
- water; PDI-Y in G- methanol and H - water. Concentration is 4 pM for all. Experiments performed at room
temperature.
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Figure 5.15 - Extinction coefficient (&) of the lanthanide chlorides (corresponding to PDI-Ln) as a function of
wavelength. Spectra collected at 21 °C and 25 mM in water for all of them.
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Figure 5.16 — Extinction coefficient (€) in A and molar ellipticity in ([8]) in B of PDI-Ln as a function of
wavelength at different concentrations. A - UV/Vis and B - CD for PDI-Ho. C - UV/Vis and D - CD for PDI-
Er. E- UV/Vis and F - CD for PDI-Gd. G - UV/Vis and H - CD for PDI-Y. UV/Vis collected at 21 °C and CD

at 5 °C.
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Table 5.2 - List of the results from multi-fitting of the isodesmic model for UV/Vis and CD data. See Sub-Section
5.8.3.2 for details. The errors are the 95% confidence interval of the fit.

Parameter PDI-Ho PDI-Er PDI-Gd PDI-Y
UV/vis
AH —30.60 —-31.01 —33.44 —27.47
+ 0.23 kJ/mol + 0.38 kJ/mol + 0.16 k] /mol + 0.13 kJ/mol
Trm.800uM 413.7 £ 1.0K — - 420.1 £ 0.6K
Tm160uM 384.0 £ 06K 385.2 £ 0.8K 3799 +0.3K 385.7 £ 04K
Tm,40um 359.2 £ 04K 364.1 + 05K 3654 +0.2K 3604 +0.3K
Trm,gum 323.0 £ 03K 335 £ 04K 3339 £0.2K —
T aum 3149 £ 03K - — 309.6 £ 0.2K
Tm,0.8uM 2988 + 03K 296.3 £ 04K 3009+ 0.2K 290.6 +0.2K
adj-R? 0.9986 0.9978 0.9996 0.9996
Is00/ 540 max 1.919 + 0.004 1.842 + 0.005 1.866 + 0.002 1.966 + 0.002
Circular Dichroism
AH —-9.07 —9.88 —-10.87 —9.76
+ 1.01 kJ/mol + 0.78 k] /mol + 0.87 kJ/mol + 0.87 kJ/mol
Tm.800uM 307.2 £8.0K 3206 £9.2K 326.3 £83K -
Tim 160uM 273.3 £9.8K 2758 £ 6.5K 296.0 +6.7K 289.7 £88K
T 40um 267.1 £9.5K 2584 +6.0K 292.2 +55K 263.7 £ 73K
Trm,gum - 261.3 +6.1K 250.5 £54K 243 +6.6K
adj-R? 0.9556 0.9471 0.9579 0.9603
[6] max
(de_gL) 12211+ 77 1301 + 62 1310+ 59 1273+ 73
cm.mol
A  1.00, 03 B 100;
90+
__ 075 801
z: 02~ 704
S 050 E o
s T o
E 5 560 0.19 40
30
204 ® Data
e - : W 0.0 10 : : — it
107 10° 10* 1 2 4 5 6
t (ms) q’ (10" m3)

Figure 5.17 - Example of DLS data. A —Polarized field autocorrelation function gl(,lv) (g, t) (left axis) as a function

of time and distribution of relaxation times G () (right axis) as a function of the relaxation time 7 for PDI-Er at
160 M (@ = 0.00895 nm™1). B - Decay constant (I') as a function of the square of the wavevector (g?), the
slope of the curve is the diffusion constant (Dy) of the particle. Symbols are the average over three consecutive

measurements and the line is the linear fit. The error bars are the standard deviation of the three consecutive
measurements. Data collected for PDI-Ho at 800 pM.
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Figure 5.18 - SEM picture of PDI-Ln powder, lyophilized from a 800 pM solution. For: A - PDI-Ho; B - PDI-
Er; C - PDI-Gd; D - PDI-Y. Scale bars are 5 pm.
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5.8 Materials and Methods

5.8.1 Synthesis

All reagents were purchased from TCI chemicals and used without further purification.
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5.8.1.1 Synthesis of 1

(0] O
Oad \‘)L , J\g
) a¥a S D

1 was synthesized following a published procedure." Perylene tetracarboxylic
dianhydride (760 mg, 1.94 mmol), L-alanine (402 mg, 4.51 m mol) and imidazole (5756 mg,
84.6 mol) were added to a round-bottom flask and purged with N,. The mixture was heated to
130 °C for 35 minutes, under inert atmosphere. The reaction mixture was then cooled to 90 °C.
Water (150 mL) was added and the resulting suspension was filtered. The filtrate was acidified
with concentrated HCl to pH ~2. The precipitate was recovered by filtration and washed with
water until the filtrate reached pH 7. The solid was dried overnight under vacuum at 55 °C
yielding a dark purple solid (1032 mg, 99.5 %).

'H NMR (500 MHz, 343 K, DMSO-ds): & 8.87 (dd, ] = 8.2, 2.4 Hz, 4H), 8.57 (dd, J = 8.0,
1.3 Hz, 4H), 5.64 (q, ] = 7.0 Hz, 2H), 1.64 (d, ] = 7.0 Hz, 6H).

BC NMR (126 MHz, 343 K, DMSO-ds): § 170.70, 161.95, 134.04, 130.96, 128.34, 125.49,
122.25, 48.46, 14.20.

ESI-TOF (positive mode): m/z calculated for [Cs;oH:isN,Os+H]": 535.1136; found:

535.1118.

5.8.1.2 Synthesis of 2

1.HBTU, DIPEA O i 0
N DMF O N + F
" eSS~ b ¢ \|< ’ N RETSENN, O
2.TFAH,0 Q e F
0
2

1 (305 mg, 0.57 mmol) and HBTU (455 mg, 1.20 mmol) were purged with N; in a round
bottom flask. DMF (40mL) was added and the mixture was stirred for 15 min. After that,
DIPEA (0.89 mL, 5.13 mmol) and N-(tert-Butoxycarbonyl)-1,4-diaminobutane (0.23 mL, 1.20
mol) were added and the solution was stirred for 12h. Chloroform (100 mL) was added to the
reaction mixture, and the organic phase was washed with saturated NaHCOs (3 x 100 mL) and
brine (3 x 100mL). The aqueous phases were combined and washed with chloroform (50 mL).

The organic fractions were combined and dried over anhydrous MgSQO,, and the solvents were
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removed under reduced pressure. TFA/H20 (9:1 - 4 mL) was added to the resulting solid and
stirred for 12h. Diethyl ether (100mL) was added to the mixture and the precipitate was
recovered via filtration and washed with more diethyl ether (100 mL). The product was dried
overnight in a vacuum oven at 55 °C. The resulting product was a dark purple powder soluble
in water (477 mg, 93 %).

'H NMR (500 MHz, 343 K, DMSO-ds): 6 8.74 (s, 4H), 8.38 (s, 4H), 7.55 (t, 2H), 5.30 (q, J
= 6.9 Hz, 2H), 2.92 - 2.81 (m, 8H), 2.54 (d, ] = 6.9 Hz, 6H), 2.54 — 2.47 (m, 4H), 1.42 - 1.32 (m,
8H).

BC NMR (126 MHz, 343 K, DMSO-ds): 6 169.40, 163.02, 134.34, 131.35, 124.52, 123.61,
50.08, 49.07, 38.69, 26.52, 24.94, 14.83.

ESI-TOF (positive mode): m/z calculated for [CssHisNeOs+H]": 675.2926; found:

675.2923.

5.8.1.3 Synthesis of 3

N oH
O

o
0 A 0
R s e L, T Ty
° 2 >ro ]) O;;O 0 3 Ho\g)N il
Tri-tert-butyl 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate (635 mg, 1.11 mmol)
and HBTU (460 mg, 1.21 mmol) were weighted in a round bottom flask and purged with N,
for 15 minutes. DMF (40mL) and DIPEA (0.92 mL, 5.28 mol) were then added to the mixture,
which was stirred for 15 minutes. 2 was added (477 mg, 0.53 mol) and the reaction mixture was
stirred for 12h. Chloroform (80 mL) was added and the organic phase was washed with
saturated NaHCO; (3 x 100 mL) and brine (3 x 100 mL). The aqueous phases were combined
and washed with chloroform (50 mL). The combined organic phases were dried over MgSO.
and evaporated under reduced pressure. The mixture was purified by normal phase flash

chromatography CH,CL,/MeOH (from 100:0 to 80:20). Solvent was removed under reduced

pressure.
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TFA/H20 (9:1 - 4 mL) was added to the resulting solid and stirred for 12h. Diethyl ether
(100mL) was added to the mixture and the precipitate was recovered via filtration and washed
with more diethyl ether (100 mL). The product was further purified via reverse phase HPLC
(High Performance Liquid Chromatography) with H,O/CH3CN (0.1 vol% TFA) as eluent. The
resulting fractions were freeze-dried yielding a red/pink fluffy powder (350 mg, 46 %).

'H NMR (500 MHz, 298 K, DMSO-ds): & 8.96 (s, 4H), 8.57 (s, 4H), 7.90 (s, 4H), 5.47 (s,
2H), 3.86 — 3.21 (m, 20H), 2.46 — 2.38 (m, 36H), 1.57 - 1.23 (m, 14H).

ESI-MS (positive mode): m/z calculated for [C;oHeoN14O20+H]*: 1447.6529; found:

1447.6515. m/z calculated for [C;0HooN14020+2H]?*: 724.3301; found: 724.3313.

5.8.1.4 Synthesis of PDI-Ln

OH

iy e

tnop. 2 ) an j\/{\vﬁ

é \/\/\NJk/ N NN N "”"[__n’-';yN
Ul o™ KT TR,
E) HO 0 SN 0N

120 me

&

PDI-Ln O\K
(o]

The typical procedure for the synthesis of PDI-Ln was as follows. 3 (30 mg, 20.7 pmol),
LnCls.6H,O (207 umol), NaOH 1 M (207 uL, 207 umol) and water (5 mL) were placed in an
appropriate Pyrex vial for microwave reaction. The vial was sealed and put inside a microwave
reactor at 120 °C for 20 minutes. The reaction was considered complete when the peak of 3
could not be observed by LC-MS. The mixture was passed through a desalting column
(Sephadex G-10, cut-off molecular weight of 700 Da) with water as eluent. The mixture was
further purified via dialysis (SnakeSkin™ Dialysis Tubing, 3.5 k MWCO™") against saturated
NH,Cl and distilled water. The resulting aqueous solutions were finally lyophilized resulting in
red/pink fluffy powder.

Thermogravimetric analysis, Figure 5.13, show that around 20 % of water is present in
the sample, that is lost between 100 at 200 °C for all samples. Further elemental analysis by

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and Atomic Absorption

»i Since PDI-Ln forms large aggregates in water, no significant loss was observed even if the molecular weight cut-off is larger than the
molecular weight of the molecule itself.
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Spectroscopy (AAS) show consistently that ~80 % of the calculated metal is present in the
sample, which was further confirmed by UV/Vis calibration. This happens because lanthanides
are very hygroscopic and tend to retain water even when dried at high vacuum. To compensate

for this error the concentrations have been corrected accordingly.
5.8.1.5 PDI-Y

'H NMR (500 MHz, 343K, DMSO-ds): 8 9.02 (m , 2H), 8.99 (d, ] = 7.9 Hz, 4H), 8.61 (d, ]
= 7.9 Hz, 4H), 7.86 (t, ] = 5.7 Hz, 2H), 5.51 (q, ] = 6.9 Hz, 2H), 3.44 (m, 4H), 2.96 (m, 12H),
2.31 (m, 6H), 1.61 (d, J = 6.9 Hz, 6H), 1.50 — 1.41 (m, 8H).

BC NMR (500 MHz, 343K, DMSO-ds): § 174.53, 169.34, 164.07, 163.21, 136.34, 134.45,
131.35, 124.83, 124.21, 50.20, 39.07, 26.92, 26.23, 14.89.

ESI-MS (positive mode): m/z calculated for [C;oHgsN14O2Y,+H]*: 1619.4176; found:

1619.4104. m/z calculated for [C;0HgiN140,0Y+2H]?*: 810.2124; found: 810.2127.

5.8.1.6 PDI-Ho

ESI-MS (positive mode): m/z calculated for [C;0HgsN14020H0,+2H]**: 886.2369; found:
886.2388.
ICP-MS (Ho'™): calculated 18.62 wt%, found 14.34 wt%

AAS (Ho™): calculated 18.62 wt%, found 14.99 wt%

5.8.1.7 PDI-Gd

ESI-MS (positive mode): m/z calculated for [C;0HgiN140,0Gd,+2H]**: 878.7315; found:
878.7321.

ICP-MS (Gd™): calculated 17.91 wt%, found 14.94 wt%

5.8.1.8 PDI-Er

ESI-MS (positive mode): m/z calculated for [C;0HgaN14O20Er,+2H]**: 888.7396; found:
888.7401.

ICP-MS (Er'"): calculated 18.84 wt%, found 15.3 wt%
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5.8.2 Methods
5.8.2.1 Ultraviolet/Visible Spectroscopy

All Spectra were collected using a Cary 300 UV-Vis spectrophotometer manufactured by
Agilent coupled with a Peltier temperature controller. For concentrations above 200 pM
cuvettes with Imm path length were used, for lower concentrations 1 cm.

Every spectrum was corrected with baseline and further corrected during treatment if an
offset was still present.

For variable temperature experiments data was collected every 2 or 3 K, with a 2-minute

equilibration at each temperature point.

5.8.2.2 Circular Dichroism Spectroscopy

CD spectra were recorded on JASCO J-1500 spectropolarimeter equipped with a Peltier
temperature controller. For concentrations above 200 uM cuvettes with Imm path length were
used, for lower concentrations 1 cm.

Every spectrum was corrected with a recorded baseline during data treatment. For
variable temperature experiments, data was collected every 1 °C with a temperature ramp of

0.5 °C/min.
5.8.2.3 Fluorescence Spectroscopy

Steady-state fluorescence spectra were recorded using a Jobin-Yvon Fluorolog

Spectrofluorometer.

5.8.2.4 Thermogravimetric Analysis

Thermogravimetric analyses were performed by using a TGA Q500 TA instrument 3

with a ramp of 10 °C/min under N, and a flow rate of 50 mL/min.
5.8.2.5 Dynamic Light Scattering

We employed a homebuilt light scattering setup using an Obis Laser with 629 nm
wavelength and laser power of 25 mW. Mean scattering intensities (/54,,,) and polarized field

autocorrelation functions g%,) (g, t) have been measured for 13 angles from 30° to 130°.
The scattering angle can be transformed into the wavevector g by:
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_4mng (9)
q=—7F—sin{3

Where ny is the refractive index of the sample, 4 is the wavelength of the laser (here 639
nm), and @ is the angle at which the scattering is collected.

From the Contin analysis*™" the distribution of relaxation times (G (7)) can be obtained,
Figure 5.17-A, which contains the characteristic relaxation times of the sample (7), that when
inverted give the decay constant (I' = T~1). In processes that are diffusive in nature, the decay
constant is linear with the square of the wave vector and the slope is the diffusion constant
(Dy), Figure 5.17-B:

r=Dy-q?
The hydrodynamic radius can be calculated by the Stokes Einstein equation, using the

calculated diffusion constant, as follows:

kg T

Ry =——
H 61N Dy

Where kp is the Boltzmann constant, T is temperature and 7 the dynamic viscosity.
5.8.2.6 Scanning Electron Microscopy

SEM images were taken using a FEI Quanta FEG 450 microscope. Using a 5.0 kV High
Voltage and dwell time of 50 us. The lyophilized samples were mounted on a silicon wafer and

sputtered with 10 to 15 nm of gold.

5.8.2.7 Atomic Force Microscopy

AFM microscopy was performed with a Bruker Dimension Icon microscope under
ambient conditions, operating in tapping mode using TESPA-V?2 tips with spring constant k =

42 N/m. The samples were either dip or spin coated or drop casted on a Si/SiO, substrate.

5.8.2.8 Nuclear Magnetic Resonance

NMR spectra were recorded on a Bruker Ascend Spectroscope Avance Neo-500 MHz
(500 MHz for 1H and 125 MHz for 13C). With deuterated DMSO-ds manufactured by

Eurisotop.

il Tari-Gabriel Marino (2007). rilt (https://www.mathworks.com/matlabcentral/fileexchange/6523-rilt), MATLAB Central File Exchange.
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5.8.2.9 Preparative HPLC

Semi-preparative HPLC was performed with a LaPrep HPLC, manufactured by VWR,

with a 250 x 30 mm Kromasil 100 C18 7 pm column.

5.8.3 Thermodynamic Model
5.8.3.1 Solvent Denaturation

The solvent denaturation model found in Figure 5.7 was built combining the solvent-
dependent change in Gibbs free energy (AG), previously used by Korevaar, et al.:*’
AG = AG° +m.f
Where AG® is the Gibbs free energy of supramolecular polymerization in the self-
assembling solvent (in this case water), m is the denaturation energy and f is the volumetric
fraction of the denaturizing solvent, in this case methanol.
The Gibbs free energy can be transformed to the equilibrium constant (K,,) with the

following equation:

_AG
—= e RT

Keq
Where T is the temperature and R is the gas constant. The two previous equations we
combined with the equal K indefinite self-association, or isodesmic, model, where all the
polymerization steps are driven by the same equilibrium constant. As described by R. Bruce
Martin:*"!
2KeqCrot + 1 — \[4KoqCror + 1

2(KeqCrot)”

Where «a is the dimensionless degree of polymerization, i.e. the fraction of molecules in

a=1

polymer form and C;,, is the total concentration of the sample.
By relating the ratio I5o9/Is40 With @, the denaturation data was fitted with a model

containing the three previous equations with AG, m, and the Isoo/Isao

(Isoo/Is40 ratio
when the molecule is fully polymerized) as free parameters. A custom algorithm using

MATLAB® and its function fit was used (see Sub-Section 5.8.4.1).
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5.8.3.2 Temperature Activated Polymerization

The temperature-dependent multi-concentration supramolecular polymerization data
was fitted to the isodesmic model derived by Van der Schoot:'**’
1

T—-T,
1+ exp (—0.908AH RTZ )

a =

Where AH is the enthalpy gain per mol of monomer getting polymerized, and T, is the
temperature at which @ = 0.5 (i.e. melting temperature).

By relating the UV/Vis ratio Is5o9/ls40, Or molar ellipticity obtained with CD
spectroscopy, with a, the temperature-dependent data was fitted with the isodesmic model
with AH, T,,, (different for each concentration), and the Isg/Isso - (or [8]™%* for CD data)
as free parameters. A custom algorithm using MATLAB® and its function fit were used to fit
the model to the data (see Sub-Sections 5.8.4.2 and 5.8.4.3 for UV/Vis and CD data
respectively).

The temperature was transformed to the reduced temperature (Ty) as follows:

T—T,

Tr = AH
R RT2

That way all curves from different concentrations can be collapsed in the same plot of

versus T.

5.8.4 MATLAB® codes

5.8.4.1 Solvent Denaturation

function [Alpha]=isodesmic_equilibria_uv_equations_solvent(Sol,G,uUvmax,T,c,m)

G_eff=G+m*soT;

K=exp(-G_eff./(8.314*T));

MtK=C*K;

Alpha=(Uvmax-0.65) .*(1-((2.*MtK+1) -sqrt(4.*Mtk+1))./(2.*MtK.A2))+0.65;

end

function isodesmic_equilibria_uv_Solvent
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close all
load('GFO3_Y_solvent_UV.mat')

c=40e-6;
T=298;
So1=S_50um;
UV=ratio_50uMm;

fomm = fitoptions('Method', 'NonLinearLeastSquares', 'StartPoint', [-40000,1,2],
'Lower', [-100000,0,1], 'upper', [-10000,100000,4],...
'TolFun',le-16, 'TolXx',le-16, '"MaxIter',5000, 'MaxFunEval', 2500, 'Display', 'off"')

ftmm = fittype('isodesmic_equilibria_uv_equations_solvent(Sol,G,Uvmax,T,c,m)",...

'coefficients',{'G','m', "uvmax'}, ...
"independent', {'Sol'},...

'problem' ,{'T",'c'},...

'options', fomm)

[f,gof,output] = fit (sol, uv, ftmm,'problem',{T,c});
Alpha=(uv-0.65)./(f.uvmax-0.65);

Alpha_m=(isodesmic_equilibria_uv_equations_solvent(Sol,f.G,f.uvmax,f.T,f.c,f.m)-
0.65)/(f.uvmax-0.65);

% h=figure;
% plot(sol,Alpha_m);

% hold on

% scatter(Sol,Alpha,'o', 'Markeredgecolor',[1 0 0]);

hold off

% plot(Tr,Alpha_model,'-",'Linewidth',3, 'Color',[0 O 0])

% hold off

% x1abel('Tr")

% ylbl=sprintf('%c',945);

% ylabel(ylb1);

% legend('l mM','50 \mum','10 \muM', 'Model")

c=400e-6;
T=298;
So1=S_500uMm;

UV=ratio_500uMm;

fomm = fitoptions('Method', 'NonLinearLeastSquares', 'StartpPoint', [-40000,1,2],
'Lower', [-100000,0,1], 'upper', [-10000,100000,4],...
'TolFun',le-16, 'TolX',le-16, 'MaxIter', 5000, 'MaxFunEval', 2500, 'Display', 'off")

ftmm = fittype('isodesmic_equilibria_uv_equations_solvent(Sol,G,uUvmax,T,c,m)',...

'coefficients',{'G','m", 'Uvmax'}, ...
'independent', {'Sol'},...
'problem',{'T','c'},...

'options', fomm)

[f,gof,output] = fit(sol, uv, ftmm, 'problem',{T,c});
Alpha=(uUv-0.65)./(f.uvmax-0.65);

Alpha_m=(isodesmic_equilibria_uv_equations_solvent(Sol,f.G,f.uvmax,f.T,f.c,f.m)-
0.65)/(f.uvmax-0.65);
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% h=figure;

% plot(sol,Alpha_m);

% hold on

% scatter(Sol,Alpha,'o', 'MarkerEdgecolor',[1 0 0]);
% hold off

multifit

Sol1(1:7,1)=S_500umM(:,1);
So1(8:14,1)=S_50um(:,1);

uv(l:7,1)=ratio_500umM(:,1);
Uv(8:14,1)=ratio_50umM(:,1);

c500=400e-6;
c50=40e-6;
T=298;

fomm = fitoptions('Method', 'NonLinearLeastSquares', 'StartpPoint', [-80000,1,1.84],
'Lower', [-100000,0,1], 'upper', [-10000,100000,4],...

'TolFun',le-16, 'TolXx',le-16, '"MaxIter',5000, 'MaxFunEval',2500, 'Display', 'off')

ftmm =

fittype('isodesmic_equilibria_uv_equations_solvent_multi(Sol,G,Uvmax,T,c500,c50,m)", ...

'coefficients',{'G','m", 'Uvmax'}, ...
'independent', {'sol'},...
'problem',{'T", 'c500', 'c50'}, ...
'options', fomm)

[f,gof,output] = fit (sol, uv, ftmm, 'problem',{T,c500,c50})

Alpha_500=(ratio_500umM-0.65)./(f.uvmax-0.65);
Alpha_50=(ratio_50uM-0.65)./(f.uvmax-0.65);

Solm=1inspace(0, 0.8, 17);

Alpha_m_500=(isodesmic_equilibria_uv_equations_solvent(solm,f.G,f.uvmax,f.T,f.c500,f.m)-

0.65)/(f.uvmax-0.65);

Alpha_m_50=(isodesmic_equilibria_uv_equations_solvent(Solm,f.G,f.uvmax,f.T,f.c50,f.m)-

0.65)/(f.uvmax-0.65);

h=figure;

plot(solm,Alpha_m_500,"'-", 'Linewidth',3, "Color',[0 128/250 0/255]);
hold on

plot(solm,Alpha_m_50,"'-", 'Linewidth',3, "Color',[0 128/250 0/255]);
hold on

scatter(S_500um,Alpha_500,85,'d', '"Markeredgecolor',[120/255 220/255
120/255], 'MarkerFacecColor', [120/255 220/255 120/255]);

hold on

scatter(s_50umM,Alpha_50,85,'o", 'Markeredgecolor',[120/255 220/255
120/255], 'MarkerFacecColor', [120/255 220/255 120/255]);

hold off

x1im([-0.02 0.82])

y1lim([-0.02 1.02])

xlabel('f_M_e_O_H', 'FontName', 'myriad pro','FontSize',16)
ylabel('\alpha', 'FontName', 'myriad pro', 'FontSize',16);
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set(gca, 'Tickbir', 'out', '"FontName', 'myriad
pro','FontSize',14,'Linewidth',3, 'box"', 'off"', 'Xtick',[0:0.1:0.8], "Yytick',[0:0.25:1], 'TickLeng
th',[0.015 0])

title('PDI-Y', 'FontName', 'myriad pro', 'FontSize',16, ' 'Fontweight', 'bold"')
set(gcf, 'color','w', "Position', [0, O, 1000, 750]);
hold off

f =

General model:

f(Sol) = isodesmic_equilibria_uv_equations_solvent_multi(Sol,G,Uvmax,T,c500,

c50,m)

Coefficients (with 95% confidence bounds):
G = -3.136e+04 (-3.216e+04, -3.056e+04)

m = 1.845e+04 (1.725e+04, 1.964e+04)
Uvmax = 1.792 (1.764, 1.82)

ProbTem parameters:

T = 298

c500 = 0.0004

c50 = 4e-05

gof =
sse: 0.0062
rsquare: 0.9967
dfe: 11
adjrsquare: 0.9961
rmse: 0.0238

PDI-Y

0 LA} 0.2 03 04 05 06 07 08

end

5.84.2 UV/Visisodesmic model fitting

function
[Alpha]=isodesmic_multifit_uv_equations_Ho(T,Tm1000,Tm200,Tm50,Tm10,Tm5,Tml, H,UVmax, s_cum)

nT=size(T);

Tu = unique(T);
nTu=size(Tu);
x_=1;
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y=nT(1)/(nTu(1));

if nT(1)==nTu(1)
Alpha(l:nT,1)=1;
else

Alpha(l:s_cum(1,1),1)=Cuvmax-0.65)./(1+exp(-0.908%...
H*(T(1:s_cum(1,1),1)-Tm1000) /(8.314*Tm1000A2)))+0.65;
Alpha(s_cum(1,1)+1:s_cum(2,1),1)=(Cuvmax-0.65)./(1+exp(-0.908*. ..
H*(T(s_cum(1l,1)+1:s_cum(2,1),1)-Tm200)/(8.314*Tm200A2)))+0.65;
Alpha(s_cum(2,1)+1:s_cum(3,1),1)=(Cuvmax-0.65)./(1+exp(-0.908*. ..
H*(T(s_cum(2,1)+1:s_cum(3,1),1)-Tm50) /(8.314*Tm50A2)))+0.65;
Alpha(s_cum(3,1)+1:s_cum(4,1),1)=(Cuvmax-0.65)./(1+exp(-0.908*. ..
H*(T(s_cum(3,1)+1:s_cum(4,1),1)-Tm10)/(8.314*Tm10A2)))+0.65;
Alpha(s_cum(4,1)+1:s_cum(5,1),1)=(Cuvmax-0.65)./(1+exp(-0.908*. ..
H*(T(s_cum(4,1)+1:s_cum(5,1),1)-Tm5) /(8.314*Tm5A2)))+0.65;
Alpha(s_cum(5,1)+1:s_cum(6,1),1)=(uvmax-0.65)./(1+exp(-0.908*. ..
H*(T(s_cum(5,1)+1:s_cum(6,1),1)-Tml) /(8.314*Tm1A2)))+0.65;

end

end

function isodesmic_multifit_UV_Ho

clc
close all
load('PDI_Ho_UV_H20.mat')

[s(1,1),s(1,2)]=size(ratio_1mm);
[s(2,1),s(2,2)]=size(ratio_200um);
[s(3,1),s(3,2)]=size(ratio_50um);
[s(4,1),s(4,2)]=size(ratio_10um);
[s(5,1),s(5,2)]=size(ratio_5um);
[s(6,1),s(6,2)]=size(ratio_1lum);

s_cum(1,1)=s(1,1);

for i=2:6
s_cum(i,1)=s(i,1)+s_cum(i-1);
end

uv(1l:s_cum(l,1),1l)=ratio_1mm;
UV(s_cum(1l,1)+1:s_cum(2,1),1)=ratio_200uM;
UV(s_cum(2,1)+1:s_cum(3,1),1)=ratio_50uM;
UV(s_cum(3,1)+1:s_cum(4,1),1)=ratio_10uM;
UV(s_cum(4,1)+1:s_cum(5,1),1)=ratio_5um;
UV(s_cum(5,1)+1:s_cum(6,1),1)=ratio_1lum;

T(1:s_cum(1l,1),1)=t_1mMm;
T(s_cum(1l,1)+1:s_cum(2,1),1)=t_200uM;
T(s_cum(2,1)+1:s_cum(3,1),1)=t_50uM;
T(s_cum(3,1)+1:s_cum(4,1),1)=t_10uM;
T(s_cum(4,1)+1:s_cum(5,1),1)=t_5um;
T(s_cum(5,1)+1:s_cum(6,1),1)=t_1uMm;
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fomm = fitoptions('Method', 'NonLinearLeastSquares',6 'Startpoint', [268,268,250,240,230,220,-
50e3,950],
'Lower', [200,200,200,200,190,180,-100e3,1], 'upper', [500,400,400,400,400,400,-10e3,3],...
'"TolFun',le-14,'TolX',le-
14, 'MaxIter',5000, 'MaxFunEval', 2500, 'Display', 'iter', 'Robust', 'LAR")

ftmm =
fittype('isodesmic_multifit_UV_equations_Ho(T,Tm1000,Tm200,Tm50,Tm10,Tm5,Tml,H,UVmax,s_cum)"',

'coefficients',{'Tm1000', 'Tm200"', 'Tm50', '"Tm10"','"Tm5"', "Tml"','H", "UVvmax'}, ...
'independent', {'T'},...

'problem',{'s_cum'},...

'options', fomm)

[f,gof,output] = fit (T, uv, ftmm, 'problem',{s_cum})

UV_model=1sodesmic_multifit_Uv_equations_Ho(T,f.Tm1000,f.Tm200,f.Tm50,f.Tm1l0,f.Tm5,f.Tml,f.H,
f.uvmax,s_cum) ;

Alpha=(uv-0.65)/(f.uvmax-0.65);
Alpha_model=(uv_mode1-0.65)/(f.uvmax-0.65);

Tr1000=-f.H*(T(1:s_cum(1,1),1)-f.Tm1000)./(8.315*f.Tm1000A2) ;
Tr200=-f.H*(T(s_cum(1,1)+1:s_cum(2,1),1)-f.Tm200)./(8.315%f.Tm200A2) ;
Tr50=-f.H*(T(s_cum(2,1)+1:s_cum(3,1),1)-f.Tm50)./(8.315*f.Tm50A2) ;
Tr10=-f.H*(T(s_cum(3,1)+1:s_cum(4,1),1)-f.™Tm10)./(8.315*f.Tm10A2) ;
Tr5=-f.H*(T(s_cum(4,1)+1:s_cum(5,1),1)-f.Tm5)./(8.315%f.Tm5A2);
Trl=-f.H*(T(s_cum(5,1)+1:s_cum(6,1),1)-f.Tml)./(8.315*f.Tm1lA2);

Tr(1l:s_cum(1,1),1)=Tr1000;
Tr(s_cum(1l,1)+1:s_cum(2,1),1)=Tr200;
Tr(s_cum(2,1)+1:s_cum(3,1),1)=Tr50;
Tr(s_cum(3,1)+1:s_cum(4,1),1)=Trl0;
Tr(s_cum(4,1)+1:s_cum(5,1),1)=Tr5;
Tr(s_cum(5,1)+1:s_cum(6,1),1)=Trl;

Tr=sort(Tr);
Alpha_model=sort(Alpha_model, 'descend');

Alphal000(:,1)=Alpha(l:s_cum(1,1),1);
Alpha200(:,1)=Alpha(s_cum(1l,1)+1:s_cum(2,1),1);
Alpha50(:,1)=Alpha(s_cum(2,1)+1:s_cum(3,1),1);
AlphalO(:,1)=Alpha(s_cum(3,1)+1:s_cum(4,1),1);
Alpha5(:,1)=Alpha(s_cum(4,1)+1:s_cum(5,1),1);
Alphal(:,1)=Alpha(s_cum(5,1)+1:s_cum(6,1),1);

Alpha_mode11000(:,1)=Alpha_model(1l:s_cum(1l,1),1);
Alpha_modeT1200(:,1)=Alpha_model(s_cum(1l,1)+1l:s_cum(2,1),1);
Alpha_model150(:,1)=Alpha_model(s_cum(2,1)+1:s_cum(3,1),1);
Alpha_modeT110(:,1)=Alpha_model(s_cum(3,1)+1l:s_cum(4,1),1);
Alpha_model5(:,1)=Alpha_model(s_cum(4,1)+1:s_cum(5,1),1);
Alpha_model1(:,1)=Alpha_model(s_cum(5,1)+1:s_cum(6,1),1);

fl=scatter(Trl000,ATphal000,25,'o"', '"Markeredgecolor', 'none', ...
'Markerracecolor',[75/255 75/255 75/255]);
hold on

192



f2=scatter(Tr200,A1pha200,25,"'o", 'Markeredgecolor', 'none', ...
'MarkerFacecolor',[95/255 95/255 95/255]1);

hold on

f3=scatter(Tr50,Alpha50,25,'o", '"MarkeredgeColor', "'none', ...
'MarkerFacecolor',[115/255 115/255 115/255]);

hold on

f4=scatter(Trl0,Alphal0, 25, 'o", '"MarkeredgeColor', 'none', ...
'Markerracecolor',[136/255 136/255 136/255]);

hold on

f4=scatter(Tr5,Alpha5,25,'o", 'MarkeredgeColor', 'none"', ...
'MarkerFacecolor',[158/255 158/255 158/255]);

hold on

f4=scatter(Trl,Alphal,25,'o", 'MarkeredgeColor', 'none', ...
'MarkerFacecolor',[180/255 180/255 180/255]);

hold on

plot(Tr,Alpha_model,'-", 'Linewidth',4,'Color',[0 0 0])

% ylbl=sprintf('%c',945);

ylabel('\alpha', 'FontName', 'myriad pro', 'FontSize',24);

xlabel('T_r', 'FontName', 'myriad pro', 'FontSize',24);

Tegend({'800 \mum' ,'160 \mum','40 \mum','8 \mum','4 \mum','0.8 \muM', 'Model'},...

'FontName', 'myriad pro', 'FontSize',16, 'Fontweight', 'bold"');
Tegend('boxoff")
set(gca, 'TickDir', 'out', 'FontName', 'myriad pro','FontSize',16,...
"Linewidth',2, 'box', 'off")
title('PDI-Ho', 'FontName', 'myriad pro', 'FontSize',24,'Fontweight', 'bold")
set(gcf, 'color','w','Position', [0, 0, 1000, 750]);
hold off

end

f =
General model:

f(T) = isodesmic_multifit_UVv_equations_Ho(T,Tm1000,Tm200,Tm50,Tm10,Tm5,Tml,

H,UVmax,s_cum)
Coefficients (with 95% confidence bounds):

Tm1000 = 414.2 (413.9, 414.4)

™m200 = 384.8 (384.7, 385)

™m50 = 360 (359.9, 360.1)

™ml0 = 323.7 (323.7, 323.8)

™5 = 315.7 (315.6, 315.7)

™Ml = 299.3 (299.3, 299.4)

H = -3.117e+04 (-3.123e+04, -3.112e+04)
uvmax = 1.909 (1.909, 1.91)

Problem parameters:
s_cum = 6x1 double

gof =
sse: 0.0088
rsquare: 0.9999
dfe: 1198
adjrsquare: 0.9999
rmse: 0.0027
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5.84.3 (D isodesmic model fitting

function [CD]=1isodesmic_multifit_CD_equations_Gd(T,Tm1000,Tm200,Tm50,Tm10,H,CDmax,s_cum)

nT=size(T);

Tu = unique(T);
nTu=size(Tu);
x_=1;
y=nT(1)/(nTu(1));

if nT(1)==nTu(l)
cb(1l:nT,1)=1;
else

cb(1l:s_cum(1l,1),1)=Cbmax./(1+exp(-0.908*H*. ..
(T(1:s_cum(1,1),1)-Tm1000)/(8.314*Tm1000A2)));
cd(s_cum(1l,1)+1:s_cum(2,1),1)=Cbmax./(1+exp(-0.908*H*. ..
(T(s_cum(1,1)+1:s_cum(2,1),1)-Tm200) /(8.314*Tm200A2)));
cD(s_cum(2,1)+1:s_cum(3,1),1)=Cbmax./(1+exp(-0.908*H*. ..
(T(s_cum(2,1)+1:s_cum(3,1),1)-Tm50) /(8.314*Tm50A2)));
cD(s_cum(3,1)+1:s_cum(4,1),1)=Cbmax./(1+exp(-0.908*H*. ..
(T(s_cum(3,1)+1:s_cum(4,1),1)-Tm10)/(8.314*Tm10A2)));

end

end

function isodesmic_multifit_CD_Gd

clc
close all
load('PDI_Gd_CD_H20.mat')

[s(1,1),s(1,2)]=size(PDI_Gd_1mM_H20_475nm_molar_elipticity);
[s(2,1),s(2,2)]=size(PDI_Gd_200uM_H20_475nm_molar_elipticity);
[s(3,1),s(3,2)]=size(PDI_Gd_50uM_H20_475nm_molar_elipticity);
[s(4,1),s(4,2)]=size(PDI_Gd_10uM_H20_475nm_molar_elipticity);
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s_cum(1,1)=s(1,1);

for i=2:4
s_cum(i,1)=s(i,1)+s_cum(i-1);
end

cb(1l:s_cum(1,1),1)=PDI_Gd_1mM_H20_475nm_molar_elipticity(:,2);
cb(s_cum(1l,1)+1:s_cum(2,1),1)=PDI_Gd_200uM_H20_475nm_molar_elipticity(:,2);
cb(s_cum(2,1)+1:s_cum(3,1),1)=PDI_Gd_50uM_H20_475nm_molar_elipticity(:,2);
cb(s_cum(3,1)+1:s_cum(4,1),1)=PDI_Gd_10uM_H20_475nm_molar_elipticity(:,2);

T(1l:s_cum(1l,1),1)=PDI_Gd_1mM_H20_475nm_molar_elipticity(:,1);
T(s_cum(1l,1)+1:s_cum(2,1),1)=PDI_Gd_200uM_H20_475nm_molar_elipticity(:,1);
T(s_cum(2,1)+1:s_cum(3,1),1)=PDI_Gd_50uM_H20_475nm_molar_elipticity(:,1);
T(s_cum(3,1)+1:s_cum(4,1),1)=PDI_Gd_10uM_H20_475nm_molar_elipticity(:,1);

fomm = fitoptions('Method', 'NonLinearLeastSquares', 'StartpPoint', [300,350,294,250,-
10e3,950],
'Lower', [200,250,200,200,-1000e3,200], 'Upper', [500,400,400,400,-1e3,20000],...
'TolFun',le-14, 'TolX',1le-14, 'MaxIter', 5000, 'MaxFunEval',2500, 'Display', 'iter")

ftmm =
fittype('isodesmic_multifit_CD_equations_Gd(T,Tm1000,Tm200,Tm50,Tm10,H,Cbmax,s_cum)"',...
'coefficients', {'Tm1000', 'Tm200"', 'Tm50', 'Tm10', 'H', 'CDmax'}, ...
'independent', {'T'},...
'problem',{'s_cum'},...
'options', fomm)

[f,gof,output] = fit (T, cb, ftmm, 'problem',{s_cum})

modeT=isodesmic_multifit_CcD_equations_Gd(T,f.Tm1000,f.Tm200,f.Tm50,f.Tm10,f.H,f.CDmax,s_cum);

Alpha=CD/f.CDmax;
Alpha_model=model/f.CDmax;

Tr1000=-f.H*(T(1l:s_cum(1l,1),1)-f.Tm1000)./(8.315*f.Tm1000A2) ;
Tr200=-f.H*(T(s_cum(1,1)+1:s_cum(2,1),1)-f.Tm200)./(8.315*f.Tm200A2) ;
Tr50=-f.H*(T(s_cum(2,1)+1:s_cum(3,1),1)-f.Tm50) ./(8.315*f.Tm50A2) ;
Tr10=-f.H*(T(s_cum(3,1)+1:s_cum(4,1),1)-f.™Tm10)./(8.315*f.Tm10A2) ;

Alphal000(:,1)=Alpha(l:s_cum(1,1),1);
Alpha200(:,1)=Alpha(s_cum(1l,1)+1:s_cum(2,1),1);
Alpha50(:,1)=Alpha(s_cum(2,1)+1:s_cum(3,1),1);
AlphalO(:,1)=Alpha(s_cum(3,1)+1:s_cum(4,1),1);

Tr(1l:s_cum(1,1),1)=Tr1000;
Tr(s_cum(1l,1)+1:s_cum(2,1),1)=Tr200;
Tr(s_cum(2,1)+1:s_cum(3,1),1)=Tr50;
Tr(s_cum(3,1)+1:s_cum(4,1),1)=Trl0;

Tr=sort(Tr);
Alpha_model=sort(Alpha_model, 'descend');
fl=scatter(Trl000,A1phal000,25,'o", '"Markeredgecolor', 'none', 'MarkerFacecolor',[0/255 0/255

160/2551);
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hold on

f2=scatter(Tr200,A1pha200,25,"'0", 'MarkeredgecColor', 'none', '"MarkerFacecolor"',[21/255 62/250

191/2551);
hold on

f3=scatter(Tr50,Alpha50,25,'0o", 'MarkeredgecColor', 'none', 'MarkerFacecColor', [58/255 106/255

217/2551);
hold on

f4=scatter(Trl0,Alphal0, 25, 'o", 'MarkeredgecColor', 'none', 'MarkerFacecolor', [100/255 149/255

237/2551);
hold on

%
%
%
%
%
%
%
%

plot(Trl000,Alpha_mode11000,'-", 'Linewidth',3, 'color',[0 O 0])
hold on

% plot(Tr200,Alpha_mode1200,'-", "Linewidth',3, 'color',[0 O 0])
% hold on

plot(Tr50,Alpha_model50,'-', 'Linewidth',3, 'color',[0 0 0])
hold on

plot(Trl0,Alpha_model10,'-"', 'Linewidth',3, 'Color',[0 0 0])
hold off

plot(Tr,Alpha_model,'-", 'Linewidth',5, 'color',[0 O 0])
hold off

ylabel('\alpha', 'FontName', 'myriad pro', 'FontSize',24);
x1abel('T_r', 'FontName', 'myriad pro', 'FontSize',24);

Tegend({'800 \mum','160 \mum','40 \muMm','8 \muM', '"Model'}, 'FontName', 'myriad

pro','FontSize',16, 'Fontweight', 'bold');
Tegend('boxoff")

set(gca, 'Tickbir', 'out', 'FontName', 'myriad pro', 'FontSize',16, 'Linewidth',2, "box', 'off")
title('PDI-Gd', 'FontName', 'myriad pro', 'FontSize',24,'Fontweight', 'bold")

set(gcf, 'color','w','Position', [0, O, 1000, 750]);
hold off

end

General model:

f(T) = isodesmic_multifit_Cb_equations_Gd(T,Tm1000,Tm200,Tm50,Tm1l0,H,CDmax,

s_cum)
Coefficients (with 95% confidence bounds):
Tm1000 = 326.3 (318.1, 334.6)
T™m200 = 296 (289.4, 302.7)
T™m50 = 292.2 (285.7, 298.7)
T™ml0 = 250.5 (245.1, 255.9)
H=-1.087e+04 (-1.174e+04, -9998)
CDmax = 1310 (1252, 1369)

ProbTem parameters:
s_cum = 4x1 double

gof =

sse: 3.3864e+06
rsquare: 0.9579
dfe: 2455
adjrsquare: 0.9578
rmse: 37.1400
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5.8.4.4 DLS data treatment

function fit_dls_data_Ho020190625_1mM

close all
clc
load('GF03_Ho_1mM_2019_06_24_25mw.mat"')

[n,m]=size(g);
red=[1 0 0];
bTue=[0 0 1];
green=[0 1 0];
colorsl=[1inspace(red(1),blue(l),(m+1)/2)"',linspace(red(2),blue(2),(m+1)/2)"',linspace(red(3),
blue(3),(m+1)/2)'];
colors2=[Tinspace(blue(l),green(l),(m-1)/2)"',linspace(blue(2),green(2), (m-
1)/2)",Tinspace(blue(3),green(3),(m-1)/2)"'];
colors=[colorsl;colors2];
[mc,nc]=size(colors);
if mc<m
colors(m,:)=[0 0 0];
end
jk=0;
for i=1:1:m
if i==21
m=m;
end
[pks,1oc] = findpeaks(g(:,i), 'MinPeakHeight',0.005, 'MinPeakDistance',1);
locs=s(loc);
plot (s,g(:,i),'color',colors(i,:), 'Linewidth',2)
T=size(locs);
if 1(,1)>1
for j=1:1
if i>10
if lTocs(j)>0 && Tocs(j)<100
L(i)=Tocs(j)*1le-3;
I=3;
jk=1;
else
if jk ~=1
L(i)=0;
J=1;
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Tocs(3)=NaN;
pks(3)=NaN;
end
end
else
if i>9
if locs(j)>0 && Tocs(j)<100
L(i)=locs(j)*1le-3;
3=3;
3=3;
jk=1;
else
if jk ~=1
L(i)=0;
J=1;
Tocs(3)=NaN;
pks (3)=NaN;
end
end
else
if locs(j)>0 && Tocs(j)<100
L(i)=locs(j)*1le-3;
3=3;
jk=1;
else
if jk ~=1
L(i)=0;
J=1;
Tocs(3)=NaN;
pks(3)=NaN;
end
% end
% end
% end
end
end
end
end

else

if 1(1,1)<1
L(i)=0;
J=1;
Tocs(3)=NaN;
pks(3)=NaN;
else
if Tocs>0 && 1ocs<1000
L(i)=locs*1le-3;
else
L(i)=0;
Tocs (3)=NaN;
pks(3)=NaN;
end
J=1;
end
% end
end
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hold on
scatter(locs(3),pks(3),'o', 'Markeredgecolor',[1 0 0])
set(gca, 'xScale', 'log')
hold on
% pause
pks=0;
locs=0;
jk=0;
end
legend('30','30',"'30',"'30"','30","'30',"'40"','40"','40',"'40"','40"','40", ...
'50','50','50','50','50"','50','60','60"','60"','60','60"','60", ...
'z0','70','70','70','70','70','80','80"','80"','80','80"','80", ...
'90','90','90','90','90"','90"',"'100','100"', '100"','100"', "100",'100", ...
'‘1i0','110','110','110','110', '110"','120',"'120"', '120"', '120"','120"','120", ...
'130','130','130',"'130", '130"','130"', "Location', 'west')
ylabel('G(\tau)', 'FontName', 'myriad pro', 'FontSize',24);
xlabel('\tau (ms)', 'FontName', 'myriad pro', 'FontSize',24);
set(gca, 'TickDpir', 'out', 'FontName', 'myriad pro','FontSize',16, 'Linewidth',2, "'box', 'off"')
title('PDI-Ho', 'FontName', 'myriad pro', 'FontSize',24, ' 'Fontweight', 'bold")
set(gcf, 'color','w', 'Position', [0, 0, 1000, 750]);
hold off

% theta=[30;30;30;40;40;40;50;50;50;60;60;60;70;70;70;80;80;80]*pi()/180;

% theta=[30;30;40;40;50;50;60;60;70;70;80;80;90;90;100;100;110;110;120;120;130;130]*pi()/180;
% theta=[30;40;50;60;70;80;90;100;110;120;130]*pi()/180;
theta=[30;30;30;40;40;40;50;50;50;60;60;60;70;70;70;80;80;80;90;90;90;100;100;100;110;110;110
;120;120;120;130;130;130]*pi ()/180;

%
theta=[30;30;30;40;40;40;50;50;50;60;60;60;70;70;70;80;80;80;90;90;90;100;100;100;110;110;110
;120;120;120;130;130]*p1()/180;

% theta=[30;40;50;60;70;80]*pi()/180;

el=0;

tau_inv=L([1:m-e1]).A-1;

kB=1.38064852e-23;
T=293;
mu=0.563e-3;
n0=1.331;
Tambda=639e-9;

p=2;

h=figure;

[AX,H1,H2]=plotyy(s,g(:,p),t,AXB(:,p));

% x1im([10 1000])

set(AX, 'xScale', 'log', 'XLim',[le-3 led], 'TickDir','out','FontName', 'myriad
pro','FontSize',16, 'Linewidth',3, "'box"', 'off');

% ylabel('G(\tau)', 'FontName', 'myriad pro', 'FontSize',24);

set(get(AX(1), 'Ylabel'), 'String', 'G(\tau) ', 'FontName', 'myriad pro', 'FontSize',24);
set(get(AX(2), 'Ylabel'), 'String', 'g_v_vA(A1A)(qg,t) "', 'FontName', 'myriad pro', 'FontSize',b24);
set(AX(1), "ycolor',[0 O O], "YTick',[0 0.05 0.1 0.15 0.2]);

set(AX(2),'yLim',[-0.05 1], 'Ycolor',[0.5 0.5 0.5],'YTick',[0 0.25 0.5 0.75

1], 'Linewidth',3,'TickDdir', 'out', 'FontName', 'myriad pro', 'FontSize',16);

set(Hl, "Color',[0 O O], 'Linewidth',3);

set(H2, 'color',[0.5 0.5 0.5], 'Linewidth',3);

xlabel ('t (ms)', 'FontName', 'myriad pro','FontSize',24);

title('PDI-Ho', 'FontName', 'myriad pro','FontSize',24, 'Fontweight', 'bold');
set(gcf, 'color','w','Position', [0, 0, 1200, 750]);
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hold off

g_plot=(4*pi*n0/Tambda)*sin(theta(p)/2)
g_sqrd_plot=g_plot.A2;

D_int=((s/1e3).A-1)"'./q_sqrd_plot;
Rh_plot=((kB.*T./(6.%3.14.*mu.*(D_int)))).*1e9;

h=figure;

plot (Rh_plot,g(:,p), ' 'Color',[0 O O], 'Linewidth',3)
x1im([100 10000])

set(gca, 'xScale', 'log")

ylabel('G(\tau)', 'FontName', 'myriad pro','FontSize',24);
xlabel('R_H (nm)', 'FontName', 'myriad pro', 'FontSize',24);

set(gca, 'TickDir', 'out', 'FontName', 'myriad pro','FontSize',16, 'Linewidth',2, "box', 'off"')

title('PDI-Ho', 'FontName', 'myriad pro', 'FontSize',24,'Fontweight', 'bold")
set(gcf, 'color','w',"Position', [0, O, 1000, 750]);
hold off

n=m-el;
k=0;
for i=1l:n-1
if L()==0 ||tau_inv(i-k)>700
% if L()==0
tau_inv(i-k)=[1;
theta(i-k)=[];
k=k+1;
end
end
% tau_inv(12)=[];
% theta(12)=[];
% tau_inv(11l)=[];
% theta(11l)=[];
% tau_inv(6)=[];
% theta(6)=[];
% tau_inv(13)=[];
% theta(13)=[];
% tau_inv(8)=[];
% theta(8)=[1];
% tau_inv(7)=[]1;
% theta(7)=[];

g=(4*pi*n0/Tambda)*sin(theta/2);
g_sqrd=q.A2;
tau_inv_1000000=tau_inv'*1e9;

fomm = fitoptions('Method', 'NonLinearLeastSquares', 'StartPoint', [le-6,1e9],
'Lower', [le-9,-1lell], 'upper', [le-1,1lell],...
'"TolFun',le-14, 'TolX',1le-14, 'MaxIter', 5000, 'MaxFunEval',2500)

ftmm = fittype('D*q_sqrd+b', ...
'coefficients',{'D','b'},...
"independent', {'g_sqrd'},...
'options', fomm)
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[f,gof,output] = fit (gq_sqrd, tau_inv_1000000, ftmm)
figure

D_lin=f.D/1e9;

b_Tin=f.b/1e9;

tau_inv_mod=g_sqrd*D_lin+b_T1in;

hold on

fl=scatter(g_sqrd, tau_inv,120,'o', '"MarkeredgecColor', 'none', 'MarkerFacecColor',[180/250 0/255
01);

hold on

plot(g_sqrd, tau_inv_mod,'-"','Linewidth',3, 'Ccolor','k")

ylabel('\Gamma (sA-Al)', 'FontName', 'myriad pro', 'FontSize',24);

xlabel('gA2 (mA-A2)','FontName', 'myriad pro', 'FontSize',24);

Tegend({'Data','Fit'}, 'FontName', 'myriad
pro','FontSize',16, 'Fontweight', 'bold', 'Location', 'Northwest');

Tegend('boxoff")

set(gca, 'TickDir', 'out', 'FontName', 'myriad pro','FontSize',16, 'Linewidth',2, "box', 'off")
title('PDI-Ho', 'FontName', 'myriad pro', 'FontSize',24, ' 'Fontweight', 'bold")

set(gcf, 'color','w',"Position', [0, 0, 1000, 750]);

hold off

hold off
Rh_Tin=(kB*T/(6*3.14*mu* (f.D/1e9)));

D_Tin_int= confint(f)
conf_D_lin=abs(D_lin_int(:,1)-f.D)/1e9
conf_D_lin_avg=mean(Conf_D_T1in)
conf_Rh_Tin=Rh_1lin*sqrt((Conf_D_1in_avg/D_1in)A2)
D=[D_T1in]

Rh=[Rh_T1in]

g_plot =
6.7746e+06

fomm =
Normalize: 'off'
Exclude: []
weights: []
Method: 'NonlinearLeastSquares'
Robust: 'off'

StartPoint: [1.0000e-06 1.0000e+09]
Lower: [1.0000e-09 -1.0000e+11]
Upper: [0.1000 1.0000e+11]

Algorithm: 'Trust-Region'

DiffMinChange: 1.0000e-08
DiffMaxChange: 0.1000
Display: 'Notify'
MaxFunEvals: 2500
MaxIter: 5000
TolFun: 1.0000e-14
Tolx: 1.0000e-14

ftmm =

General model:
ftmm(D,b,qg_sqrd) = D*q_sqrd+b
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f =
General model:
f(g_sqrd) = D*g_sqrd+b

Coefficients (with 95% confidence bounds):

D = 0.0001297 (0.0001123, 0.0001472)
b = 7.652e+09 (1.765e+09, 1.354e+10)

gof =
sse: 2.1647e+21
rsquare: 0.8814
dfe: 31
adjrsquare: 0.8776
rmse: 8.3563e+09

output =
numobs: 33
numparam: 2
residuals: [33x1 double]
Jacobian: [33x2 double]
exitflag: 3
firstorderopt: 4.3151e+08
iterations: 47
funcCount: 144
cgiterations: 0
algorithm: 'trust-region-reflective
message: [1x86 char]

D_Tin_int
1.0e+10 *
0.0000 0.1765
0.0000 1.3540

conf_D_1in =
1.0e-13 *
0.1743
0.1743

conf_D_lin_avg =
1.7431e-14

conf_Rh_1lin =
3.9499e-07

D =
1.2973e-13

Rh =
2.9398e-06
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theta_u=unique(theta);
[nu,m]=size(theta_u);
for i=1l:nu
tau_inv_med(i)=mean(tau_inv(theta==theta_u(i)));
tau_inv_std(i)=std(tau_inv(theta==theta_u(i)));
end
g_u=(4*pi*n0/lambda)*sin(theta_u/2);
g_u_sqrd=q_u.A2;
tau_inv_1000000_med=tau_inv_med'*1e9;
fomm = fitoptions('Method', 'NonLinearLeastSquares', 'StartPoint', [le-6,1e9],

'Lower', [le-9,-1lell], 'uUpper', [le-1,1lell],...
'TolFun',le-14, 'TolX',le-14, 'MaxIter',5000, 'MaxFunEval"',2500)

ftmm = fittype('D*q_sqrd+b',...
'coefficients',{'D','b'}, ...
'independent', {'gq_sqrd'},...
'options', fomm)

[f,gof,output] = fit (g_u_sqrd, tau_inv_1000000_med, ftmm)
figure

D_lin=f.D/1e9;

b_T1in=f.b/1e9;

tau_u_inv_mod=q_u_sqrd*D_lin+b_11in;
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hold on

fl=errorbar(q_u_sqrd, tau_inv_med, tau_inv_std, 'o', 'Markersize',10, 'Linewidth',3, 'Color', [150/2
50 150/255 150/255], '"Markeredgecolor', "none', '"MarkerFacecolor', [150/250 150/255 150/255]);
hold on

plot(g_u_sqrd, tau_u_inv_mod,'-"','Linewidth',3,"'Color',"'k")

ylabel('\Gamma (sA-Al)', 'FontName', 'myriad pro', 'FontSize',24);

xlabel('gA2 (mA-A2)','FontName', 'myriad pro', 'FontSize',24);

Tegend({'Data','Fit'}, 'FontName', 'myriad
pro','FontSize',16, 'Fontweight', 'bold', 'Location', 'Northwest');

Tegend('boxoff")

set(gca, 'TickDir', 'out', 'FontName', 'myriad pro','FontSize',16, 'Linewidth',2, "'box', 'off"')
title('PDI-Ho', 'FontName', 'myriad pro', 'FontSize',24,'Fontweight', 'bold")

set(gcf, 'color','w', "Position', [0, O, 1000, 750]);

saveas(gca, 'C:\Users\owner\Google Drive\Doctorat\OneDrive\Thesis\Chapter V\Figures\Data\PDI-
Ho-DLS-Linear-1mM_2.eps"')

hold off
Rh_Tin=(kB*T/(6*3.14*mu* (f.D/1e9)));

D_lin_int= confint(f)
conf_D_lin=abs(D_lin_int(:,1)-f.D)/1e9
conf_D_lin_avg=mean(Conf_D_T1in)
conf_Rh_Tin=Rh_1lin*sqrt((Conf_D_1in_avg/D_1in)A2)
D=[D_T1in]

Rh=[Rh_T1in]

fomm =
Normalize: 'off'

Exclude: []

weights: []

Method: 'NonlinearLeastSquares'
Robust: 'Off'
StartPoint: [1.0000e-06 1.0000e+09]
Lower: [1.0000e-09 -1.0000e+11]
Upper: [0.1000 1.0000e+11]
Algorithm: 'Trust-Region'
DiffMinChange: 1.0000e-08
DiffMaxChange: 0.1000
Display: 'Notify'
MaxFunEvals: 2500
MaxIter: 5000
TolFun: 1.0000e-14
TolX: 1.0000e-14

ftmm =
General model:
ftmm(D,b,g_sqrd) = D*q_sqrd+b

f =
General model:
f(g_sqrd) = D*q_sqrd+b
coefficients (with 95% confidence bounds):
D = 0.0001297 (0.0001116, 0.0001479)
b = 7.652e+09 (1.514e+09, 1.379e+10)
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end

gof =
sse: 1.8510e+20
rsquare: 0.9666
dfe: 9
adjrsquare: 0.9629
rmse: 4.5351e+09

output =
numobs: 11
numparam: 2

residuals: [11x1l double]
Jacobian: [11x2 doubTe]

exitflag: O

firstorderopt: 2.0391e+15

iterations: 833
funcCount: 2502
cgiterations: 0

algorithm: 'trust-region-reflective'
message: [1x104 char]

D_lin_int =
1.0e+10 *
0.0000 0.1514
0.0000 1.3791

Conf_D_1in =

1.0e-13 *
0.1817
0.1817

Conf_D_lin_avg =

1.8175e-14
conf_Rh_1lin =
4.1184e-07
D =
1.2973e-13
Rh =
2.9398e-06
PDI-Ho
1004
® Data
0] —Fit
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80
= sof
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Chapter 6. Overall conclusions and

outlook

There are still a multitude of unanswered fundamental questions in supramolecular
polymers and polymerization, such as the dynamic behavior within and between self-
assembled structures or controlling supramolecular copolymerization, showing that there is a
long road to master supramolecular polymerization in the same way as we understand
‘traditional’ covalent polymers.”* But there is plenty of room for innovation beyond the
fundamental questions, with the advent of Systems Chemistry, methods to temporally control
self-assembly have led to the creation of life-like materials and systems that present
autonomous formation and destruction of building blocks and feed-back loops.*> There are
important challenges, such as the development of reaction cycles where waste products can
easily be removed or do not interfere with the different chemical processes,” and the creation
of biocompatible or biorthogonal systems that could potentially lead to biomedical
applications.*” Spatial control, in the same way that is achieved by biological structures, is still
a great challenge, with chemists needing to better understand the mechanisms involved and
develop new methodologies to achieve three dimensional control over supramolecular

materials.?*®

Opverall, the future of supramolecular polymerization, besides understanding the
fundamentals mechanisms, will involve the programmed creation or adaptation of materials
according to their surroundings, tailoring the materials’ response to the environmental needs,
working in collaboration with living systems.** By dominating the challenges listed above and
combining these different approaches, I believe that creating a true living material will be
possible in the not-so-distant future.

In this thesis, we have shown how to gain better control over supramolecular polymers
and polymerization. In Chapter 1, the state of the art of the techniques to control

supramolecular polymers in and out-of-equilibrium have been shown. Three gaps in the field

have been identified, in a more practical way that has been discussed above:
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e Simple, efficient, and universal spatiotemporal control over supramolecular
polymerization.

e A wider diversity in the reactions utilized for non-equilibrium reaction cycles.”

e The use of easily achievable magnetic field (or lack thereof) to control molecular
self-assembly.

In this thesis we tried to respond to each of these challenges.

To tackle the first problem, in Chapter 2 we developed a simple methodology where
supramolecular polymer layers can be grown from polymeric surfaces thought diffusion of
protons. We used a PDMS cube to absorb HCI and release it in a solution containing a pH-
responsive hydrogelator. A gel layer, in the mm range, could be grown from the surface of the
polymer, and mathematical modeling showed that the diffusion of the protons from the
material has to be slower than the nucleation rate of the supramolecular polymer, otherwise
only precipitation is observed. This approach is very versatile, since a plethora of commercial
porous materials can be used to absorb any reactant, and subsequently release it into the
environment, allowing spatiotemporal control over many chemically triggered supramolecular
materials.

The next challenge was confronted by the development, in Chapter 3, of a new aldehyde-
targeting reaction cycle, that exclusively uses commercially available chemical fuels to gain the
temporal control of a hydrogelator. This cycle utilizes the catalytic hydrolysis of a formaldehyde
releasing agent (HMTA) to gain the delay needed for an autonomous reaction cycle.
Surprisingly, the amount of catalyst influences the kinetics of the reaction cycle, which impacts
the morphology of the final aggregates and the mechanical properties of the hydrogel.*** With
this method not only we achieved temporal control over hydrogelation, but also control over
the final properties of the material. Aldehyde being a biologically relevant**® and widely utilized
chemical group, this reaction cycle opens the door for the controlled assembly of a wide variety
of (bio)molecular building blocks.

Finally, the last problem was undertaken in Chapter 4 and Chapter 5 by achieving the
control over supramolecular networks with easily accessible magnetic field by self-assembly of

many lanthanides together. In Chapter 4 the densification and increase in branching of a Gd-
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containing paramagnetic supramolecular rod network could be achieved by applying relatively
weak magnetic fields (< 2 T). The same was not observed when using a diamagnetic control or
in the absence of magnetic field. Mathematical calculations showed that these assemblies are
large enough so that the magnetic energies involved surpass the thermal noise, but the
mechanism responsible for the change in topology is still unknown. In Chapter 5, a library of
lanthanide-containing perylene diimides was synthesized, and the size of their aggregates
formed in water could be controlled depending on the lanthanide chosen. Since the
thermodynamics of polymerization are virtually the same for all the compounds, pointing to
the perylene core being the main driving factor for aggregation, with the lanthanide
interactions possibly responsible for their size differences. Although there are still some
constraints for the wide application of magnetically controlled supramolecular polymers, these
examples are paving the way to facilitate the development of the field, by eliminating the need
of (costly) strong electromagnets, such as bitter or superconducting magnets."" Furthermore,
since magnetic fields are extensively used for biomedical applications, mainly in imaging, and
it is virtually a biorthogonal stimulus, these lanthanide-containing magneto-responsive
assemblies could open the door for the creation of new materials for theranostics
applications.**!

The work presented in this thesis provides simple (but not simplistic) solutions to
currently open problems in supramolecular polymerization. Each chapter showing new
methods to control supramolecular polymerization and aggregate properties. These advances
in the fundamental science of supramolecular chemistry can pave the way for smart materials
that can be both autonomous and directed.

Personally, I believe that the future of supramolecular polymerization lies on the
combination of non-equilibrium reaction cycles and stimuli-responsiveness to achieve
orthogonal control over the properties of a single material. The use of biocompatible and
biorthogonal chemistries and stimuli will be an important steppingstone for smart biomaterials
working inside and in collaboration with biological systems. Of course, we are far from
achieving such complex (and complicated) feat because we first need to fully understand each

specific phenomenon. Because of this, I believe that the work presented in this thesis will help
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to further understand supramolecular polymerization and develop new methodologies for the

control over supramolecular polymerization, possibly leading to new applications.
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Résumé

L'objectif de cette thése était de développer de nouvelles techniques pour mieux contréler des polymeéres
supramoléculaires, trois différentes stratégies ont été présentées. Premiérement, le controle spatiotemporel
d’un hydrogel a été réalisé par la diffusion d’un acide a partir d’'un matériau poreux, ce qui active une molécule
sensible au pH. La deuxiéme stratégie s’appuie sur un cycle réactionnel hors équilibre a fin d’obtenir le controle
temporel et des propriétés mécaniques d’un hydrogel. La derniere méthode repose sur |'utilisation de stimuli
magnétiques de deux facons : en utilisant des champs magnétiques (< 2 T) pour influencer la topologie de
réseaux de fibres supramoléculaires contenant des ions paramagnétique ; et controler la taille d’agrégats
supramoléculaires, sans champ magnétique, juste en incluant des différents lanthanides paramagnétiques
dans leur structure moléculaire. Ces nouvelles méthodes sont un avancement vers un meilleur contréle des
polymeéres supramoléculaires.

Mots-clés : polymeres supramoléculaires, autoassemblage, contréle magnétique, cycle réactionnel hors
équilibre, terres rares.

Résumé en anglais

The aim of this thesis was to develop new techniques to better control supramolecular polymers, three
different strategies were presented. First, spatiotemporal control of a hydrogel was achieved by diffusion of
protons from a porous material, which activates a pH-responsive hydrogelator. The second strategy relies on
an out-of-equilibrium reaction cycle to obtain temporal and mechanical control of a hydrogel. The last method
relies on the magnetic control of supramolecular assemblies in two ways: using magnetic fields (< 2 T) to
influence the topology of supramolecular rod networks containing a paramagnetic lanthanide; and controlling
the size of supramolecular aggregates, without a magnetic field, by including different paramagnetic
lanthanides in the molecular structure and inducing their interaction through supramolecular self-assembly.
These new methods are an advancement towards better kinetic and thermodynamic control of supramolecular
polymers in and out-of-equilibrium.

Keywords: supramolecular polymers, self-assembly, magnetic control, out-of-equilibrium reaction cycle, rare
earths.




	Table of contents
	Acknowledgements
	Résumé
	Summary
	Symbols and Abbreviations
	Chapter 1. General Introduction: Controlling Supramolecular Polymerization
	1.1 General Introduction
	1.1.1 Supramolecular Chemistry
	1.1.2 Supramolecular Polymers

	1.2 Supramolecular Polymerization Under Thermodynamic and Kinetic Control
	1.2.1 Stimuli-Responsive Supramolecular Polymers
	1.2.2 Non-Equilibrium Control Over Supramolecular Polymerization
	1.2.3 Spatial Control

	1.3 Out-of-Equilibrium Reaction Networks to Control Supramolecular Polymers
	1.3.1 Fully Synthetic Reaction Cycle
	1.3.2 Enzymatic Reaction Cycles
	1.3.3 pH and Redox Driven Reaction Cycles

	1.4 Magnetism as a Tool to Control Soft Matter
	1.4.1 Magnetism and Magnetic Energy
	1.4.2 Magnetism to Control Soft-Matter (Trivial Observations)
	1.4.3 Non-Trivial Observations of Magnetic Effects on Soft Materials

	1.5 Aim and Contents of this Thesis

	Chapter 2. Surface‐Assisted Self‐Assembly of a Hydrogel by Proton Diffusion
	2.1 Introduction
	2.2 pH-Responsive Self-Assembly
	2.3 Kinetics and Mechanism of Supramolecular Polymerization
	2.4 Surface-Assisted Hydrogelation
	2.5 Conclusions
	2.6 Appendix
	2.7 Acknowledgements
	2.8 Materials and Methods
	2.8.1 Materials and Experimental procedures
	2.8.1.1 General Considerations
	2.8.1.2 NMR Spectroscopy
	2.8.1.3 Mass Spectrometry
	2.8.1.4 Circular Dichroism Spectroscopy
	2.8.1.5 Transmission Electron Microscopy
	2.8.1.6 PDMS cube experiment
	2.8.1.7 Microfluidic supramolecular growth

	2.8.2 Synthesis
	2.8.2.1 Compound 1
	2.8.2.2 Compound 2
	2.8.2.3 Compound 3
	2.8.2.4 Compound 4
	2.8.2.5 Compound 5
	2.8.2.6 Compound 6
	2.8.2.7 Compound 7
	2.8.2.8 Compound 8 (BTA–1)

	2.8.3 Mathematical Model
	2.8.3.1 Description of the model
	2.8.3.2 Individual fitting
	2.8.3.3 Global Fitting
	2.8.3.4 Eyring treatment

	2.8.4 MATLAB® code
	2.8.4.1 Model with Arrhenius
	2.8.4.2 Model with Eyring
	2.8.4.3 Fitting Routine with Arrhenius
	2.8.4.4 Fitting Routine with Eyring



	Chapter 3. Controlling Morphology and Mechanical Properties of a Hydrogel Using a Fuel-Driven Reaction Cycle
	3.1 Introduction
	3.2 Stimuli-Responsive Hydrogel and Reaction cycle
	3.3 Gelation Mechanism and Kinetics
	3.4 Kinetics of the Full Reaction Cycle
	3.5 Kinetic Control of Morphology and Mechanical Properties
	3.6 Syneresis
	3.7 Conclusions
	3.8 Appendix
	3.9 Acknowledgements
	3.10 Materials and Methods
	3.10.1 Materials and Experimental procedures
	3.10.1.1 Materials
	3.10.1.2 Thermally annealed gel
	3.10.1.3 Transient Cycles
	3.10.1.4 pH experiments
	3.10.1.5 NMR experiments
	3.10.1.6 Rheology experiments
	3.10.1.7 UV-Vis experiments
	3.10.1.8 Syneresis experiments
	3.10.1.9 Confocal Microscopy
	3.10.1.10 Powder X-Ray diffraction
	3.10.1.11 Scanning Electron Microscopy

	3.10.2 Synthesis
	3.10.2.1 SachCHO
	3.10.2.2 SachSO3–

	3.10.3 Mathematical Model and Fitting
	3.10.4 MATLAB® code
	3.10.4.1 Model
	Trick to bypass the fitting algorithm
	26.8 mM unseeded
	33.5 mM unseeded
	40.2 mM unseeded
	10% seeds
	20% seeds

	3.10.4.2 Fitting Routine
	26.8 mM
	33.5 mM
	40.2 mM
	9% seeds
	17% seeds
	Fitting
	Plotting




	Chapter 4.  Magnetic Control over Supramolecular Networks
	4.1 Introduction
	4.2 Characterization of Supramolecular Assemblies
	4.3 Magnetic Control Over Supramolecular Assemblies
	4.4 Magnetic Characterization of Assemblies
	4.5 Energetic Considerations
	4.6 Conclusions
	4.7 Appendix
	4.7.1 Results of Magnetic Ground-State Calculations

	4.8 Acknowledgements
	4.9 Materials and Methods
	4.9.1 Synthesis
	4.9.2 Cryo-TEM
	4.9.3 Dynamic Light Scattering
	4.9.3.1 Generalities
	4.9.3.2 Electromagnet experiments

	4.9.4 Fractal dimension
	4.9.4.1 Fractal dimension from static light scattering
	4.9.4.2 Fractal dimension from cryo-TEM imaging: Box counting

	4.9.5 SQUID (Superconducting Quantum Interference Device)
	4.9.6 Magnetic dipole calculations


	D
	C
	A
	A
	B
	Chapter 5. Magnetic Lanthanides to Control Supramolecular Polymers
	5.1 Introduction
	5.2 Synthesis and Spectroscopic Characterization
	5.3 Thermodynamics of Supramolecular Polymerization
	5.4 Size and Morphology of Assemblies
	5.5 Conclusions
	5.6 Appendix
	5.7 Acknowledgements
	5.8 Materials and Methods
	5.8.1 Synthesis
	5.8.1.1 Synthesis of 1
	5.8.1.2 Synthesis of 2
	5.8.1.3 Synthesis of 3
	5.8.1.4 Synthesis of PDI-Ln
	5.8.1.5 PDI-Y
	5.8.1.6 PDI-Ho
	5.8.1.7 PDI-Gd
	5.8.1.8 PDI-Er

	5.8.2 Methods
	5.8.2.1 Ultraviolet/Visible Spectroscopy
	5.8.2.2 Circular Dichroism Spectroscopy
	5.8.2.3 Fluorescence Spectroscopy
	5.8.2.4 Thermogravimetric Analysis
	5.8.2.5 Dynamic Light Scattering
	5.8.2.6 Scanning Electron Microscopy
	5.8.2.7 Atomic Force Microscopy
	5.8.2.8 Nuclear Magnetic Resonance
	5.8.2.9 Preparative HPLC

	5.8.3 Thermodynamic Model
	5.8.3.1 Solvent Denaturation
	5.8.3.2 Temperature Activated Polymerization

	5.8.4 MATLAB® codes
	5.8.4.1 Solvent Denaturation
	multifit

	5.8.4.2 UV/Vis isodesmic model fitting
	5.8.4.3  CD isodesmic model fitting
	5.8.4.4 DLS data treatment
	avg




	Chapter 6. Overall conclusions and outlook
	References
	Keyword Index

