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Abstract

Hydrogels are employed in everyday life products such as contact lenses, diapers, and cosmetic creams.

In addition, their aqueous composition, soft mechanics, and high permeability, makes them appealing
materials in the biomedical field. However, these diverse applications have specific requirements in
terms of mechanics and functionality that can often not be fulfilled by a single polymer. To overcome
this limitation, multiple crosslinking types can be embedded in the same polymer matrix, thereby,
realizing a dual dynamic network (DDN). However, the determination of structure—property
relationships for these multi-component systems is often not straightforward and therefore,
comprehensive studies are needed for a rational materials design. This thesis aims to contribute to this
field with the development and methodological exploration of elasticity and permeability of a novel
DDN as well as the investigation of the effect of defects on the targeted properties.

The synthesis of this novel dual dynamic network is presented in Chapter 3. To a model 4-arm
poly(ethylene glycol) (pEG) main network, two dynamic motifs are attached. The first dynamic motif
is a terpyridine ligand which is capable of forming bis-terpyridine coordination complexes with different
metal ions, whereas the second dynamic motif is a linear poly(N-isopropylacrylamide) (pNIPAAmM)
chain. The combination of these dynamic motifs makes it possible to customize the properties of the
DDN such as elasticity and diffusive permeability by changing the metal ion or the molar mass of the
thermo-responsive polymer. In this work, it is particularly shown, by oscillatory shear rheology and
fluorescence recovery after photobleaching, how the elasticity and permeability of the DDN can be
switched on demand upon change of the temperature. Furthermore, this system is reversibly degradable

due to the supramolecular nature of the bonds, allowing the recyclability of the DDN.

Chapter 4, constitutes a methodological follow-up study of this tunable dual dynamic network. Starting
from the different building blocks that constitute the system, it is shown how the elastic properties of
the hydrogel can be optimized by adjusting the molar mass of the pEG and pNIPAAmM blocks and with
the choice of a different metal ion. This systematic investigation constitutes an excellent toolkit for dual
dynamic networks and allows to tailor the properties of these networks on demand thereby, enlarging

the applicability spectrum of these multi-responsive hydrogels.

In the engineering of new materials, the role of defects cannot be underestimated as in supramolecular
systems especially connectivity defects can always occur. It is thus crucial to understand their impact
on the properties of hydrogels starting from model systems with the perspective of transferring the
knowledge on more complex systems such as DDN. This issue is tackled in Chapter 5, where
connectivity defects are systematically introduced into a 4-arm pEG-terpyridine model network by
doping such network with different amounts of 8-arm pEG-terpyridine precursors. The origin and effect
of this connectivity mismatch on the hydrogel’s properties, such as elasticity and permeability, are then

investigated by DQ-NMR, rheological and fluorescence recovery after photobleaching experiments.
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Zusammenfassung

Hydrogele sind Polymernetzwerke, die in Wasser gequollen sind. Sie werden in einer Vielzahl
verschiedener Alltagsprodukte wie z.B. Kontaktlinsen, Windeln und kosmetische Cremes eingesetzt.
Zusatzlich eignen sie sich aufgrund ihres hohen Wassergehaltes, ihrer weichen mechanischen Festigkeit
sowie der hohen Permeabilitdt auch fir bio-medizinischen Anwendungen. Dieses breite
Anwendungsspektrum macht es erforderlich, dass moderne Hydrogel-Plattformen verschiedene, gezielt
variierbare Eigenschaften in sich vereinen. Das kann beispielweise durch doppelt-dynamische
Netzwerke (DDN) realisiert werden. Fir das rationale Design von DDN-basierten Materialen stellt ein
detailliertes und fundamentales Verstandnis ihrer Struktur—Eigenschafts—Beziehungen den Grundstein
dar. Ziel dieser Arbeit ist es, durch systematische Untersuchungen an zwei supramolekularen und

Stimuli-responsiven Modellsystemen, zu diesem Verstandnis beizutragen.

In Kapitel 3 wird hierfiir ein neuartiges DDN vorgestellt, das auf einem 4-Arm Poly(ethylenglykol)
(PEG) Modell-Netzwerk basiert, und in dem jedes pEG Kettenende mit zwei dynamischen
Bindungsmotiven funktionalisiert ist. Das Erste ist ein Terpyridin-Ligand, der Komplexe mit
verschiedenen Metallionen bilden kann. Das zweite ist eine lineare Poly(N-isopropylacrylamid)
(pPNIPAAmM) Kette. Die Kombination dieser beiden Funktionalisierungen erlaubt eine gezielte Variation
der Elastizitat und Permeabilitat der Hydrogele durch den Austausch des verwendeten Metallions oder
durch die Anderung der molaren Masse der thermoresponsiven Seitenkette. Ein besonderer Fokus dieser
Arbeit liegt auf der Untersuchung der Temperaturabhéngigkeit von Permeabilitat und Elastizitat. Es

wird aulRerdem gezeigt, dass dieses System recyclebar ist.

In Kapitel 4 wird dieses System detaillierter untergesucht, indem weitere Bauteile des Systems
systematisch variiert werden. Es wird gezeigt, dass die makroskopischen Eigenschaften der Hydrogele
sowohl von der molaren Masse des pEG-Sterns und der pNIPAAmM-Seitenketten als auch vom Metallion
abhédngen. Diese systematische Untersuchung stellt somit ein wertvolles Toolkit fiir das Design von

DDNs mit gezielt einstellbaren Eigenschaften dar.

Bei der Untersuchung von Struktur—Eigenschafts—Beziehungen von Polymernetzwerken darf auch die
Rolle von Defekten nicht unterschatzt werden. Trotz vielféltiger Anstrengungen ideale Modell-
Netzwerke herzustellen, kdnnen immer Defekte und insbesondere Konnektivitats-Defekte auftreten.
Deswegen ist es wichtig, deren Einfluss auf die Hydrogel-Eigenschaften zu verstehen, um die
Erkenntnisse auch auf komplexere Systeme, wie beispielsweise DDNs, Ubertragen zu kénnen. Dieser
Aspekt wird in Kapitel 5 untersucht, indem gezielt Konnektivitats-Defekte in ein 4-Arm pEG-
Terpyridin Modell-System eingefiihrt werden. Dies erfolgt durch den Einbau von 8-Arm pEG-
Terpyridin Polymeren. Der Einfluss der so erzeugten Konnektivitats-Defekte auf die Elastizitdt und
Permeabilitat der Polymernetzwerke wird dann mittels Rheologie und ,fluorescence recovery after

photobleaching® untersucht.
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1. Introduction

1.1 Hydrogels

Hydrogels are three-dimensional assemblies of crosslinked polymer chains swollen in water. [1], [2]
They constitute a form of shape-stable water, where the solvent is held in place by the polymer network.
[3] This composition makes hydrogels permeable and with soft mechanics, and suitable for a wide range
of applications, as shown in Figure 1. [3]-[5] In addition, they have the capability to absorb large
amount of water. This property makes them suitable for applications such as superabsorbers. For
example, they are used in diapers or in agriculture for controlled fertilizer release. [6]-[8] They have
also a niche in cosmetics, such as body creams. [9] In addition, they are often used as membranes and
as separation media, [10]-[12] for removal of heavy metal ions from water, for water desalination, [13],
[14] and lately, also in the field of wearable electronics. [15]-[19]

ound dressing

Agriculture

Hydrogels Contact lens

=&
A

Tissue engineering

Drug delivery

Disposable Diapers

Figure 1. Hydrogels are water-based materials that are used in multiple application fields, from agriculture, to the
biomedical field as drug delivers or substituted tissue to wound healing, to everyday applications such as contact
lenses or disposable diapers. (Reproduced with permission from Ref. [5], © 2018 Springer Science Business
Media)

Their permeability makes it possible for small molecules to pass through. This makes them suitable for
example for contact lenses, where the exchange of oxygen with the eye is crucial. [4], [6], [20], [21]
They are permeable not only for small molecules, but also for bigger diffusants such as drugs. [11], [22]

In addition to drug delivery, their high water content makes hydrogels the ideal candidates for other



biomedical applications, such as tissue engineering, wound healing, and 3D support for cell growth. [4],
[20], [23], [24], [25]

In the context of tissue engineering, they can be used to reproduce natural tissues, such as cartilage,
muscles, or organs such as the liver. [4] However, such applications require that synthetic hydrogels
resemble the mechanics and functionality of the natural tissues. [24], [26] This achievement still
represents a challenge for materials scientists, as the mechanical properties of natural tissues vary from
a few Pa to several gPa, as summarized in Figure 2. [26]
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Figure 2. The mechanical properties of the natural tissues vary from a few Pa to GPa. While to imitate stiffer
structures like bones, hard scaffolds are used, to imitate softer tissues, hydrogels are the preferred candidates.
(Reproduced with permission from Ref. [26] © 2020, Springer Nature Limited)

While in tissue engineering, the mechanics of the hydrogel plays a crucial role, in other applications
such as drug delivery or contact lenses, the permeability and/or release of small diffusants is of outmost
importance. [27] Moreover, it would be useful that the hydrogel would degrade after fulfilling its use.
In addition to permeability, in separation techniques it would be desirable that this property would be
tunable. Instead, for wound healing applications it would constitute an advantage if the respective

hydrogel would be easily processable making it possible to be injected or sprayed.

Therefore, every application has specific requirements and the properties of new hydrogels must be
tailored to these. In the following chapters we will see how the structure of hydrogels can be changed in
order to have properties like toughness, degradability, and stimuli-responsiveness. In addition, we will
see how to combine two properties in one hydrogel. Finally, we will investigate fundamental properties

of hydrogels, such as elasticity and permeability, and their characterization.
2



1.2 Double networks

The soft mechanics of hydrogels constitutes an advantage for some applications, however it is
considered a limit for applications that require toughness. [28] The research for tougher hydrogels to
expand their applicability range represents still a challenge for materials scientists. However, in the last

few years numerous steps forward have been made in this direction.

In 2003 for example, Gong and her group introduced a new tough hydrogel composed of two polymer
networks interpenetrated into each other, namely poly(2-acrylamide-2-methylpropane sulfonic acid)
(PAMPS) and polyacrylamide (PAM). Even if interpenetrated networks had been used before, the group
of Gong was the first to investigate the toughness. [29], [30] Gong showed that the fracture stress of
their interpenetrated networks was 20 times higher than the one of the two separate networks. [31]
The concept behind interpenetrated double networks is that one densely crosslinked network is
interpenetrated with a loosely crosslinked one. [31] Upon application of stress, the first network breaks
and the stress is distributed on the second network. [31] Few years after the development of this double
network, Brown and Tanaka suggested the dissipation mechanism behind: upon deformation, the highly

crosslinked network breaks into clusters, as it can be seen in Figure 3 (a). [1], [32], [33]

These clusters not only dissipate energy, but also act as crosslinks for the second loosely crosslinked
network. [1], [32], [33]

= PAMPS Chain %

G —— PAAm Chain

Figure 3. Tough double interpenetrating networks realized by Gong and her group. (a) A highly crosslinked
PAMPS network is interpenetrated in a loosely crosslinked PAM network. Upon deformation the densely
crosslinked network breaks, thereby releasing energy. (Reproduced from Ref. [34] with permission from the Royal
Society of Chemistry) (b) The single PAMPS network withstand a stress of 0.2 MPa (left), whereas the
PAMPS/PAM double network withstand a stress of 25 MPa (right). (Reproduced from Ref. [31] with permission
of the publishers, © 2003 WILEY-VCH) (c) The single PAMPS network sustains a compression of 0.4 MPa (left),
whereas the PAMPS/PAM double network sustain a compression of 17.2 MPa (right). (Reproduced from Ref. [31]
with permission of the publishers, © 2003 WILEY-VCH)



Single networks are lacking this dissipation mechanism and therefore, they show weak mechanical
properties in comparison. [35] In Figure 3, the structure of this double network and the consequences
on the properties, such as resistance to cutting and compression are displayed in comparison to a single

network.

On this path, Grunlan et al. recently developed a cartilage-like double network composed of PAMPS
and poly(N-isopropylacrylamide)-acrylamide copolymer. Their double network showed a compressive
strength of 25 MPa, which is 50 times higher than the one of a single network. [36]

In literature there are numerous other examples of engineered double networks [8], [36]-[46], however,
even if these systems show all promising mechanical results, the toughness is lost after the deformation,
as the breakage of the sacrificial network is irreversible. [1] Therefore, there is an increasing strategy to
replace the highly crosslinked covalent network with a non-covalent network, thereby realizing a hybrid
double network. [1]

CH=CH CH=CH, CH=CH -00GHO.D o -00G,HO
’ L %
—F,&\,:‘_H ]_O‘é\[;.l--i c?“‘r;l-*]_ e D\%‘oﬂm

H k c H I -
~ s ~C N
- = fH=CH; CHe=CH——{H=CH - - chcH—drmon—F-ci-cii

# # -

!!{ H m H ) " &\E—H m C'&W;H |

Figure 4. A hybrid double network can be realized combining one covalent and one non-covalent network. Sun et
al. used calcium-alginate complexes as binding motif of the sacrificial non-covalent network (a) and
polyacrylamide as covalent network (b). Their combination (c) is achieved via the binding between the amine
groups of the polyacrylamide and the carboxyl groups of the alginate. (Reproduced with permission from Ref. [47]
© 2012, Nature Publishing Group)

For example, Sun et al. realized this strategy by employing a double network (shown in Figure 4) with
alginate and polyacrylamide, where the sacrificial non-covalent motif is composed of calcium-alginate

complexes. [1], [47]

Nevertheless, covalent crosslinked networks have the disadvantage that they cannot be easily processed

and recycled. This limitation can be overcome with reversible bonds.

4



1.3 Supramolecular interactions

Covalent bonds are strong and permanent on long timescales. [48] Therefore, they can give rise to
hydrogels with high toughness. However, covalent polymer networks have the remarkable disadvantage
that once that the bond is broken, the breakage is irreversible. In addition, their covalent nature sets

limits to recyclability and self-healing.

An improvement in such direction would be the use of supramolecular polymer networks held together
through non-covalent interactions. [49] These can be based on metal-ligand complexes, hydrogen

bonding, van der Waals forces, and others, as represented in Figure 5 . [49]

Supramolecular interactions offer several advantages such as self-healing, [1], [50]-[59] recyclability,
[54], [60]-[62] and easy processability. [54], [60], [63], [64] The extent of it depends on the dynamics
and the strength of the reversible bonds. [65]

Supramolecular chemistry is a discipline that developed between the late 1960s and early 1970s, and in
1987, Donald J. Cram, Jean-Marie Lehn, and Charles J. Pedersen won the Nobel Prize in Chemistry for
their contribution to the field. [66] This discipline was defined by Jean-Marie Lehn as “the chemistry of
molecular assemblies and the intermolecular bond” and often it is referred to as “the chemistry of non-

covalent bond”. [67]

covalent bond ]
metal-ligand I
ion-ion [
ion-dipole ]
hydrogen bonding | INNNNEEEE
dipole-dipole |
I

=TT

van der Waals

100 200 300 400 500
binding energy (kJ mol-')

(=]

Figure 5. Covalent and non-covalent interactions summarized with the relative binding energy. (Reproduced with

permission from Ref. [49])

Among the non-covalent interactions, the metal-ligand complexation is the most interesting one, as it
has the largest tunability for the strength, reaching values comparable to covalent bonds. In particular,

one of the most used ligands is terpyridine. [49]



Terpyridine was obtained for the first time by Morgan and Burstall in the ’30s. [68] However, the
terpyridine-fever exploded only later in the ‘90s, as we can see from the increasing number of

publications related to this topic in Figure 6 a). [69]

Terpyridine is a tridentate ligand (as shown in Figure 6 b)) [69] that has gained high attention in the last
years due to its capability to bind a high number of metals in bis-terpyridine complexes. [49], [68], [70]
This allows a high tunability regarding the bond strength [70] and consequently the structure and
properties. In addition, these binding motifs can be completely dissociated and reformed again upon
change of the pH, as an acid environment protonates the nitrogen atoms of the terpyridine thereby,
decreasing the association strength of the ligand. Deprotonation of the ligand in a basic environment

restores the metallo-supramolecular connection. [3]

Q
—

number of publications

1950 ’-9‘5{] 1976 1880 1880 2000

c)

Figure 6. Terpyridine: the increasing interest over the years as demonstrated with the number of publications (a)
(Reproduced with permission from Ref. [69] © 2006 Wiley-VCH), structure (b), and reversibility (c).

In the last decades, Schubert et al. became pioneers in this field, as they extensively treated synthesis,
properties, and applications of terpyridine-metallo-supramolecular polymers. [70] They were also the
first to attach a terpyridine moiety to poly(ethylene glycol), [71] which is a widely used hydrophilic
polymer. In addition, terpyridine complexes show interesting redox and photophysical properties [69],

[72] that can e.g. be used for energy storage applications. [73]



1.4 Stimuli-responsive polymers

For applications such as membranes, separations or controlled release, hydrogels with fixed properties
are often not enough and it would be highly desirable to control their properties of diffusion and release
on demand. This can be achieved with the incorporation of stimuli-responsive polymers. [74]

Stimuli-responsive or smart polymers are a new class of materials that respond to a stimulus and change
their physical and/or chemical status accordingly. [75] Stimuli can be physical, like for example
temperature, light, magnetic/electric field, and mechanical force, chemical such as pH, and redox
potential or biochemical with the presence of specific bio-molecules, as shown in Figure 7. [10], [72],
[75]-[86]

Stimuli-
responsive C,

N

- N
‘0-chemic?

Figure 7. The stimuli can be of different nature: chemical, physical, and bio-chemical.

Stimuli-responsiveness is widely used in nature. For example, all membranes present in our body are
stimuli-responsive. [74] Thermo-responsive polymers are often used for drug-delivery, sensors, and
thermal separation. [87]-[96] For example, for drug delivery it might be necessary that the drug is first
protected and then released in a certain area, at a precise time with a controlled concentration. [4], [88]
This can occur when the signal to release the drug is given by an external stimulus. [97] This strategy is

often achieved with thermo-responsive polymers.

The majority of thermo-responsive polymers possess a lower critical solution temperature (LCST)
whereas only a few possess an upper critical solution temperature (UCST), or both. [98] These critical
temperatures delimitate the coil to globule transition and consequent phase-separation of the polymer
from the surrounding medium. This transition and consequent decrease in solubility occurs for
temperatures above the LCST and below the UCST. [98] In addition, these critical temperatures can
occur in any solvent, however, water is the most used one due to its relevance for the intended

biomedical applications. [88]



Among the thermo-responsive polymers, poly(N-isopropylacrylamide) (pNIPAAmM) is the most used
one, as its LCST is around 32—33 °C in agueous medium, thereby making it applicable in the biomedical
field. [88], [99] In addition, the LCST of this polymer is independent of concentration and molecular
weight. [88] Nevertheless, it can still be tuned by changing the hydrophilic/nydrophobic polymer ratio

and water/organic solvent mixture. [99]

+ Hydrophilic

Figure 8. The structure of poly(N-isopropylacrylamide) comprises both hydrophilic and hydrophobic groups.

As it can be seen from Figure 8, pNIPAAM is an amphiphilic polymer comprised by hydrophobic and
hydrophilic groups. [97] Below its LCST it has a random coil configuration where the hydrophilic
groups bind through hydrogen bridges with the surrounding aqueous medium. [97] With increasing
temperature, the hydrogen bonds between the hydrophilic groups and water become weaker due to
increased kinetic energy and are therefore outbalanced by the hydrophobic interactions. [96] When the
temperature is raised above the LCST, the hydrophobic interactions predominate and the water bridges
break. [100] The polymer phase-separates and its physical configuration changes from a random coil to
a globule. [97], [99], [100]

The fact that the LCST of pNIPAAM in water is near the physiological temperature makes this polymer
useful for controlled release applications. [13] For example, in combination with pEG, pNIPAAM is
used for injectable thermo-responsive hydrogels that can be used for delivering anti-cancer drugs. [87]
In addition, pNIPAAm is often used for delivering calcitonin and insulin. They are anchored to the

polymer which protects them in the stomach and release them in the intestine. [13]



1.5 Dual dynamic networks

The wide spectrum of binding motifs offers materials scientists great choice for the development of new
materials. In addition, as we have seen, when stimuli-responsive motifs are incorporated, the materials’
properties can be tuned on demand. To increase this tunability even further and to achieve materials
with targeted properties, it is possible to combine two or more different binding motifs, thereby realizing
a dual dynamic network (DDN). [62] This strategy can be achieved with two interpenetrated networks
baring one motif each or by incorporating two types of bonds into one main network.

When the dual network includes one covalent and one supramolecular motif, then it is called hybrid.
[101] Hébraud and co-workers have developed such hybrid dual network and their hydrogels showed
mechanical properties superior to the supramolecular or chemical network alone, as it can be seen in
Figure 9. [102]
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Figure 9. The combination of a chemical and a physical bond in one main network results in a network having

mechanical properties that are superior to the ones of the two networks (one physical and one covalent) separately.
(Reproduced from Ref. [102] with permission © 2013 American Chemical Society)

Even if hybrid dual/double networks offer more tunability over conventional single or double covalent
networks, the presence of the covalent bond still limits its recoverability. On the contrary, when both
binding motifs are supramolecular, the network has the great advantage to be fully degradable laying

the ground for recyclability.

An exemplary dual dynamic network has been developed by Zheng et al. using agar and hydrophobically
associated polyacrylamide. In this case, the combination of hydrogen bonds and hydrophobic

interactions yielded a gel with rapid self-healing and high toughness. [103]



By incorporating two dynamic bonds in a common cis-1,4-polyisoprene network, Zhang and co-workers
realized a dual dynamic network that showed high toughness, fast self-healing, and that could recover
its mechanical properties of weak and strong bonds. These properties were achieved thanks to the
combination of hydrogen bonds and Zn-triazole coordination bonds, as shown in Figure 10 . [104]

Zn-triazole coordination

hydrogen bond

Figure 10. Zhang and co-workers developed a dual dynamic network comprising two supramolecular motifs
combined in one main network, namely hydrogen bonding and Zn-triazole coordination. (Adapted and reproduced

from Ref. [104] with permission from the Royal Society of Chemistry)

Another example of multi-responsive hydrogel is provided by the Seiffert group. The authors have
designed a hydrogel based on linear polyglycerol that bears three dynamic motifs: two motifs can
potentially bind with each other through hydrogen bonding (diaminotriazine and cyanurate), whereas
the third motif (terpyridine) can potentially bind with an external metal ion through metal-complexation.
[105] These two binding types can be activated and deactivated orthogonally and independently from
each other or together. [105]
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Figure 11. Seiffert et al. developed a multi-responsive supramolecular hydrogel where the binding motifs can be
activated and deactivated orthogonally. (Adapted and reprinted with permission from Ref. [105] © 2014

American Chemical Society)

Multi dynamic networks are a fascinating and still developing field of research that tries to encounter

for the high demand of having ‘multitask’ materials.
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1.6 Defects in polymer networks

We have seen that a polymer network can be crosslinked with covalent or supramolecular crosslinks.
[106], [107] The crosslinks, however, are often not homogenously distributed within the network. In
covalent networks this spatial inhomogeneity originates from uncontrolled crosslinking of the polymer
chains, whereas in supramolecular networks it derives from clustering or stacking of the supramolecular
crosslinks. [50]

The strands between crosslinks are called meshes and their length determines the mesh-size § which is
in the order of 1-10 nm. Additionally, the spatial distribution of the crosslinking density = determines
spatial heterogeneities on length scales between of 10-100 nm, as schematically shown in Figure 12.
[106]

On top of that, there are other types of defects that can be encountered in polymer networks. When a
building block such as an atom or molecule is locally replaced, then we encounter a doping defect. When
the connectivity between building blocks is modified, then the polymer network will have connectivity
defects. Finally, when the symmetry is perturbated locally without chemical modification, then the

defects are called topological. [108]

A
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Figure 12. Topological defects that can occur in polymer networks are loops, dangling chains and crosslinker-

==10-100 nm

crosslinker shortcuts. (Reproduced from Ref. [109] with permission from the Royal Society of Chemistry)

These topological defects visualized in Figure 12 are loops, dangling chains and crosslinker-crosslinker
shortcuts. [106] In supramolecular chemistry, a loop is formed when a polymer chain does form a link
with itself or another chain of the same polymer. Alternatively, a loop (or higher order loops) can form
when two polymer binds through multiple chains, instead of binding with other polymers (meaning that
two or more chains of the same polymer binds with two or more chains of another same polymer).
A dangling chain has an end that is not crosslinked. This can occur either as temporary non-connected

chain, or as a chain that cannot bind at all due to a missing binding motif. Finally, a crosslinker-
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crosslinker shortcut occurs when two crosslinks or the same polymer or multiple polymers bind through
other interactions than the foreseen ones. In contrast, in covalent polymers, crosslinker-crosslinker
shortcuts occur mainly when two crosslinks are close together. [106] In addition, these defects get more
pronounced when the polymer network is swollen in a medium, as it can be seen from Figure 13. [106],
[108]

swelling
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Figure 13. Defects gets more pronounced when the polymer network swells in a solvent. Considering different
reaction probability p, the network with higher connectivity defects (p << 1) (a) shows more inhomogeneities in
the swollen state than a network with less connectivity defects (p = 1) (b). (Reprinted with permission from Ref.
[110] © 2014 American Chemical Society)

To obtain tough networks, not only a dissipation mechanism, but also homogeneity is needed. [29]
For example, the presence of defects can initiate a crack and/or increase its propagation speed. [29] Even
if homogeneous model structures have been achieved in both covalent [111] as supramolecular [50]
networks, natural defects can always occur. [112] Therefore, it is crucial to be conscious of their effects
on the properties. In addition, once these effects are known, the materials scientist can even exploit them
and use them as additional function givers. Since the different types of defects occur on different length
scales, it is necessary to characterize them with multiple techniques. To determine topological defects
multiple quantum NMR can be used, whereas scattering methods can be used to characterize the mesh-

size and spatial heterogeneities. [106]

The study of defects in soft polymer networks is crucial due to the multiple applications of such materials
in our everyday life, from drugs, to detergents and cosmetics, to adhesives and rubbers. [108] However,
while there are several studies concerning classical covalent networks, in the supramolecular field there

is still a lot to explore.
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1.7 Mechanics and dynamics of supramolecular polymer networks

Once that the structure has been determined, and the presence of defects assessed, the following step is
the investigation of the properties. Two peculiar properties of polymer networks are viscoelasticity and
diffusive permeability. These can be determined with multiple techniques, [113]-[115] but relevant
methods for this thesis are respectively oscillatory shear rheology and fluorescence recovery after
photobleaching.

Viscoelasticity is a characteristic property of polymer systems and one of the most important reason
why polymers are so interesting. [100] Polymers can flow like liquids but can also behave like elastic
solids. [100] Solids are characterized by an elastic behavior that can be expressed by Hooke’s law

c=EF-¢ 1)

where o is the applied stress, ¢ is the strain or deformation, and E is the Young’s or elastic modulus.

[100] On the contrary, liquids are viscous and follow Newton’s law

de
c:n-%zé (2)

where 1 is the viscosity. [100] However, polymer materials show a behavior in between these two

extremes and are thus called viscoelastic. [100], [116]

If the pure elastic behavior can be represented with a spring and the pure viscous behavior can be
represented with a dashpot, the viscoelasticity can be represented by a combination of a spring and a
dashpot. For viscoelastic liquids, these two elements are put in series and the material follows a Maxwell
model, whereas for viscoelastic solids, these two elements are put in parallel and the material follows

the Kelvin-Voigt model. [117] These two models are schematized in Figure 14.

a) b)

Figure 14. The Maxwell model a) comprises a dashpot and a spring in series, whereas the Kelvin-Voigt model b)

comprises these elements in parallel.
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In the Maxwell model, where spring and dashpot are in series, the spring firstly shows a deformation
upon the application of stress and then, when it is at its maximum extension, the dashpot slowly follows.
However, when the solicitation is removed, the spring returns back at its original state, whereas the
dashpot stays in the deformed position. [117]

In the Kelvin-Voigt model, the spring and the dashpot are connected in parallel through a solid frame.
When a stress is applied, they both deform accordingly, the spring however, is slowed down by the
dashpot. When the stress is removed, they go back together to the starting position, but also in this case
the dashpot slows down the spring. [117] So, the main difference between these two models is that in
the viscoelastic solid the material will recover its original shape completely, but slowly, whereas a

viscoelastic liquid will not.

For rational materials design of polymeric systems, the knowledge of the viscoelasticity is fundamental.

This mechanical property can be measured and quantified through rheology. [100]

Oscillatory shear rheology is a characterization technique where the sample is placed in between two
plates, one is fixed and the other oscillates at a given frequency and shear amplitude. Viscoelasticity can
be quantified through the elastic (or storage) and loss moduli. The storage G’ and the loss modulus G”,
as the name suggests, respectively account for the energy that it is stored or lost during shear. Whereas

the ratio G”/G’ = tan & can give an indication on the viscous or elastic portion of the material. [118]

A typical viscoelastic spectrum of a supramolecular gel is shown in Figure 15. The elastic modulus is
descending from the highest to the lowest frequency, whereas the loss modulus expresses a maximum
in the same frequency range. Polymers that show an ideal Maxwell behavior possess a characteristic
scaling law relationship with a characteristic slope at low frequency for the elastic and loss modulus,

being respectively 2 and 1. [119]
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Figure 15. Viscoelastic spectrum that follows the Maxwell model (both axes are in logarithmic scale).
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According to the Maxwell model, elastic and loss modulus can be mathematically described by the

following expressions

o Trel W
G' =G 3
() P73 F 1,020 ( )
and
° Trer W
G" =Gp———m—m—m—
@) =Gy @

where Gp indicates the plateau modulus, T, is the relaxation time, and w is the operational frequency.
[120], [121]

The plateau modulus Gp corresponds to the maximum elastic modulus at the highest frequency. Its value
can be estimated theoretically with the affine or phantom model. In the affine model, the plateau

modulus is given by

Gp = VRT ®)

where v is the number of network strands per volume, R the universal gas constant, and T the absolute

temperature. The number of network strands per volume can be calculated through the molar
concentration of the polymer v = %” where £ is the functionality of the polymer and p is the density of

the network crosslinks. [112] In the phantom model, there is a pre-factor and the plateau modulus is

consequently given by

Gp=(1- 2/f) VRT (6)

These models are based on the contribution of elastically active chains. [106] However, often the
experimental value differs from the theoretical one due to the occurrence of defects, such as loops or
dangling chains. [106] For example, a 4-arm polymer precursor is only elastically active when three or
four arms are connected to the network. [122] When only two arms are connected, the polymer can form
a loop or be a bridging chain, whereas when only one arm is connected, the whole polymer acts as a
dangling end. [122] This can be visually seen in Figure 16. The presence of these or other defects will

therefore cause a deviation of the plateau modulus from the predicted theoretical value. [106]
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Figure 16. a) In a polymer network not every chain is elastically active. In a 4-arm polymer, only chains that are
connected to 3 or 4 chains of different polymers will be elastically active and will therefore be able to store elastic
energy. b) Microscopic picture of the behavior of a 4-arm supramolecular polymer during shear. (Reproduced with

adaption from Ref. [122] with permission from the American Chemical Society)

In addition, from the elastic modulus and the rheological spectrum, other structural parameters can be
extrapolated. It is for example possible to calculate the average mesh-size of the polymer network from
the elastic modulus as
RT

Y3

8= G,

()

with R the universal gas constant, T the absolute temperature, G; the measured plateau modulus, and

N, the Avogadro constant.

Oscillatory shear rheology is a useful technique not only for studying the mechanics, but also to unravel
the dynamics of supramolecular polymer networks. While the elastic modulus depends on the
concentration of crosslinks that are connected, the dissociation time of the connections will determine
the relaxation time of the network. [122] The relaxation time can be extracted from the viscoelastic
spectrum as the inverse of the crossover frequency of G’ and G”, as from the Maxwell model G’/G” =
wt and G”/G = tan §. [120], [123]-[125] When G” = G’ and therefore, tan 6 = 1, then 1, =
1/w. This relaxation time is an indication of the lifetime of the bonds. However, the bonds often can
detach and re-attach several times before breaking and moving to another partner. This behavior is
denominated bond lifetime renormalization. [126] The exchange of partners can occur via two different

mechanisms. In the first case, it can be a simultaneous mechanism where the attachment of a sticker

16



occurs at the same time as the detachment of another sticker. In the second case, the attachment can
follow only after a sticker has detached and therefore is available for a new binding. [126] The
availability of a free partner plays a crucial role especially when the overall concentration of the stickers
is low due to high association strength of the stickers, a low polymer concentration or high strand length
between the individual crosslinks. [126]

In supramolecular polymer networks, the mechanics is strictly related to the dynamics of the
supramolecular motifs. Golkaram and Loos individuated four main parameters that influence the elastic
behavior of supramolecular polymers, being the number of associations of the stickers, phase separation,

the strength of associations, and the position of the stickers. [126]

The number of associations of the stickers depends on the type of sticker and can be tuned through the
applied crosslinking motif. For example, a linear polymer that bears ligands at its ends, can form a linear
viscous polymer or a percolated network if it forms complexes with a bivalent or trivalent metal
respectively. In addition, the number of associations can be tuned by choosing different metal/ligand
ratios and pH. [126]

In case of a (micro) phase-separation inside the sample, the relaxation mechanism is different from the
one in systems with mainly binary associations. First of all, the dissociation of a single chain or sticker
from a cluster requires a significant energy contribution and is therefore energetically not favorable.
[126] Therefore, it is more probable that clusters bind/unbind collectively. In the case that two or more
smaller clusters meet and form a bigger cluster, they will soon after split again into smaller clusters
because small clusters are entropically more favorable. [126] For these reasons, the association time of

clusters is less defined and commonly longer than then lifetime of binary associations. [126]

The strength and lifetime of associations in supramolecular polymers can be easily tuned and this is one
of the appealing aspects of using this type of chemistry. These parameters can be firstly altered by
choosing different motifs from a broad range of possibilities. It is further possible to influence the
strength and lifetime with external parameters such as solvent, pH or temperature. Seiffert et al. showed
for example, how the mechanics of metallo-supramolecular polymer networks can be tuned by the use
of solvents with different polarities. [127] At the same time, the properties of metallo-supramolecular
complexes change when the oxidation state of the metal changes. For example, polymer networks based
on terpyridine-Fe(ll) complexes show strong, covalent-like behavior, whereas an oxidation of the central

cation to Fe(ll1) leads to the occurrence of flow at long time-scales. [3]

Lastly, the dynamic of supramolecular polymers can be tuned via the position of the stickers. [126]

These can be positioned for example in the main chain, as side or end groups. [126]
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1.8 Diffusion mechanisms in polymer networks

In addition to their soft mechanics, another peculiar property of hydrogels is their permeability that
allows small diffusants to move inside the network meshes. For some applications, such as contact lenses
or drug delivery, the determination and control of the diffusive mechanisms inside the hydrogels plays
a crucial role. [27]

Diffusion coefficients can be determined with methods such as light scattering and fluorescence
microscopy techniques, where the latter has the advantage, that it can also be used on phase-separated
or colored systems, thereby enlarging the applicability range. One of the most common fluorescence
microscopy techniques to study the mobility of the diffusants is ‘fluorescence recovery after
photobleaching’ (FRAP). This fluorescence microscopy technique was introduced by Peters and further
developed by Axelrod and respective co-workers in the *70s. [128], [129] When fluorophores are excited
they emit light, however, this ability can be irreversibly switched off when they are over-excited. [129]
Photobleaching is the phenomenon where fluorophores lose their ability to be excited and emit light.
[129] For a FRAP measurement, fluorescent tracers are introduced into the hydrogel and then the sample
is impinged by a high intensity laser within a defined area. [129] This interaction will bleach the
fluorophores on the path of the laser, producing a dark spot in the sample, as visible in Figure 17 (b).
With time, the irreversibly photobleached tracers will diffuse out of the bleached spot and at the same
time non-bleached ones will diffuse inside (Figure 17 (c-d)). This recovery of the initial fluorescence
intensity is recorded by taking pictures of the bleached area at regular time intervals for example with a

confocal laser scanning microscope. [128]

Figure 17. (a) Pre-bleach situation. (b) Bleaching spot produced by a high intensity laser. (c-d) Post-bleach
diffusion: after being bleached, the fluorescent tracers diffuse out of the bleaching spot, whereas non-bleached

ones diffuse inside.
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Figure 18. The way the fluorescent intensity recovers in the bleached spot over time gives an indication of the
mobility of the tracers. The steeper the slope, the faster the recovery, and the faster the diffusion. The difference
between the initial intensity and the recovered portion limm, gives an indication of the immobile fraction present in
the sample, whereas the difference between the recovered intensity and the one right after the bleaching Imob, gives

an indication of the mobile fraction in the sample.
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After the bleaching, the change in the fluorescence intensity is followed over time with lower laser
power. The way the fluorescent intensity is recovered in the bleached spot over time, gives an indication
of the mobility, and therefore, diffusion, of the fluorescent tracers inside the polymer network, as it can
be seen graphically in Figure 18.

The diffusion coefficient can be calculated by fitting the recovery curve with different models. [130]
However, this method assumes a pure 2D diffusion, a Gaussian profile of the intensity of the laser beam,
the bleaching of fluorophores occurring as a first-order reaction, and that the time for recovery is longer
than the bleaching time. [128], [131]

Other analysis methods have been used, which e.g. consider the spatial information of the fluorescence
intensity or which rely on performing numerical post-bleach simulations. [132] For example, one of the
methods that has been developed, takes into account an arbitrary geometry for the bleaching spot by
comparing a simulated diffusion coefficient and the measured one. However, this method takes into
consideration only the bleached spot and not the surrounding area. [128], [133] A spatially resolved
analysis method has also been developed, however, without taking the dimensionality of the system into
consideration. [132] Even if the initial method from Axelrod at least considered an immobile fraction,

all other methods do not consider a spatial information at all. [132]

To overcome these limitations, Seiffert et al. developed a new method that takes both the temporal and
spatial information into account, and in addition does not need an initial calibration of the laser beam.
[128] The method is based on four main steps that are implemented in a Matlab algorithm: (1)
Normalization of the images, (2) averaging of the intensity, (3) fitting of the intensity, and finally (4)
the estimation of the diffusion coefficient and the dimensionality. [128] To start, each FRAP image
during the recovery process is normalized by dividing it by an average of pre-bleached images.
Afterwards, after that the bleaching spot is precisely localized with a custom algorithm, the intensity
profile is generated by averaging the intensity locally. [128] Successively a Gaussian function is fitted
to the averaged intensity profile. With time, the bleaching spot spreads radially and therefore its

correspondent Gaussian profile smears, as it can be seen in Figure 19.
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Figure 19. The fitted Gaussian profile is characterized by a deep well at short times and afterwards the profile

smears with increasing times.
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The temporal and spatial evolution of the concentration C of the fluorescent diffusing species can be

extrapolated via Fick’s second law

ac 9%C
—~—_-p— 8
ot b dx? ®)
ac D 9%C N 9%C 9
at \oxz  dy? ®)
ac 62C+62C+626 10
ot~ \ox2  dy? 0z (10)
that is valid for 1D, 2D, and 3D diffusion mechanism respectively. [128], [132]
Equations (8-10) can be generalized as
ac
2= div (D grad ©) (11)

The ideal boundary conditions to solve these equations are that the bleaching occurs in an infinitely

short time and with an infinitely narrow laser. [128] The generalized solution to equations (8-11) is then

—r2

M i
C(r,t) = Wewt

(12)
where d is the dimensionality, r represents the radial coordinate, whereas M represents the total amount

of diffusants in the three-dimensional case and the amount of substance per unit length or area for the

1D and 2D case respectively. [128]

In a FRAP experiment, the fluorescence intensity distribution is dependent on the concentration of
fluorescent species. [132] For the ideal case the intensity can be written in function of space and time as
M 2 _r
I(t,r) =1y —————e 4t = [, — A(t)e 2w? (13)
(4nDt)2
with t the time, r the spatial coordinate, I, the initial intensity, M is the amount of the bleached
fluorophores, D the diffusion coefficient, d the dimensionality of the system, A the pre-exponential

factor, and w the standard deviation. [128] From this it derives that

w2=2Dt (14)

Therefore, by plotting w? of every Gaussian curve versus the time, the slope of the resulting line equals
2 D and enables the extraction of the diffusion coefficient. [128]
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However, the initial ideal conditions are experimentally hardly met, as there is always a time delay for
the bleaching and the laser has in fact a finite width. [128] This can be accounted with a time shift ¢, or
an initial half-width w,. [132]

By taking these spatial and temporal deviations into account, equation (14) becomes [128]

w2=2D(t+t,) = 2Dt +w? (15)

This shift does not affect the diffusion coefficient, as this is calculated through the slope of the line, but
it affects the determination of the dimensionality. This can be calculated from the slope of the line
plotting log (A) in function of log (t +ty) as (—d/2). [128]

Considering the spatial and temporal deviations, equation (12) can be adjusted consequently in

M _=or? 6
- 4D(t+to) 1
C(r,t) nD (L + L))072 e 0 (16)

and
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where w is the standard deviation assuming a Gaussian profile of the laser beam. [132]
The fluorescence intensity distribution in function of space and time is then accordingly [132]

M —r2
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0

and
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0

Nevertheless, all the aforementioned techniques are based on single-component diffusion process and
do not take polydispersity into account. [132] To account for polydispersity as well, Seiffert et al.
expanded their aforementioned method towards multi-component diffusions. [132] Their method can be

applied if the diffusion coefficients of the diffusive species differ at least by a factor of three. [132]

FRAP can not only enable the determination of the diffusion coefficient of fluorescent species that can
freely move in the polymer network, but can also reveal precious information on the dynamics of
supramolecular bonds. This can occur when the fluorescent dye is attached to a tracer that can interact
with the polymer binding motif. The self-diffusion coefficient is then extrapolated with the same
method. [134]

21



For some applications such as contact lenses or drug delivery, it might be necessary to introduce a
specific molecule inside the polymer network and control its diffusion and/or release. [4]

The diffusion mechanism is controlled by the ratio of a driving and a dragging force, being respectively
thermal energy and friction. [100] These elements can be combined in an alternative formulation of the

diffusion coefficient known as Einstein equation

kgT

D =—— 20
- (20)
where kg is the Boltzmann constant, T is the temperature, and F is the friction acting on the diffusing

species. [100]

Assuming a spherical form of the diffusants, the friction can be related with the hydrodynamic radius

Ry (Stokes-Einstein equation)

kT
B 67TT’RH

(21)

where kg is the Boltzmann constant, T is the absolute temperature, and 1 the viscosity of the solvent.
[100], [135]-[137]

Therefore, by looking at the diffusion coefficient under a different perspective it is possible to extract
further structural parameters from the diffusion mechanism of the species under investigation.
Consequently, once that the diffusion coefficient is known, it is possible to extract the hydrodynamic

radius which gives an indication of the size of the diffusing species. [138]

Additionally, the hydrodynamic radius can also give information about the network mesh-size. If in a
series of experiments, particles with increasing known R, are systematically introduced into a hydrogel
and the diffusion coefficient is measured for every combination, the critical particle size at which the
diffusion gets restricted will give an indication about the average mesh-size of the system. [139] If the
particle is smaller than the average mesh-size of the hydrogel, then the diffusion will be fast. If it has a
similar size compared to the meshes, then the diffusion will be slow. Finally, if the particle has a larger
size than the average mesh-size, then the diffusion will be hindered, as schematized in Figure 20 for
drug delivery applications. [140] In case the drug cannot freely diffuse, its release can still occur, if the

network degrades, swells or deforms, and thereby, permits the passage of the drug. [140]
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Figure 20. The diffusion in polymer networks depends strongly on their mesh-size. (Reproduced with permission
from Ref. [140] © 2016, Macmillan Publishers Limited)

Therefore, the diffusion properties inside hydrogels are strictly connected with the hydrogel’s mesh-
size, which is a structural parameter. Consequently, by controlling the mesh-size it is possible to tune
the diffusion.

There are several ways to control a hydrogels’ mesh-size. The most intuitive options are an increase of
the polymer concentration or crosslinks density. [27] Another option is to customize the structure. For
example, Grunlan et al. achieved control over the mesh-size, by adding dangling chains to the first
polymer network of a double network. [27] Their double network is composed by a densely crosslinked
first network which is negatively charged and bears dangling chains. They interpenetrated this network
with a loosely crosslinked, neutral second network. They attached dangling chains to the first network
and systematically varied the charge (neutral, positive, and negative), the concentration, and the length
of dangling chains. Their findings show that smaller mesh-sizes (<3 nm) are achievable with negatively
charged dangling chains, due to the electrostatic repulsion with the first network. That mesh-size has
been achievable with all the investigated comb lengths. However, longer chains required a lower

concentration. [27]

Grafting polymer chains to a main network seems to be a winning strategy. In multiple studies, Lowman
et al., showed that it is possible to control the diffusion of proteins with this polymer network
architecture. In particular, this is achieved by grafting poly(ethylene glycol) chains on a
poly(methacrylic acid) network that is pH-responsive. In basic conditions the gel is swollen, whereas in
acidic conditions it is unswollen. Therefore, by tuning the pH it is possible to control the diffusion rate
of the proteins. [141]
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Another way to engineer the mesh-size is the use of precursors with different strand length as done by
Sakai et al. who employed tetra-arm pEGs of two different molar masses. Their findings show that the
final mesh-size is an average of the mesh-size of the two polymer precursors. [142]

The tunability of the diffusion through the mesh-size is just one example of how the structure of the
polymer network influences the final properties. However, all the aforementioned studies concern
covalent systems. For supramolecular systems, less studies are known, and the number decreases even
more when moving to more complicated network configurations such as double or dual networks.

Therefore, the aim of this thesis is to fill this gap and contribute with systematic insights to the field.
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2. Motivation and scientific goals

The aqueous composition of hydrogels makes them appealing candidates for biomedical applications
such as tissue engineering, drug delivery, or wound healing pads. At the same time, they are suitable for
hygiene and cosmetic everyday products like contact lenses, diapers, or cosmetic creams. In addition,
they can also be used industrially for example for heavy metal removal, as separation/membrane media,
and much more.

To keep up with this diverse range of applications and relative specific prerequisites, materials scientists
are constantly researching and developing new materials. If we look at the different aforementioned
applications, each material has its own specific requirements in terms of mechanics and functionality.
In contact lenses, for example, the diffusion of oxygen molecules is crucial. In diapers however, the
most important property is the absorbance capacity, whereas in cosmetic creams it is the spreadability.
On the contrary, in tissue engineering it is the mechanics that plays a fundamental role and in drug
delivery it is the tunable diffusion of the drugs and eventual final degradation of the carrier. Finally, for

wound healing applications the injectability or sprayability of the gel would be appealing.

To engineer hydrogels that have such targeted properties, the first step for material scientists is to
‘translate’ these characteristics into polymer science language. Consequently, diffusion of molecules
translates into having a permeable hydrogel, whereas absorbance is synonymous for high hydrophilicity.
In addition, injectability and degradation are linked to supramolecular systems and tunable properties

call for stimuli-responsive polymers.

After having identified the specific characteristics, the next step is the incorporation and combination of
chemical interactions into polymer structures that enables these peculiarities. However, this constitutes
a bottleneck, as the spectrum of targeted properties is very broad and diverse and can often not be
achieved by a single polymer. To complicate the situation even further, frequently there is the
requirement to have multiple features combined in one material and/or the freedom to change these
properties on demand. In addition, while the knowledge about single molecules is more established in
macromolecular chemistry, less is known about the combination of two or more components in the same
polymer network. The prediction of the final abilities of the material is further challenged by the fact
that the ultimate properties of the ensemble may differ from the simple sum of the single element’s
characteristics. In this context, to expand the applicability of hydrogels, the ability to predict the
properties of more complex systems is an essential tool for materials scientists and therefore, a field in
continuous development. To contribute to this field, the determination of structure—property
relationships of multi-component systems is required. In particular, the most rational way to tackle this

aspect is methodological studies on model systems.
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The fundamental elements that constitute the base for engineering new materials are depicted in Figure
21. Having as ultimate goal the requirements of the various applications, the mechanics and functionality
of the hydrogel can be accordingly tailored. In addition, to fulfill the increasing interest in sustainability,
it is highly desirable to have materials that can be recycled. Finally, it is likewise crucial to be aware of

the influence of possible defects on the hydrogels’ properties.
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Figure 21. Fundamental elements that constitute a base for a rational engineering of new materials.

This thesis takes all these requirements into consideration and aims to contribute to the field of materials
engineering on different levels. First of all, a novel multi-responsive material that is recyclable and that
shows tunable mechanics and permeability, is synthesized. Afterwards, to further adjust these properties,
the structure—property relationships of this multi-responsive material are studied in a systematic fashion.
Finally, the influence of imperfections in the network topology on the mechanics and dynamics of model
hydrogels is methodically investigated.

In the first study, the synthesis of a novel multi-responsive hydrogel is presented. This material has
been designed to account for the high interests on hydrogels to possess multiple different properties that
can be further tuned on demand. The multi-responsivity is realized via a dual dynamic network that
comprises two dynamic motifs combined in a 4-arm poly(ethylene glycol) (pEG) polymer matrix.
The first dynamicity is given by terpyridine, which is a well-known ligand capable of binding in a
tridentate fashion to many metal ions and where the choice of different metals allows to tune the strength
of the network. In addition, the reversibility of the metal-ligand coordination enables to obtain a

recyclable polymer network where the crosslinking can be altered with the pH. Next to the terpyridine
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ligand, the second dynamic motif is attached as a grafting chain to the pEG and it comprises the
widespread thermo-responsive polymer poly(N-isopropylacrylamide) (pNIPAAm). This polymer
phase-separates above its lower critical solution temperature undergoing coil to globule transition. If
during this process, multiple pNIPAAmM chains are in proximity of each other, they might collapse
together, resulting in an increase of the elastic modulus as determined by oscillatory shear rheology.
In addition, this collective collapse has the further consequence to hinder the diffusion of small
diffusants inside the network meshes as investigated by fluorescence recovery after photobleaching.
Therefore, the combination of terpyridine and pNIPAAmM crosslinks in one single network, enables to
exquisitely tune the fundamental network strength and dynamics of the hydrogel in an independent

fashion.

To further customize the mechanics of this dual dynamic network, a toolkit for DDN is provided in the
second study. By varying the molar mass and ratio between the pEG and pNIPAAmM units within the
network and by applying different metal ions for the terpyridine complexation it is possible to tailor the
mechanical properties ad hoc by choosing the right combination of these building blocks. The
mechanical properties are assessed via temperature-dependent oscillatory shear rheology. In addition,
comparing the temperature dependence of the elastic plateau moduli in the different samples, it is further

possible to draw conclusions about the micro-structure of these dual dynamic networks.

Finally, for rational materials design it is crucial to consider all factors that might have an influence on
mechanics and functionality of polymer networks. This includes the presence of defects that can always
naturally occur in hydrogels. However, as aforementioned, the determination of structure—property
relationships is more challenging for multi-component systems. Therefore, the optimal way to tackle the
effect of defects in supramolecular polymer networks is to start with a known model system and later
scaling it up to further systems. Taking these considerations into account, in the third study, the
influence of natural imperfections occurring in supramolecular polymer networks on the elasticity and
permeability of a metallo-supramolecular model system is assessed. Since one of the most occurrent
types of topological imperfections in polymer networks are connectivity defects, these are inserted
systematically into a 4-arm pEG-terpyridine system. The connectivity mismatch is created by
introducing different volume ratios of an 8-arm pEG-terpyridine precursor that forms numerous
topological defects such as loops as confirmed via DQ-NMR. The effect of these defects on the
mechanics is unraveled via oscillatory shear rheology, whereas the effect on the permeability is

determined via fluorescence recovery after photobleaching.

Through the systematic study of these dynamic polymer systems, structure—property relationships are
assessed on different levels. This assessment constitutes an excellent tool for material scientists for

rational engineering of innovative multi-responsive materials for the targeted application.
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Summary

To account for the increasing demand of engineering hydrogels that possess multiple properties in the
same material and therefore, expand their applicability, dual dynamic networks (DDN) offer an
outstanding platform. These materials provide an unparalleled tunability of the properties of polymer
networks, as they combine two dynamic motifs within a single network. These can be activated
independently and thus provide the basis for multi-stimuli responsive materials.

In this work, a novel dual dynamic network is synthesized and its tunable properties are explored. The
DDN is composed of tetra-arm poly(ethylene glycol), where each arm is functionalized with two
dynamic motifs. The first one is terpyridine, which forms metallo-supramolecular complexes with
bivalent metal ions such as iron(ll). The second dynamic motif is the widespread thermo-responsive
polymer poly(N-isopropylacrylamide) which undergoes a phase-separation in water above its lower

critical solution temperature (LCST).

The presence of the terpyridine groups enables the hydrogel to be reversibly degraded and restored,
upon change of the pH, laying the ground for recyclability. Moreover, upon switching the temperature
above the LCST, the DDN doubles its elastic modulus as investigated by oscillatory shear rheology and
the diffusion of small diffusants is hindered as investigated by fluorescence recovery after

photobleaching.

These results are achieved through the collective collapse of the thermo-responsive chains above the
LCST with consequent formation of new reversible crosslinks, increase in the elastic modulus, and
decrease of the average mesh-size. This multi-responsive polymer system offers a material basis for

potential separation or membrane applications.
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1. Introduction

Hydrogels are polymer network bodies filled and swollen by water. [1, 2] This constitutes “shape-stable
water”, that is, fluid water held in place by a polymer-network skeleton. The most characteristic and
favorable properties of hydrogels are their soft mechanics and high diffusive permeability for molecular
diffusants. [3, 4] The latter is made possible by slip-through of small molecular-scale diffusants through
the nanometer-scale network meshes. [5, 6] This property can be used in applications like separation
techniques or membrane systems. [7] However, to increase the application spectrum, it is necessary to
be able to control the diffusive permeability on demand via an external stimulus; gaining such control

is a developing research direction. [8]

A way to achieve such control of the diffusive permeability is to use thermoresponsive membranes,
where a thermoresponsive polymer is either attached to a solid substrate or is present in form of a thin
hydrogel film. [8-10] In general, diffusion through a polymer-network gel is determined by the mesh
size, and this can be controlled in several ways, such as increasing the concentration of the polymer or
by changing the structure of the polymer network, for example, through introduction of dangling chains.
[11, 12] Here, we employ thermoresponsive dangling chains to exquisitely control the mesh size on
demand upon switch of temperature. On top of that, in polymer science, as well as in every other branch
of materials science, there is an increasing demand for a sustainable footprint, here meaning a gel that
is reversible. [13] An advance in the field of thermoresponsive membranes would be to have a switchable
material that can not only reversibly change its diffusive permeability upon application of an external
trigger like a change of temperature, but that can also improve its mechanical properties upon the
application of such a stimulus. To our knowledge, these three properties, namely reversibility,
switchable diffusive permeability, and enhanced mechanical properties, have not been yet investigated
in the same hydrogel. In this paper, we present a dual dynamic network (DDN) that provides all the
above-mentioned needs in one material with the opportunity to tune them in an independent fashion, as

it can be visualized in Figure 1.

For this purpose, we make use of two suitable chemical motifs: for the thermosensitive switchability,
we use the most widespread and famous thermoswitchable polymer, which is poly(N-
isopropylacrylamide) (pNIPAAmM). [14] For the reversibility, we make use of terpyridine, which is
capable of forming metallo-supramolecular bonds with metal ions. [15] The resultant noncovalent bond
is stable like covalent bonds at certain conditions, [16] but degradable at others. To realize a well-defined
permeable microstructure, [17] we use four-arm polyethylene glycol (pEG) that is capable of forming a
model supramolecular network; [18] this will allow us to rationally understand the switching material
properties on the basis of a nanostructural picture. We realized a dual network composed of tetra-arm
PEG, in which each arm is functionalized with terpyridine, capable of forming metal-ligand complexes,
and a thermoresponsive polymer, pNIPAAm. Reversibility is achieved by treating the gel with acid and

base. The switchable diffusive permeability of the network is investigated via tracer diffusivity probed
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by fluorescence recovery after photobleaching (FRAP) below and above the lower critical solution
temperature (LCST) of pNIPAAmM. Macroscopically, the elasticity of the network is investigated with

linear rheology upon variation of temperature.

Dual dynamic network ‘ Tunable elastic properties
Tetra-pEG-
terpyridine Heatlng
v  pNIPAAM
Coohng
@ Fe(l)
Switchable diffusive Reversible hydrogel

epermeability Q | .
Lt
Cooling | Base

Figure 1. Concept of this work. A dually dynamic polymer network makes it possible to combine multiple
properties in one material. Specifically, the diffusive permeability and the elastic modulus of the hydrogel can be

tuned with temperature, and the reversibility of the gel can be triggered with pH.

2. Results and Discussion
2.1 Synthesis of the Dual Dynamic Network

The synthesis of the dual dynamic network is sketched in Scheme 1. The starting point of the synthesis
is a four-arm pEG with terminal —OH groups. These are converted into epoxy rings through the addition
of epichlorohydrin. Afterward, the epoxy ring is opened and the pEG then has two functional groups on
each arm: one hydroxyl and one azide group. The azide group reacts with propargyl-terpyridine, where
the terpyridine (together with the metal) provides the first dynamic moiety. The hydroxyl groups are
then transformed first into N-hydroxysuccinimidyl (NHS) groups, and afterward these react with amine-

functionalized pNIPAAmM, to form the second dynamic moiety.
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Scheme 1. Synthesis of the dual dynamic network composed of tetra-pEG-pNIPAAm-terpyridine (10).

2.2 Dual Dynamic Hydrogels

The aim of this work is to provide a polymer hydrogel that combines switchable elasticity and diffusive
permeability as well as reversibility in one material, with independent tunability of these properties. We
realize this goal in a dual dynamic hydrogel based on tetra-arm pEG, where each arm provides a double
dynamic functionalization. The first functional motif is terpyridine, which is able to form a metal-ligand
complex with metal ions. In this work, we used Fe(ll) tetrafluoroborate hexahydrate for complexation
in stoichiometric amount to the terpyridine, i.e., for every pair of terpyridine there is a metal ion. The
second dynamic motif is pNIPAAmM graft oligomers, which is a thermoresponsive polymer with an
LCST around 32 °C in aqueous surrounding. [14] The cloud point of the complete tetra-pEG-pNIPAAmM-
terpyridine polymer is probed with UV-vis spectroscopy and taken as an indication of the LCST,
denoting it to be 32.5 °C, that is, not distant from the LCST of pure pNIPAAmM. We assume that the
transition is complete beyond that temperature, as the sample transmittance is afterward constantly zero
from there on (see Figure S1 in the Supporting Information). We chose a tetra-pEG basis of 10 000 g
mol* and a pNIPAAm of 5500 g mol ™. There are four pNIPAAm chains for each star-pEG, so the total
amount of pNIPAAM in weight is 68.75%. The polymer concentration for the gels is 100 g L™*. So, in a
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100 g L* sample, the concentration of pEG is 31.25 g L, and the concentration of pNIPAAmM is 68.75
g L. With that platform, we form gels that can be switched by toggling the pNIPAAm branches from
solvated to collapsed states, thereby toggling the gel-network mesh sizes and hence the gel elasticity,
and that can be degraded by dissociation of the iron—terpyridine complexes. To assess this, we probe the
gel diffusive permeability by monitoring the diffusivity of a fluorescent probe in the gel with FRAP,
and we also study the change in the gel elastic modulus upon switch of temperature below and above
the LCST of pNIPAAm in water with rheology. We also study the reversibility of the network upon
change of pH.

2.3 Reversibility

To obtain a reversible gel, we include a motif that can be broken and rebuilt on demand; we realize this
by terpyridine—metal complexes. Depending on the choice of metal ion, the strength of the complex
varies. We chose a “strong” ion such Fe(II), that forms a strong complex with terpyridine that is active
at 554 nm of the visible spectrum, giving to the complex a peculiar purple color. [19] This complex is
stable in air: during observations over a long time scale (months), we did not observe any change in
color. Moreover, Fe(ll) has a preference to coordinate with nitrogen atoms rather than oxygen atoms, in
contrast to its oxidated form Fe(l1l), that has preference to be in coordination with oxygen atoms. [20]
Complexes with iron can be as strong as covalent bonds, but by change of the ion oxidation state, that
strength can be drastically altered. For example, hydrogels with Fe(ll) are durable and appear like
covalent gels, whereas hydrogels with Fe(l11) are fluidic on long timescales. If the aim is to weaken the
gel, then oxidation of the metal ion is the way to go; however, since we intend to achieve a complete
disassembly and not only a weakening of the network, we use a different approach and act on the bond
between the terpyridine and the metal ion rather than just on the metal ion. Based on that premise, we
form a hydrogel by adding 10 pL of Fe(Il) solution to a 90 pL concentrated solution of pEG-pNIPAAmM
terpyridine, thereby achieving a total polymer concentration of 100 g L™* in the gel. To the 100 pL gel,
30 uL of 37% HCI solution are added, and the flask is vortexed vigorously. Decomplexation is achieved

in about 20 min, as shown in Figure 2.

Figure 2. Reversibility of the double dynamic kind of gel treated in this work. The polymer solution (a) is mixed
with Fe(Il) and forms a gel (b). Upon addition of HCI, the metal complex between the iron and the terpyridine
breaks (c—d), and the gel turns into a sol (e). Upon addition of NaOH, the metal complex forms again and the gel

is restored (f).
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As it can be seen in Figure 2 (b—e), upon addition of the acid, the color of the gel changes from purple
to colorless gradually. The gel linking nodes decomplex because the acid protonates the nitrogen atoms
of the terpyridine that are therefore no more capable of forming the complex with the iron. This way,
the complex between the terpyridine and the iron is broken and the network disassembles. However,
this process is reversible. By using a base, such as NaOH, the terpyridine is deprotonated and the
nitrogen atoms can form again the supramolecular bond with the iron. To reform the gel, 20 pL of 50%
NaOH solution is added and the solution is vortexed. Upon that, the gel forms back within 10 min and

regains its purple color, indicating that the bond between the terpyridine and the iron has reformed again.

2.4 Switchable Diffusive Permeability

The diffusive permeability of the network is assessed by monitoring the diffusivity of a macromolecular
probe within the gel with FRAP. To see how the permeability changes upon switch of temperature,
FRAP measurements are done below and above the LCST of pNIPAAm in water, respectively at 25 and
36 °C. The fluorescent probe is a four-arm pEG 10 000 g mol* functionalized with rhodamine B. FRAP
measurements are performed in a custom-made cell that allows the temperature to be controlled with
+1 °C precision. In FRAP, a fluorescent probe that is incorporated in the sample is bleached with high
intensity laser light in a spot in the sample. In that spot, the bleaching produces a dark region with
Gaussian radial intensity profile of the extent of bleaching, exhibiting typical width (measured as the
variance of the Gaussian) of about 2 um right after bleaching. After the bleaching, a series of post-bleach
images are recorded at fixed time intervals. During that period, bleached molecules diffuse outside the
spot whereas not-bleached molecules diffuse inside of it. This exchange of bleached and unbleached
molecules leads to diffusive smearing of the Gaussian, which can be quantified and analyzed by
comparison to analytical functions that solve the diffusion equation for that kind of initial and boundary
conditions. As a result, we obtain the translational diffusion coefficient. [21] If the data fitting is done
with a superposition of multiple Gaussians, we obtain a distribution of diffusion coefficients, thereby
appropriately treating polydisperse diffusion scenarios. [22] In our work, we compare how the diffusion
of tetra-pEG-rhodamine is influenced by the temperature in the tetra-pEG-pNIPAAmM-terpyridine
hydrogel respectively below and above the LCST of pNIPAAmM in water.

In Figure 3, the FRAP series of images are shown for 25 °C i) and 36 °C ii). The first images (a) display
the pre-bleach situation and are the result of an averaging of four pictures. Image (b) shows the sample
immediately after the bleaching. Images (c—f) represent the evolution upon diffusion respectively after
1, 2, 5, and 10 s after the bleach. As it can be seen in Figure 3i, in the case of the sample at 25 °C, the
bleached spot disappears within the first 5 s, whereas, as it can be seen from Figure 3ii, in the case of

36 °C, the bleached spot remains constant in the considered timeframe.
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Figure 3. FRAP measurements of the dual dynamic hydrogel performed below i) and above ii) the LCST of
pNIPAAm in water, where the diffusive probe is a tetra-pEG functionalized with rhodamine B. The first image of
each series (a) is before the bleaching, the second image (b) is at the bleaching, while the others (c—f) are taken
respectively after 1, 2, 5, and 10 s. Below the LCST, the bleached spot disappears within the first 5 s, whereas
above the LCST, the bleached spot remains. Each image is about 50 x 50 pm?2.

Diffusion coefficients are calculated by averaging six measurements for each temperature and
calculating the standard error. The Gaussian curves relative to the two temperatures can be found in
Figure S2 (Supporting Information) where it can be noticed that the number of curves at room
temperature is low compared to the ones at higher temperature, due to the fact that the bleaching spot
disappears fast at room temperature. At 25 °C, the average diffusion coefficient is (9.46 + 1.53) um?s™,
while at 36 °C, the average diffusion coefficient is (0.10 + 0.07) pm? s *. Hence, above the LCST of
pNIPAAmM, the diffusion coefficient is almost two orders of magnitude smaller than at room temperature.
This means that the diffusion of the fluorescent probe is drastically hindered above the LCST of
pNIPAAmM. This can be ascribed to the pNIPAAM chains that collapse and aggregate with each other in
the gel network at those conditions, thereby blocking the passage of the dye-labeled probe by forming
an obstacle for the diffusion of the probe between the meshes. To further investigate the system, the
same FRAP experiments were performed by probing the diffusion of only the dye. For this purpose, the
tetra-pEG-pNIPAAmM-terpyridine was mixed with a solution of rhodamine B isocyanate having the same
concentration of the dye on the pEG-rhodamine probe. By performing the experiment above the LCST,
it could be noted that also in the case of only dye, the bleaching spot stayed. Therefore, the decrease in
the diffusion coefficient of the fluorescent dyes results from the combination of two effects. On one side
there is the decrease of the mesh sizes due to the aggregation of multiple collapsing pNIPAAM chains,
as manifesting itself also in rheology, and on the other side there is the contribution of the interaction
and partial entrapment of the dye molecules with pNIPAAmM. Moreover, it is observed that the total
volume of the hydrogel remains constant with temperature (see Figures S3 and S4 in the Supporting
Information). Therefore, the volume shrinks locally due to the collapsing of the pNIPAAmM chains, and
there will then be highly concentrated zones where the diffusion of the probe is completely blocked and
less concentrated zones where the probe can still diffuse. Therefore, there is still some diminished but

not completely vanished mobility of the traces. This interpretation is supported visually in Figure 3,
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where the sample above the LCST shows brighter and darker spots. Prospectively, super-resolution
microscopy techniques could be employed to characterize that type of sample heterogeneity. These
heterogeneities derive from the microphase-separation and the aggregation of pNIPAAmM in bigger
clusters. Below LCST, by contrast, the probe species can diffuse quite freely within the gel. This
pronounced difference in molecular mobility provides a useful means for the development of thermo-

responsive membranes with switchable diffusive permeability.

2.5 Tunable Elastic Properties

To test the change of the elastic properties of the gel, rheological measurements are performed. For this
purpose, frequency sweeps are recorded at 25 and 35 °C, respectively below and above the LCST of the
pPNIPAAmM chains in the samples. In addition, temperature cycles are performed to study the elastic

response on a larger scale of temperatures.

2.5.1 Frequency Sweeps

To test the temperature dependence of the elastic modulus of the polymer below and above the LCST
of the pNIPAAm chains in the samples, frequency sweeps are recorded from 20 to 0.01 rad s™,
respectively at 25 and at 35 °C with a shear amplitude of y = 1%. To avoid rupture of the gel with the
transfer to the rheometer, the gel is formed directly on the instrument with a polymer concentration of
100g L%

The storage (full symbols) and loss (empty symbols) moduli are shown as a function of the frequency
at 25 °C (blue) and 35 °C (red), respectively, below and above the LCST of pNIPAAm, as shown in
Figure 4. The rheological spectra display that G’ and G” are constant in the considered frequency range.
This covalent-gel like signature is caused by the strong complexes that iron forms with the terpyridine.
Upon increase of the temperature from 25 to 35 °C, the elastic modulus doubles from 1000 Pa to 2000
Pa. Qualitatively, this finding is explainable by the microphase-separation of the pNIPAAmM chains
above their LCST in our hydrogels, which creates domains that act as additional crosslinks, thereby
enforcing the gel. Quantitatively, though, these values are still lower than their estimates calculated with
the phantom-network model, that are 7740 and 8002 Pa, respectively, for 25 and 35 °C. There are several
factors that can contribute to lowering the modulus, and the main factor is probably network defects and
inhomogeneities. [23] The theoretical value of the modulus is calculated taking into account a perfectly
homogeneous network where each arm is an elastically active chain. However, in real networks there
are defects and inhomogeneities such as dangling chains, loops, and spatial variation of the crosslinking
density. [23] These could be also partially due to the steric hindrance of the pNIPAAmM chains in
proximity of the terpyridine group. From the elastic modulus, we can also estimate the average mesh-
size of the hydrogel network as & = (RT/G’'N,)*/3, where R is the gas constant (8.13 J mol * K™), T is
the temperature (respectively 298.15 K and 308.15 K), G’ is the elastic modulus and N, is the Avogadro

constant. [24] With that simple estimate, the average mesh size at 25 °C is found to be 16 nm, whereas
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the one at 35 °C is 13 nm. This mesh-size is reasonable, as the average distance between pNIPAAmM
dangling chains calculated through its molar concentration is 8 nm. [25]
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Figure 4. Frequency dependence of the storage modulus (full symbols) and loss modulus (empty symbols) at
25 °C (blue squares) and 35 °C (red circles) of the dual dynamic hydrogel, for a polymer concentration of

100 g L ! and measured with a shear amplitude of y = 1%.

2.5.2 Temperature Cycles

To further study the temperature-dependence of the storage and loss moduli in an even extended
temperature range, temperature cycles are recorded between 10 and 40 °C withy=1% and o =1 rad s*
for a polymer concentration of 100 g L. First, the sample is allowed to equilibrate at 10 °C, and then a
heating ramp is performed up to 40 °C. After equilibrating the sample at 40 °C, a cooling ramp is
performed back down to 10 °C with the same rate as the heating ramp. A complete heating—cooling

cycle is shown in Figure 5.
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Figure 5. Temperature dependence of the storage modulus (full symbols) and loss modulus (empty symbols)
recorded at Y = 1% and o = 1 rad s™* for a polymer concentration of 100 g L™*. The red dataset (circles) denotes
the heating cycle and the blue dataset (squares) denotes the cooling cycle. Around the LCST, a hysteresis in the

cooling cycle is observed.

The storage and loss moduli are linear from 10 to 32 °C. From 32 °C, the pNIPAAm starts to phase-
separate. This can be seen in the heating cycle with an increase of both the storage and loss moduli.
While the elastic modulus increases smoothly, the loss modulus increases more steeply, with an
inflection point around the LCST of pNIPAAmM. At 40 °C, the elastic modulus has doubled and the loss
modulus has increased of one order of magnitude, compared to their respective values at 10 °C. The
cooling cycle shows hysteresis around the LCST for both moduli. This can be explained by considering
that when the pNIPAAmM chains collapse due to phase separation, they form clusters, and the time and/or
energy needed for breakage of these clusters causes a hysteresis in our kind of experimental assessment.
From 30 °C, the cooling cycle overlaps with the heating cycle again. This means that the material

recovers completely and that its elastic properties are reversible.
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3. Conclusion

The multifunctional dual dynamic polymer network introduced in this work proved a material platform
that has switchable diffusive permeability and is reversible with the possibility to tune these properties
independently from each other. Reversibility can be achieved by acidification, whereby the gel can be
recovered with a base. In addition, switchable diffusive permeability can be achieved by varying the
temperature. Along with that, the gel doubles its elastic modulus upon heating. Combining all these
properties in one material is appealing for separation or membrane applications. Further studies may
include different lengths of the thermo-responsive graft polymer and use of different metal ions for the

metallo-supramolecular junctions, thereby exploring the range of switchability and reversibility.

4. Experimental Section

Synthesis—Materials: Tetra-hydroxyl polyethylene glycol (pEG) (10 000 g mol™) was purchased from
JenKem Technology (Plano, Texas, USA). Tetra-pEG-amine (10 000 g mol™) was purchased from
Biochempeg Scientific. Amine-functionalized pNIPAAm (5500 g mol ) was purchased from Sigma
Aldrich. Sodium hydride 57-63 wt% oil dispersion and 4-(dimethylamino)-pyridine 99% were
purchased from Alfa Aesar (Thermo Fisher). Tetrahydrofuran 99.8% (THF), dichloromethane 99.8%
(DCM), diethyl ether 99.5%, dimethylformamide 99.5% (DMF), methanol 99.8%, sodium chloride, and
potassium carbonate (anhydrous) were purchased from Fisher Scientific. Sodium azide 99% and sodium
carbonate (anhydrous) 99.5% were purchased from Fluka. Epichlorohydrin 99%, magnesium sulphate
97% (pure anhydrous), ammonium chloride, dry 1,4 dioxane 99.5%, acetonitrile 99.99%, and propargyl
bromide 80 wt% in toluene were purchased from Acros Organics. Potassium dihydrogen phosphate 99%
was purchased from ROTH. Activated carbon Norit A was purchased from Aldrich Chemical Company
Inc. 2,6-bis (2-Pyridyl)-4(1H)-pyridone 98% was purchased from TCI. Chloroform Uvasol and sodium
hydroxide solution 50% were purchased from Merck. Hydrochloric acid 37%, n-heptane, and di-sodium
hydrogen phosphate anhydrous were purchased from VWR Chemicals. Dimethylsulfoxide-ds 99.8%
(DMSO) was purchased from Deutero. Iron(ll) tetrafluoroborate hexahydrate 97%, rhodamine B

isocyanate, and N,N’-disuccinimidyl carbonate 95%, were purchased from Aldrich.

Tetra-pEG-Epoxide (2): Tetra-pEG-hydroxyl 10 000 g mol* (13.06 g, 1.306 mmol, 1 eq.) is melted at
80 °C in high vacuum. The temperature is decreased to 40 °C and dry THF (320 mL) is added for
dissolution. Sodium hydride 60 wt% in mineral oil (1.67 g, 41.79 mmol, 32 eq.) is added at room
temperature and the mixture is stirred for 22 h. Afterward, epichlorohydrin (1) (8.2 mL, 104.48 mmol,
80 eq.) is added and the solution is stirred for 3 days. Few drops of distilled water are added and the
product is extracted five times with DCM (300 mL) and brine (50 mL). Afterward, it is dried with
magnesium sulphate and filtered. The concentrated solution is precipitated in cold diethyl ether (1 L),
stirred for 30 min, filtered, and dried overnight in high vacuum (yield 80.5%). *H-NMR (DMSO-ds, 400
MHz, & = ppm): 3.70 (m, 3H), 3.51 (m, 909H, pEG backbone), 3.25 (m, 3H), 3.09 (m, 3H), 2.72 (m,
3H), 2.52 (s, 1H), 3.87 (s, 4H).
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Tetra-pEG-Hydroxy-Azide (3): Tetra-pEG-epoxide (2) (10.63 g, 1.04 mmol, 1 eq.) is dissolved in DMF
(120 mL), then sodium azide (2.77 g, 42.65 mmol, 41 eq.) and ammonium chloride (4.54 g, 84.88 mmol,
82 eq.) are added and the solution is stirred for 48 h at 60 °C. The product is extracted three times with
brine (50 mL) and DCM (400 mL). Afterward, it is dried with magnesium sulphate, filtered, distilled,
and precipitated in cold diethyl ether (1 L). After stirring for 30 min, it is filtered and dried overnight in
high vacuum (yield 67%). *H-NMR (DMSO-ds, 400 MHz, & = ppm): 5.25 (d, 3H), 3.77 (m, 3H), 3.68
(m, 5H), 3.51 (m, 909H, pEG backbone), 3.37 (m, 5H), 3.25 (d, 10H), 3.19 (m, 3H).

Propargyl-Terpyridine (6): To obtain the propargyl-terpyridine (6), potassium carbonate (10.08 g,
72.938 mmol, 6.1 eq.) is dried in high vacuum for 90 min, and then 2,6-bis(2-pyridyl)-4(1H)-pyridone
(4) (3g,12.035 mmol, 1 eq.) is added. The reagents are suspended in dry acetonitrile (120 mL) for 2 h,
and afterward propargyl bromide (5) (9.2 m in toluene, 1.6 mL, 14.72 mmol, 1.2 eq.) is added dropwise.
The mixture is stirred for 3 days at 60 °C and then precipitated in cold water (500 mL), filtered and dried
overnight in high vacuum. In order to have a colorless product, the resulting propargyl-terpyridine is
dissolved in n-heptane (500 mL) at 98 °C and two spoons of active carbon are added. Then, the
suspension is filtered over a hot funnel with an ice bath around the flask for recrystallization. Afterward,
the product is filtered and dried overnight in high vacuum (yield 52%). *H-NMR (DMSO-ds, 400 MHz,
d = ppm): 8.74 (ddd, 2H), 8.62 (dt, 2H), 8.05 (s, 2H), 8.01 (td, 2H), 7.51 (ddd, 2H), 5.11 (d, 2H), 3.72
(t, 1H).

Tetra-pEG-Hydroxy-Terpyridine (7): Tetra-pEG-hydroxy-azide (3) (7.15 g, 0.688 mmol, 1 eq.) is dried
in high vacuum for 30 min. Afterward, propargyl-terpyridine (6) (1.64 g, 5.708 mmol, 8.3 eq.) is added,
and the mixture is heated to 90 °C. It is stirred under high vacuum at 90 °C for 4 days. After cooling the
temperature down to 40 °C, DCM (50 mL) is added. The solution is precipitated in cold diethyl ether (1
L) and stirred for 30 min. Afterward, it is filtered and dried overnight in high vacuum (yield 78%). The
degree of functionalization is assessed by UV-vis spectroscopy in chloroform Uvasol to be 90% and
with H-NMR to be 75-87.5%. This difference in functionality might be due to phase/baseline correction
in the NMR spectra. However, this 10% difference should not impact the properties of the hydrogel, as
a lower functionalization falls together with the effect of defects, such as for example dangling chains,
as discussed before. Moreover, in case there would be an additional effect, it would be the same for both
temperatures and therefore the relative behavior that is investigated would not change. *H-NMR
(DMSO-ds, 400 MHz, & = ppm): 8.73 (m, 6H), 8.63 (m, 6H), 8.21 (s, 1H), 8.10 (d, 6H), 8.02 (m, 6H),
7.88 (s, 1H), 7.51 (m, 6H), 5.61 (s, 2H), 5.45 (s, 4H), 5.37 (d, 1H), 5.32 (d, 2H), 4.45 (m, 7H), 4.00 (m,
4H), 3.68 (t, 5H), 3.47 (m, 909H, pEG backbone), 1.24 (s, 1H).

Tetra-pEG-N-Hydroxysuccinimide-Terpyridine (9): Tetra-pEG-hydroxy-terpyridine (7) (6.2 g, 0.537
mmol, 1 eq.) is dried for one hour in high vacuum. Afterward, dry 1,4-dioxane (30 mL) is added, and
the tetra-pEG-hydroxy-terpyridine is dissolved at 40 °C. At the same time, N,N’-disuccinimidyl
carbonate (8) (1.10 g, 4.298 mmol, 8 eq.) is dissolved in dry acetone (10 mL) and 4-

51



dimethylaminopyridine (DMAP) (0.53 g, 4.338 mmol, 8.1 eq.) is dissolved in dry acetone (10 mL). To
the N,N’-disuccinimidyl carbonate suspension, first the tetra-pEG-hydroxy-terpyridine and then the
DMAP are added dropwise. The solution is stirred for 2 days and then precipitated in cold diethyl ether
(500 mL). After filtering, the product is dried overnight in high vacuum (yield 78%). *H-NMR (DMSO-
ds, 400 MHz, 6 = ppm): 8.73 (d, 6H), 8.63 (m, 6H), 8.28 (s, 2H), 8.10 (m,6H), 8.02 (m, 6H), 7.52 (m,
6H), 5.47 (m, 10H), 4.77 (m, 7H), 3.47 (m, 909H, pEG backbone), 2.78 (m, 13H).

Tetra-pEG-pNIPAAmM-Terpyridine (10): Amine-functionalized pNIPAAmM is attached to the tetra-pEG-
N-hydroxysuccinimide-terpyridine (9) via a click reaction. For this purpose, a buffer solution (500 mL)
with a pH value of 7 is prepared with potassium dihydrogen phosphate (3.52 g, 25.871 mmol) and
disodium hydrogen phosphate (5.79 g, 40.798 mmol). A neutral pH is achieved with addition of 50%
sodium hydroxide solution. Tetra-pEG-N-hydroxysuccinimide-terpyridine (9) (1.01 g, 0.083 mmol, 1.0
eq.) and 5500 g mol™ amine-terminated pNIPAAm (3.93 g, 0.714 mmol, 8.6 eq.) are dissolved in the
buffer solution (100 mL) and stirred overnight. Afterward, the solution is freeze dried, and the unreacted
pPNIPAAmM is separated by dialysis over two weeks, with membranes having a MWCO value of 6-8 kDa
(yield 106%). The success of the chain-end functionalization is determined with DOSY-NMR (see
Figures S14-S16 in the Supporting Information), as in the spectra of the copolymer, the pEG and the
pNIPAAmM show the same diffusion coefficient being 20.9 pm? s* for the pNIPAAmM and 19.6 pm? s
for the pEG, thereby denoting them to be one united species, whereas the free pNIPAAmM shows a faster
diffusion coefficient of 30.1 um?s™.

The degree of functionalization can be determined with NMR by comparison of the integrated peaks of
the pEG backbone and of the pNIPAAmM. The integrals of the pNIPAAM chains show an additional 30%
in respect to the theoretical values, and the total reaction yield is 106%. Even though the pNIPAAmM
content has halved during dialysis, as it can be observed by comparing the integrated pNIPAAM peaks
in the NMR spectra before and after dialysis (see Figures S12 and S13 in the Supporting Information),
there is an additional percentage of loose pNIPAAM chains that are still in the network and that were
not possible to dialyze out. These pNIPAAm chains will certainly collapse above the LCST, and in case
they are in proximity of the graft chains in the network, they might take part in the clusters. However, it
is not expected that these loose chains have a marked influence on the network properties as they are
not connected to the network. The cloud point of the tetra-pEG-pNIPAAm-terpyridine, is assessed via
UV-vis spectroscopy to be 32.5 °C by measuring the transmittance at different temperatures and
extrapolating the inflection point of the curve and taking it as an indication of the LCST.

'H-NMR before dialysis (DMSO-ds, 400 MHz, & = ppm): 8.72 (m, 7H), 8.62 (m, 8H), 8.21 (s, 2H), 8.04
(m, 17H), 7.54 (m, 17H), 7.18 (m, 479H), 6.15 (m, 6H), 5.67-5.49 (m, 11H), 4.62 (s, 6H), 3.84 (s, 556H,
pNIPAAM), 3.50 (s, 909H, pEG), 1.96 (s, 522H, pNIPAAmM), 1.45 (m, 1225H, pNIPAAm), 1.04 (s,
2697H, pNIPAAm). *H-NMR after dialysis (DMSO-ds, 400 MHz, § = ppm): 8.73 (m, 7H), 8.63 (m,
6H), 8.22 (d, 2H), 8.10 (m,7H), 8.01 (m, 6H), 7.52 (m, 6H), 7.16 (m, 252H pNIPAAmM), 5.61 (s, 3H),
5.45 (s, 4H), 5.08 (m, 2H), 4.67 (m, 1H), 3.85 (m, 286H, pNIPAAm), 3.49 (m, 909H, pEG backbone),
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1.98 (s, 335H, pNIPAAM), 1.46 (m, 623H, pNIPAAmM), 1.12 (m, 1898H, pNIPAAmM). All NMR spectra
can be found in the Supplementary Information.

Tetra-pEG-Rhodamine B: For FRAP experiments, a fluorescent probe is synthesized, composed of four-
arm 10 000 g mol ™ pEG, functionalized with rhodamine B. For this purpose, a saturated solution (200
mL) of sodium carbonate in methanol is prepared, and tetra-pEG-amine 10 000 g mol™ (0.51 g, 0.051
mmol, 1 eq.) is added to it. In a flask covered with aluminum foil, rhodamine B isothiocyanate (0.333
g, 0.621 mmol, 12 eq.) is dissolved in dry methanol (40 mL). After dissolution, it is added to the sodium
carbonate solution dropwise. The mixture is stirred under argon for 4 days in the dark. Then, ammonium
chloride (0.722 g, 13.498 mmol, 265 eq.) and methanol (30 mL) are added and the mixture is stirred
overnight. The product is precipitated twice in ice-cold diethyl ether (1 L), filtrated, and dried overnight
in high vacuum. Afterward, it is dissolved in methanol (30 mL) and passed through a Sephadex LH-20
column. The fractions of the product are collected and the solvent is removed via rotary evaporation.
Then, the product is dissolved in DCM (5 mL), precipitated in diethyl ether (600 mL), and dried
overnight in high vacuum (yield 36%). The degree of functionalization is determined with UV-vis
spectroscopy to be 34%. Despite the 12 equivalents of rhodamine, it was not possible to achieve a 100%
functionalization, since the intended degree of functionalization was already high. The degree of
labeling, which is 2% of the monomer units, is already higher than the usual degree of functionalization
used. A 34% functionalization means that every star carries on average at least one fluorophore and this
is sufficient for FRAP characterization. *H-NMR (DMSO-ds, 400 MHz, & = ppm): 8.72 (m, 8H), 3.51
(m, pEG backbone, 909 H), 1.09 (m, 12H), 6.56 (m, 4H), 7.05 (m, 5H).

Methods—Reversibility: Gels are prepared in milli-Q water with 100 g L™* concentration of polymer and
a stoichiometric amount of Fe(ll) tetrafluoroborate hexahydrate in respect to the terpyridine (one metal
ion for two terpyridines). To a 90 uL polymer solution, 10 puL of metal solution is added and immediately
vortexed. The complexation between the terpyridine and the iron gives the gel a characteristic purple
color. [19] To a 100 pL of 100 g L™ gel, 30 uL of 37% solution of HCI is added and everything is
vortexed. Decomplexation occurs within 20 min with repeated vortexing. During decomplexation the
gel loses the characteristic purple color of the iron—terpyridine complex and becomes colorless again.
The original gel is recovered by adding 20 pL of a 50% solution of NaOH, whereupon the gel recovers

in about 10 min.

FRAP: FRAP measurements are performed on a Leica TCS SP2 microscope with 10x dry objective of
NA 0.3 at 30x zoom. The excitation wavelength is 543 nm (He-Ne Laser) at 18-19% of its full intensity
for 25 °C and at 12-18% for 36 °C. Bleaching is achieved with 100% intensity of the 458 nm (Ar Laser),
488 nm (Ar Laser), 514 nm (Ar Laser), and 543 nm (He-Ne Laser) lines. The detection wavelength is
550-600 nm. The image resolution is 128 x 128 pixels, resulting in 50.7 x 50.7 um? recorded images at
the utilized zoom level. Scans are performed bidirectional with a line scanning speed of 400 Hz. Before

bleaching, four images are recorded and averaged. The bleaching time is set to 1 s, and after the
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bleaching, a series of images is recorded with a time between the images of 354 ms. For all that, the
sample is placed in a custom-made measuring cell that is connected to a power supply for temperature
control. Measurements below the LCST of pNIPAAm are performed at about 25 °C, whereas
measurements above the LCST are performed at around 36 °C. Below the LCST, 50 pictures are
recorded, while above the LCST 300 pictures are recorded after the bleaching. Analysis of the data is
done with a multicomponent diffusion model. [22] As fluorescent diffusive probe, four-arm pEG of the
same molar mass as the tetra-pEG in the network (10 000 g mol ™) is functionalized with rhodamine B.
To 10 mg of tetra-pEG-pNIPAAm-terpyridine, 1.1 mg of the fluorescent probe is added and they are
dissolved together in 90 pL of milli-Q water. Then, 10 pL of a solution of Fe(ll) tetrafluoroborate
hexahydrate in stoichiometric ratio to the terpyridine is added. The gel is prepared the day before,

allowed to equilibrate overnight, and then transferred into the measuring chamber.

Rheology: Rheological studies are performed on a stress-controlled Anton Paar Physica MCR 302
rheometer equipped with a parallel plate geometry with 8 mm diameter. To account for the thermal
expansion of the geometry with temperature, the geometry is positioned on the bottom plate of the
rheometer at 25 °C for 20 min. Experiments are performed with a polymer concentration of 100 g L™,
and the gel is formed directly on the rheometer. 70 pL of tetra-pEG-pNIPAAm-terpyridine solution is
poured with a pipette on the bottom plate of the rheometer. The upper geometry is lowered, so that the
upper plate would come in contact with the polymer solution, and then lifted up again. 7.77 pL of Fe(ll)
tetrafluoroborate hexahydrate solution with stoichiometric amount of metal ions to terpyridine is
pipetted to the center of the polymer solution. Since the gelation starts instantaneously, the upper
geometry is immediately lowered again. To ensure better mixing, and consequently gelation, of the
polymer solution and the metal ions, the upper geometry is lifted up and lowered again a couple of times.
Afterward, a dynamic time sweep is performed at 25 °C with a constant frequency of 1 rad s * and shear
amplitude of 1%, until the sample is fully equilibrated, manifesting itself such that the storage and loss
modulus are constant with time. Amplitude sweeps are performed at each temperature to ensure
measurements in the linear regime. At 25 °C, with a frequency of 20 rad s, the sample shows linear
regime in the range of y = 0.1-40%. A frequency sweep from 20 to 0.01 rad s—1 is performed with an
amplitude of y = 1%. Afterward, the sample is heated to 35 °C and allowed to equilibrate again at this
temperature with a dynamic time sweep with constant frequency of 1 rad s * and shear of 1%. Afterward,
an amplitude sweep is carried out at 35 °C. With a frequency of 20 rad s, the sample shows a linear
regime in the range y = 0.1-10%. Next, a frequency sweep at 35 °C is performed from 20 rad s™* to 0.01
rad s with y = 1%. Then, the sample is brought to 10 °C and let equilibrate again with a dynamic time
sweep. A temperature sweep is performed by increasing the temperature of 1 °C every 45 s, from 10 to
40 °C, with frequency of 1 rad s™* and shear of 1%. After equilibrating the sample at 40 °C, it is cooled
down at the same rate of the heating cycle, from 40 °C to 10 °C, with frequency of 1 rad st and shear
of 1%.
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Summary

The determination of structure—property relationships in multi-responsive materials is an essential tool
for the rational engineering of new materials. However, this constitutes still a challenge as the properties
of multi-component materials is often not straightforward. To make the interpretation of the results more
accessible, a known polymer basis is needed in addition to a methodological approach.

In the previous chapter a novel dual dynamic network (DDN) was introduced which is comprised by a
tetra-arm poly(ethylene) glycol (pEG) precursor bearing terpyridine ligands and poly(N-
isopropylacrylamide) (pNIPAAm) linear chains on each arm. However, to expand the utility and
tunability of this material basis, in this chapter structure—property relationships on this DDN are

investigated in a systematic fashion.

Starting from the two polymer precursors, respectively the tetra-arm pEG functionalized with a
N-hydroxysuccinimidyl (NHS) and a terpyridine group, and an amine-functionalized pNIPAAmM chain,
it is possible to create a toolkit for DDNs by changing the molar mass of both precursors, as well as the
metal ion. Upon increasing the temperature above the lower critical solution temperature (LCST), the
plateau modulus increases due to the collaborative collapse of the pNIPAAmM chains. However, the
elastic properties depend strongly on the pEG/pNIPAAmM ratio and the metal ion. In particular, the
hydrogels with a higher amount of pNIPAAm and longer pNIPAAM chains showed a more pronounced
increase in the plateau moduli compared to the samples with shorter pNIPAAm chains and a higher
amount of pEG. In addition to the metal-ion related plateau modulus at high frequencies, the samples
showed an additional plateau in their elastic modulus at lower frequencies, upon increase of temperature
above the LCST. This feature can be ascribed to the pNIPAAmM chains as its extent is higher with

increasing pNIPAAmM content.

The different elastic properties of the samples depend strongly on the length of the grafted pNIPAAmM
chains. While longer chains reach each other and thereby collapse cooperatively creating new
connections that reinforce the hydrogel, shorter chains collapse mainly on themselves which results in
a less pronounced increase of the mechanical properties. The wide range of the achievable properties

and easy tunability of the system, show the convenience and versatility of toolkits for DDN.
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1. Introduction

Hydrogels are polymer networks swollen in water; they have raised significant attention due to their
capability to mimic natural tissues. [1], [2] This ability, though, comes along with a challenge, as such
an application requires their mechanics and functionality to resemble those of the natural tissues. [3]

For example, for drug delivery applications, it is crucial to control the diffusion of the drug inside the
hydrogel, which strictly depends on the polymer network mesh-size €. [4] If that mesh-size is smaller
than the size of the drug, then its diffusion will be slow or even impossible, and vice versa. In view of
that, Grunlan et al. controlled the mesh-size, and consequently the diffusion, by adding dangling thermo-
responsive charged chains to the main polymer network. They showed that smaller meshes can be
achieved with negatively charged chains. [5] In a similar own previous work, we introduced poly(N-
isopropylacrylamide) (pNIPAAm) dangling chains to a supramolecular tetra-poly(ethylene) glycol
(PEG)-terpyridine network, showing that the diffusion of small diffusants is possible at room
temperature but hindered above the lower critical solution temperature (LCST) of pNIPAAmM, and that

this is also followed by an increase of the gel elastic modulus. [6]

In view of biomedical applications, also the mechanical properties of hydrogels play a crucial role, and
material scientists are continuously working on the improvement of such properties. In 2003, Gong and
her group obtained a hydrogel with outstanding mechanical properties, composed of two covalent
polymer networks, one highly and one loosely crosslinked, interpenetrated into each other and there-by
forming a double network (DN). Their first DN composed of poly(2-acrylamide-2-methylpropane
sulfonic acid) (PAMPS) and polyacrylamide (PAM), showed a fracture stress of 17.2 MPa (20 times
higher than the one of the two polymers separately). [7] Upon application of stress, the first network
breaks, thereby dissipating energy. [7] With this mechanism, it is possible to obtain simultaneously
tough and elastic hydrogels. These covalently crosslinked networks, though, have the disadvantage that
the breakage of their sacrificial part occurs irreversibly, and the material does not recover afterwards.
That shortcoming can be overcome by incorporation of transient supramolecular crosslinks into the
double network. In first attempts, only one covalent network was substituted by a supramolecular
network, thereby forming hybrid double networks. For example, Hébraud and co-workers have shown
that hybrid double networks formed by covalently crosslinked poly(vinyl alcohol) (PVVA) and transiently
bound PVA with borate ions have superior mechanical properties than the two single networks. [8] Later
on, both covalent networks were substituted by supramolecular networks, forming double
supramolecular networks (DSN). Besides rendering the breakage reversible, in such supramolecular
double networks, both networks actually contribute to the dissipation of energy. [9] For example, Zheng
et al. synthesized such a network based on agar and poly (acrylic acid)-Fe**. This network showed good
mechanical properties along with self-healing. [10] However, even though they realized these networks
through a ‘one pot method’, there is no existing systematic study on how changes in structural

parameters influence the final properties of these DSN. In addition, these works focus mainly on non-
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linear rheology. We intend to fill this gap and present here a complete linear rheological characterization
study. We do this with a systematic approach based on a toolkit where two dynamic building blocks are
attached to a common network, thereby forming a dual dynamic network (DDN). These building blocks
can be chosen on demand, thereby conferring targeted properties to the hydrogel.

The main common network is composed of tetra-pEG building blocks where each arm is end-capped by
ligands capable of forming metal ion complexes and additionally grafted with thermo-responsive
oligomers capable to undergo nano-phase-separation in a comb-like configuration. As ligand, we chose
terpyridine that is able to form complexes upon addition of different divalent metal ions (for example
Zn**, Fe**, Ni*") and consequently transfers different binding strengths to the final hydrogel. In addition
to that ability, tetra-pEG-terpyridine networks are capable to form supramolecular model networks, [11]
and this offers a well-known platform for the introduction and rational investigation of the impact of a
second dynamicity. In our work, this second dynamicity is given by the most widespread thermo-
responsive polymer pNIPAAmM (the second building block) that changes its conformation from coil to
globule above its LCST, which is around 32 °C in water, making it appealing for biomedical ap-

plications. [12]

In an own aforementioned previous work, we have shown that this dual dynamic network is able to
double its elastic modulus upon raise of temperature above the LCST of pNIPAAmM, as unravelled by
oscillatory shear rheology, due to multiple pNIPAAmM chains collapsing together and therefore creating
new connections in the network. [6] Moreover, this temperature-tuneable collapse has the additional
result that the diffusion of small molecules inside the hydrogel can be controlled, as quantified by
fluorescence recovery after photobleaching (FRAP), making the hydrogel suitable for membranes or
separation techniques. [6] Finally, we demonstrated the utility of the supramolecular moieties, by

showing that our hydrogel can be degraded and restored. [6]

In this paper, we go a step further and investigate the linear viscoelastic response of the DDN
systematically by variation of the molar mass of the thermo-responsive polymer and of the tetra-pEG-
terpyridine precursors, as well as the type of the metal ions. Amine-functionalized pNIPAAmM chains are
clicked onto each arm of a tetra-pEG-terpyridine that has an additional N-hydroxysuccinimidyl (NHS)
group. This strategy offers the possibility to easily form different combinations of hydrogels by
systematically varying the molar mass of tetra-pEG and of the attached pNIPAAmM chains, or the metal
ions, as shown in Figure 1. With that approach, we systematically change the molar mass of the tetra-
PEG precursors, using 10 kg mol™ or 20 kg mol™, and using 2.5 kg mol™® or 5.5 kg mol™ amine-
functionalized pNIPAAmM chains. To study the elastic properties of the different systems obtained with
that modular approach, we use oscillatory shear rheology in the linear regime and probe the samples at
different temperatures below and above the LCST of the system. Our findings show that above the LCST
of pNIPAAm, the samples bearing longer pNIPAAmM chains increase their plateau modulus more than

the samples with lower amount of pNIPAAmM. Moreover, a second plateau is found for these samples
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above the LCST at low frequencies that could be an indication of the second dynamicity given by
pNIPAAmM.
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Figure 1. Concept of this work. A toolkit for dual dynamic networks is realized with a tetra-pEG-terpyridine
precursor further functionalized with thermo-responsive pNIPAAmM and by systematically changing the
PEG/pNIPAAmM ratio, as well as the metal ion in the system.

2. Experimental part

The material basis of our work are tetra-pEG macromolecules where each arm is functionalized with
two independent dynamic motifs. The first motif is terpyridine which forms complexes with different
bivalent metal ions, whereas the second dynamic motif is pNIPAAmM which undergoes phase-separation
above its LCST.

To study the elastic properties in a systematic fashion and to construct a toolkit for dual dynamic net-
works, we vary the molar mass of the pEG and pNIPAAmM precursors, as well as the metal ion used for

complexation.

Our networks are denoted as follows: the first two digits of our 1025-Zni20 notation describe the molar
mass of the tetra-pEG-terpyridine macromolecule (with 10 being 10 kg mol™ and 20 being 20 kg mol™)
and the subsequent two digits refer to the molar mass of the attached pNIPAAM unit (with 2.5 kg mol™
being 25 and 5.5 kg mol™ being 55). The final gel concentration is denoted as subscript number. Starting
from a dual polymer network composed of 10 kg mol™ tetra-pEG-terpyridine (10K) and 2.5 kg mol™
pPNIPAAM (1025), we first increase the amount of thermo-responsive polymer by using a 5.5 kg mol™
pPNIPAAmM on the 10K tetra-pEG-terpyridine matrix (1055), and then increase the amount of pEG by
using a 20 kg mol™ tetra-pEG matrix (2025), as depicted in Figure 1. Finally, we investigate the
influence of the metal ion and compare the elastic response of the 1025 dual network with zinc and with
iron.
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2.1 Materials

Tetra-hydroxyl poly (ethylene) glycol (pEG) 10 kg mol™ and 20 kg mol™ are purchased from JenKem
Technology (Plano, Texas, USA) and further functionalized as previously described. [6] Amine-
functionalized poly(N-isopropylacrylamide) (pNIPAAm) 2.5 kg mol* and 5.5 kg mol ™, and iron (11)
tetrafluoroborate hexahydrate 97% are purchased from Sigma Aldrich. Zinc nitrate hexahydrate 98% is
purchased from Alfa Aesar.

2.2 Synthesis

The synthesis of our system has been described elsewhere [6] and further information can be found in
the Supplementary Material. In short, tetra-pEG-OH reacts with epichlorohydrin to result in epoxy-
functionalized tetra-pEG, and subsequently, the epoxy ring is opened via azide, leaving the pEG with
two functional groups on each arm: one hydroxyl and one azide group. In parallel, propargyl terpyridine
is synthesized and attached to the azide group. The hydroxyl group is transformed into an NHS group
and amine-functionalized pNIPAAm chains are attached to it via a click reaction, as shown in

Scheme 1. The excess of pNIPAAmM is then dialyzed out.

pEG
pEG

Scheme 1. Formation of a tetra-pEG-terpyridine-pNIPAAm dual network through click-reaction between tetra-
pEG-terpyridine-NHS and amine-functionalized pNIPAAmM building blocks. This reaction mechanism allows for

an easy interchange of the building blocks for the realization of different polymer networks.

The degree of functionalization of terpyridine for the 10K and 20K tetra-pEG-terpyridine samples are
determined by NMR to be respectively 80% and 95%. This difference in functionality will not affect the
rheological results, as the chosen concentration of the polymer as well as the concentration of the metal
ion take into account the different functionalization grades of the terpyridine such that and in all
compared samples, the same concentration of metallo-supramolecular complexes is assured. The
functionalization with NHS groups is determined by NMR to be 75% and 90%, respectively for the 10K
and 20K tetra-pEG-terpyridine-NHS. This same functionalization can be attributed to the attached
PNIPAAmM chains, as from the NMR, no residual NHS groups can be detected. Through NMR it is also
possible to determine the presence of extra pNIPAAm chains that was not possible to dialyze out. This
percentage is 30%wt for the 1025, 50%wt for the 1055, and 10%wt for the 2025 dual networks (Table
1). This amount has to be added on top of those that are not attached due to the NHS functionalization.
The LCST of the dual dynamic networks are analyzed via turbidity measurements with an UV-VIS
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instrument determining the cloud point of the solution. These are measured to be 31 °C for the 1025 and
32.5 °C for the 1055 and the 2025 dual networks.

Table 1. Details of the samples.

Sample Metal pEG pNIPAAM Crolymer Frerpyridine fonipAAm YopNipAAM
[kg mol] | [kg mol’] [g L] attached extra

10K-Zngo Zn 10 - 60 80% - -

1025-Zn120 Zn 10 2.5 120 80% 75% 30%uwt
1025-Fe1z Fe 10 2.5 120 80% 75% 30%uwt
1025-Zngs Zn 10 2.5 85 80% 75% 30%uwt
1055-Zn;g, Zn 10 55 192 80% 75% 50%ut
2025-Zn7o Zn 20 2.5 70 95% 90% 10%ut

2.3 Formation of the gels

The polymer precursor molecules are dissolved in milli-Q water with a concentration Cpoymer 8 Shown
in Table 1. The concentrations are chosen to obtain equimolar terpyridine concentrations when com-
paring the different polymers and to ensure that the 10K tetra-pEG containing polymers are above the
overlap concentration of the 10K tetra-pEG-terpyridine (56 g L™). [13] To form the gels, the addition of
a metal ion is needed, since the dual network alone does not form a gel (even above the LCST of
pNIPAAmM). To achieve that, aqueous stock solutions of the metal ion are prepared by dissolving the
corresponding amount of zinc nitrate hexahydrate or iron (I1) tetrafluoroborate hexahydrate thereby
assuring a stoichiometric ratio of terpyridine : metal = 2 : 1. We suppose that the influence of the
difference in counter ion associated with the metal is negligible compared to the difference in metal ion.
To form the gels with zinc, the metal ion solution is quickly added to the polymer solution in a glass
vial and the mixture is immediately vortexed. The hydrogel is then allowed to equilibrate overnight on
a shaking plate. To form the gel with iron, the polymer solution is poured onto a custom-made 25 mm
round mold and the iron solution is added on top of it. The mold is then sealed, and the gel is allowed
to equilibrate for 24 h. This procedure assures that the iron gel stays intact when transferred on the

rheometer for rheological measurements.

2.4 Oscillatory shear rheology

To probe the elastic properties of the dual dynamic hydrogels, oscillatory shear rheology experiments
are performed on an Anton Paar Physica MCR 302 rheometer equipped with a parallel plate geometry
with a diameter of 25 mm and a solvent trap. The samples are loaded at room temperature (20 °C) and
the gap adjusted to 0.5 mm. To equilibrate the sample, a temperature cycle is performed from 20 °C to
40 °C and then down to 10 °C, with a heating/cooling rate of 1 °C / min. Afterwards, to assure the
stability of the sample, two additional cycles between 10 °C and 40 °C are recorded at the same
heating/cooling rate. Finally, the sample is allowed to equilibrate at 20 °C for the 10K-Zngo, 1025-Zn120,

and 1025-Fe12o and at 10 °C for the 1025-Zngs, 1055-Zn19,, and 2025-Zn7o samples, with o = 10 rad st
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and y = 1%. Amplitude sweeps are performed in the range of y = 0.01 — 30% with a shear frequency of
o =100 rad s™ to assure that viscoelastic conditions are satisfied. The amplitude sweep is then followed
by another period of equilibration, this time with & = 100 rad s™ and y = 1%. Finally, frequency sweeps
are performed in the range @ = 100 — 0.01 rad s with y = 1%. The sample is then heated to the next
temperature, allowed to equilibrate, and then amplitude and frequency sweeps are recorded as previously
described. This procedure is then repeated up to 45 °C with measurements every 5 °C. In the
experiments, the viscosity change of water with temperature is not taken into account, as it changes from
1 mPasat 20 °C to 0.59 mPa s at 45 °C, [14] and this difference is low compared to the viscosity of the
polymer.

3. Results & Discussion

3.1 Temperature-dependence of elastic properties

To investigate the temperature-dependence of the macroscopic elastic properties of our dual network
hydrogels, we perform linear oscillatory shear rheology experiments at a broad temperature range, both
below and above the LCST of the respective compound. For this purpose, frequency sweeps are
performed in the range of 20-45 °C, with a temperature step of 5 °C and a constant shear amplitude of
y = 1% in the frequency range of » = 0.01-100 rad s™*. Exemplary rheological spectra of the dual network
composed by 10K tetra-pEG-terpyridine precursor, further functionalized with 2.5 kg mol™* pNIPAAmM
chains and complexed through zinc metal ions are shown in Figure 2 a) and compared with the

rheological spectra of the single 10K tetra-pEG-terpyridine complexed with Zn (Figure 2 b)).
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Figure 2. a) Frequency-dependence of the elastic (squares) and loss (circles) moduli at different temperatures of

the 1025-Zni20 dual network (inset: temperature-dependence of the plateau moduli), and for comparison: b) single
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network composed of 10K tetra-pEG-terpyridine with Zn (without pNIPAAm chains). ¢) Temperature-dependence
of the terminal relaxation time of the metallo-supramolecular complexes for both networks. To ensure the same
number of terpyridine complexes and that the concentration of the 10K tetra-pEG-terpyridine is above its overlap
concentration (56 g L), [13] the overall polymer concentration of the dual network is 120 g L™, whereas the

overall polymer concentration for the single network is 60 g L.

The frequency-dependent elastic moduli of the 1025-Zniy dual network and the single 10K-Zngo
network monotonically increase with increasing frequencies, ending in a plateau at high frequencies
(Figure 2 a) and b)). All curves exhibit a crossover between G’ and G” that indicates the lifetime of the
terpyridine-metal complex and that can be determined with the inverse of the relaxation time (1/trer)
since in that point ¢’ = ¢” and from the Maxwell model G’/G” = wt. [15], [16] At the same time
G"/G = tan§, [17] therefore, this crossover frequency can be obtained by taking the frequency at
whichtan 8§ = G”/G’ = 1, then dividing it by 2 (to take into account the radiant), and finally taking
the inverse to determine the relaxation times. This characteristic crossover point shifts to higher
frequencies upon increase of temperature. These terminal relaxation times of the 1025-Zniy dual
network show a similar trend to the relaxation times of the single zinc 10K tetra-pEG-terpyridine
network. Their values shift with higher temperatures due to the faster complex dissociation and therefore
faster sticker exchange (Figure 2 c)). However, the dual network shows double relaxation times
compared to the single network over the whole range of temperatures, since the relaxation time increases
with increasing polymer concentration [18] and the 1025-Znix has a double overall polymer
concentration when compared to the single 10K-Zng network. When comparing both networks, there
are some differences evoked by the presence of the pNIPAAm dangling chains. While the frequency-
independent plateau modulus of the single 10K-Zngo network stays constant at every temperature, the
plateau modulus of the dual 1025-Znix network stays constant until it reaches the LCST and then
increases, as shown in the inset of Figure 2 a). In particular, upon switching above the LCST, the plateau
modulus value becomes 1.5 times higher and further increases in a linear fashion. The increase of plateau
modulus with temperature above the LCST is provoked by the phase-separation of pNIPAAmM chains
that collapse above the LCST and thereby finding other pNIPAAmM chains in proximity to form cluster.
These clusters act as additional physical crosslinks and adds on top of the metallo-supramolecular
complexes of the main pEG network resulting in an overall increase of the plateau modulus, which is
an indication of the number of connections in the sample. [6] In addition, at temperatures above its
LCST and at low frequencies, the dual network shows the onset of a second plateau which is absent in
the single supramolecular network. This second plateau manifests itself due to the associations of the
pPNIPAAmM chains and comes together with a shifting of the elastic moduli curve. From Figure 2 b) it
can be noticed that the slope of the elastic modulus curves of the single network translates to higher
frequencies with temperature. This behavior is observed for the dual networks up to the temperature of
30 °C, as it can be seen from Figures 2 a). From 35 °C, therefore above the LCST, the curves of the

elastic moduli do not translate anymore to higher frequencies, on the contrary they shift to lower
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frequencies and the appearance of the second plateau at low frequencies occurs. Therefore, the presence
of the pNIPAAm dangling chains and their collective clustering above the LCST affects both the plateau
modulus at high frequencies, resulting in an increase with increasing temperatures, and the appearance

of a second plateau at low frequencies.

3.2 Variation of the metal ion

To investigate the different rheological responses of the dual networks depending on different metal
ions, oscillatory shear rheology experiments are performed on the 1025 dual network. For this purpose,
iron (I1) is chosen. To have comparability with the 1025-Zniz network, the same global polymer
concentration is used (c = 120 g L™).
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Figure 3. a) Temperature-dependence of the elastic (squares) and loss (circles) moduli of the 1025-Fe1;o dual
network. b) Comparison of the plateau moduli of the 1025-Zn;2 and 1025-Fe12o dual networks. ¢) Comparison of
network mesh-sizes between the single 10K-Znso network and the 1025-Zn12, and 1025-Fe1zo dual networks, as

calculated from the plateau moduli (Equation 1).

The elastic modulus of the 1025-Fe1» dual network shows a different elastic behavior than the 1025-
Zn120 network (comparing Figure 3 a) and Figure 2 a)): the 1025-Fe12 dual network shows a covalent
gel-like behavior, with no frequency-dependence and therefore no relaxation at the accessible
frequencies. Below the LCST, the elastic moduli stay constant over the whole range of frequencies,
whereas above the LCST, the elastic moduli increase steadily with increasing frequencies (Figure 3 b)).
By taking the elastic modulus at o = 100 rad s as a reference for the plateau modulus Gy 1025-re120, this
value stays constant until the LCST is reached, then it doubles, and afterwards it stays constant again,

as it can be seen in Figure 3 b). Differently, the plateau modulus of the 1025-Zn1, dual network Gp 1025-
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zn120, CONtinues to increase linearly above the LCST. However, a comparison between the trend of the
elastic plateau moduli has to be done carefully taking into consideration how these points are
determined. While the 1025-Zn1y has a proper plateau modulus, the 1025-Fe1 does not and the value
of the elastic modulus at the highest frequency is taken as the value of the plateau modulus and how it
can be seen from the Figure 3 a), all the curves above LCST convey in the same point at the highest
frequency. In both samples above LCST the pNIPAAmM chains meet and collapse together, however our
supposition is that in the iron sample their spatial arrangement cannot vary as this hydrogel has a
covalent-like behavior, whereas the sample with zinc could further internally adjust since this network
is more viscous, and the number of connections can continue to increase with temperature, even above
the LCST. A reason for that could be the transformation of few bigger clusters in a higher number of
smaller clusters, thereby determining a higher number of connections and consequently a further
increase of the plateau moduli. [19] This picture can be supported also by the temperature-increasing
plateau at low frequencies that appears in the 1025-Zn1z0 sample that is connected with clusters and that

increases with temperature.

In addition, from the plateau moduli the mesh-size values of the polymer network can be estimated

through:

£=( RT )3 1)

o

GoN,

where R denotes the universal gas constant, T is the temperature, Gp is the measured plateau modulus,
and N, is the Avogadro constant. [17] The trend of the mesh-size is the same of the respective plateau
moduli. The mesh-size of the dual network with iron decreases upon switching above the LCST, but
then it remains constant, whereas the mesh-size of the dual network with zinc continues to decrease with
increasing temperatures (Figure 3 ¢)). In comparison, the mesh-size of the single network stays constant
over the whole temperature range, denoting that in this case the structure does not change with

temperature.

3.3 Toolkit with different pEG/pNIPAAmM ratios

To investigate universal structure-property relationships of this dual network kit, the ratio of tetra-pEG-
terpyridine to pNIPAAmM is varied. In particular, starting from the 1025-Zngs dual network, we first
change the molar mass of the attached pNIPAAm, obtaining the 1055-Zmg, dual network bearing
pNIPAAM dangling chains with a molar mass of 5.5 kg mol™. Another set of polymers is obtained by
changing the molar mass of tetra-pEG-terpyridine to be 20 kg mol™® with 2.5 kg mol™ attached
PNIPAAmM chains, resulting in the 2025-Zn7 dual network. To assure comparability, we keep the
concentration of terpyridine—zinc complexes equal in all samples. The final concentrations are 85, 192,
and 70 g L™ respectively for the 1025-Zngs, 1055-Zn1g,, and 2025-Znze samples.
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Figure 4. Frequency-dependent storage and loss moduli of dual hydrogels formed with zinc and different pEG /
pPNIPAAmM precursors. The concentration is 85, 192 and 70 g L™ for the 1025-Zngs, 1055-Zn1g, and 2025-Znzg

samples respectively, to assure the same zinc-terpyridine complex concentration.

All three dual networks show an increasing elastic modulus with increasing frequencies, exhibiting a
plateau at the maximum frequency and a crossover between the elastic and loss modulus (Figure 4).
Moreover, at temperatures above the LCST, all samples show a higher plateau modulus and the onset
of a second plateau at low frequencies. This second plateau can be ascribed to the presence of pNIPAAM,
as samples with longer pNIPAAmM chains show a more defined second plateau. However, this low-
frequency plateau could also be an indication of the dynamicity of the system that is not completely

equilibrated at such frequencies.

The inverse of the crossover frequency between the elastic and loss modulus gives the relaxation time.
This shows similar absolute values for all three samples, as depicted in Figure 5 a), denoting the same
temperature-dependent behavior of the pure metallo-supramolecular complexes, with slightly higher
relaxation times at low temperature for the sample with 20K tetra-pEG-terpyridine precursors. Even if
this is the sample with lower concentration, and as we have seen before the relaxation time should
increase with concentration, the 20K tetra-pEG precursor has longer arms compared to the 10K tetra-

PEG precursors, and therefore a higher chain-end dilution that results with longer relaxation times.
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Figure 5. Temperature-dependence of the terminal relaxation time, plateau modulus, and mesh-size of the 1025-
Zngs, 1055-Znyg, and 2025-Znyo dual networks.
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For all samples, the plateau modulus at the maximum frequency Gp stays nearly constant up to the LCST
and then it increases with temperature (Figure 5 b)). However, the extent of the increase depends on the
amount of pNIPAAmM in the sample and on the pEG/pNIPAAmM ratio. The low-temperature plateau
moduli of the samples with 10K pEG precursors exhibit similar values, with the 1055-Znig, sample
showing lower plateau modulus probably due to a screening effect of the longer dangling pNIPAAmM
chains for the terpyridine-metal complex or the higher presence of the non-attached pNIPAAmM chains
that might create defects in the network, thereby determining a loss in the plateau modulus. [20]
However, the plateau modulus becomes 1.5 times higher for the 1025-Zngs sample, whereas it becomes
7 times higher for the 1055-Zn19, sample upon switching the temperature around the LCST, meaning
transitioning from 30 °C to 35 °C. Therefore, the increase in the plateau modulus is more significant
with longer pNIPAAmM chains. This can be rationalized by the fact that the 1055-Zn;q, dual network
bears pNIPAAmM chains of a double molar mass than the 1025-Zngs sample. Higher molar mass translates
into longer dangling chains, and therefore a higher probability for the 5.5 kg mol™ chains to meet and
collapse than for the 2.5 kg mol™ chains. The plateau moduli below the LCST of the samples with 20K
tetra-pEG precursors are almost double of the ones containing the 10K tetra-pEG precursors. Even
though they all have the same number of terpyridine stickers, the 20K tetra-pEG precursor has a higher
terpyridine-functionalization (Table I), therefore a higher probability that a higher number of stars bears
all four foreseen terpyridine stickers, thereby creating a fully percolated network, whereas in the 10K
tetra-pEG precursor the majority of stars will bear three terpyridine stickers. In addition, the samples
containing 20K precursors are far above the overlap concentration of 20K tetra-pEG, whereas the
samples containing the 10K precursors are probed very near to the overlap concentration of 10K tetra-
PEG, therefore, it is more sensible to small perturbations in the system. However, these factors impact
mainly the plateau moduli below LCST, as above LCST the gain in plateau moduli is dictated by the
length of the pNIPAAmM chains and the pEG/pNIPAAm ratio. For example, keeping the amount of
pPNIPAAmM constant but increasing the amount of pEG, such as going from the 1025-Zngs to the 2025-
Znzo sample, we observe that the 2025-Zn7o, behaves more like a simple tetra-pEG-terpyridine than a
dual network, as the plateau modulus at 35°C is just 1.3 times higher than the one below the LCST and
it does not continue to increase with temperature as much as the plateau moduli of the 1025-Zngs or
1055-Zn1g,. In addition, another factor that has to be considered is that these three samples contain a
different percentage of free pNIPAAM chains that was not possible to dialyze out (see Table I). These
extra pNIPAAmM chains will certainly collapse above their LCST in aqueous surrounding, and in case
they are in proximity of other chains they will take part to the clusters that form the same way, but if
they are not attached to the network, they do not represent active chains and thereby they do not
contribute to the plateau modulus. [6] Nevertheless, by comparing the different percentages in Table |
and the increase in the plateau moduli in Figure 5 b), to higher percentages of non-attached thermo-
responsive chains, correspond a greater increase in plateau modulus. However, the increase in plateau

modulus is connected also to a higher concentration of attached pNIPAAm to the tetra-pEG precursors.
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Therefore, it is more likely that the different behavior of these three different dual polymer networks
derives from their different pEG/pNIPAAmM ratio than from the free pNIPAAmM chains.

a) b) c)
T>LCST T>LCST T>LCST
— — ey
1025-Zn 1055-Zn 2025-Zn

Figure 6. Comparison of the a) 1025-Zngs, b) 1055-Znig, and c) 2025-Zn7o dual networks. Longer pNIPAAmM
chains will do more likely meet and collapse together above the LCST, while shorter chains might collapse without

further interactions.

The different pEG/pNIPAAmM ratios in the samples have an influence on the mesh-size as well (Figure
5 ¢)), as above the LCST the mesh-size decreases with increasing amplitudes for the 2025-Znyo, 1025-
Zngs, and 1055-Zn1g, respectively. This can be translated into different ways of network configuration
provoked from the collapsing of the pNIPAAm chains in the three samples, as visually depicted in
Figure 6. In the 1025-Zngs sample, the length of pEG and pNIPAAmM is comparable and therefore the
majority of the thermo-responsive chains from different pEG-stars will meet and collapse together
(Figure 6 a)), thereby increasing the plateau modulus and resulting in smaller mesh-sizes above the
LCST (Figure 5 c)). The 1055-Znig; sample shows the largest mesh-size at low temperature and the
smallest mesh-size above LCST. This sample contains the highest amount of pNIPAAm (attached and
not attached) and the highest polymer concentration. In addition, this is the sample with the longest
pNIPAAmM chains compared to the pEG. Therefore, in this sample we can consider that all the pNIPAAM
chains collapse together (Figure 6 b)) resulting in the highest improvement in the plateau modulus
(Figure 4 b)), and smallest mesh-size (Figure 5 c)). While the decrease in mesh-size above the LCST
occurs due to the collapse of the attached pNIPAAm chains that result in an effective reduction of the
meshes, the marked continue decrease in mesh-size with temperature in the 1025-Zngs and 1055-Znig
samples could be a sign that with increasing temperature few bigger clusters re-arrange in a higher
number of smaller clusters with reduced average mesh-size, as also deduced from the elastic plateau
modulus. On the contrary, the mesh-sizes of the 2025-Zn7, do not show a remarkable temperature-
dependence as in the other two samples as the pNIPAAm chains in the 2025-Znz network are shorter
than the pEG-arms and therefore pNIPAAmM chains attached to different stars might be too far apart for
meeting while collapsing. This could mean that the majority of the pNIPAAm chains collapse on
themselves and that only few pNIPAAm chains collapse together and form aggregates, as visually
depicted in Figure 6 c). The non-reachability of other pNIPAAmM chains might explain the least

remarked increment of the plateau moduli among change in temperature.
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The different viscoelastic behavior of the 1025-Zngs, 1055-Zn192, and 2025-Zn7o shows how it is possible
to tune the elastic properties of dual dynamic networks by changing the network building blocks thereby
constituting a toolkit for future mechanical studies.

4. Conclusions

Hydrogels are polymer network swollen in water and this makes them appealing for biomedical
applications, such as in drug delivery and tissue engineering. However, to be used in such applications,
hydrogels have to mimic the functionality and the mechanics of natural tissues. For the improvement of
the mechanical properties double networks can be used. In literature several examples can be found
where the mechanical properties are studied by the means of non-linear rheology. We want to contribute
to the field and presented here a systematic linear rheological study. Our base is a dual dynamic network
(DDN) where to acommon polymer network two dynamicities are attached. Our DDN hydrogel is based
on tetra-pEG where each arm is end-capped with terpyridine and with pNIPAAmM in a comb-like fashion.
The elastic properties of these networks are investigated with linear oscillatory shear rheology under
variation of the molar mass of pEG, of pNIPAAmM, and the metal ion. This way we construct a toolkit
for dual dynamic networks. Our results show that by increasing the chain length of pNIPAAM, the
plateau modulus of the system increases accordingly. This is due to the collective agglomeration of the
pPNIPAAmM chains above the LCST. In addition, our results suggest that longer chains are more likely to
collapse together, therefore enforcing more the network, as shorter chains that are more likely to collapse
on themselves. These results open a pathway for the systematic investigation of structure—property

relationships in dual dynamic networks.
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Summary

In the development of new polymeric materials, the role of defects cannot be underestimated, as

imperfections can always naturally occur in polymer networks and their presence strongly influences
the macroscopic properties such as the elasticity and permeability. In this context, systematic studies on
model supramolecular systems lays the ground for further studies on multi-component systems.

In this collaborative work, the impact of defects on the properties of a supramolecular networks is
investigated. This is achieved with the methodological variation of a model system by systematic
introduction of known connectivity defects. Therefore, different ratios of a 4-arm terpyridine-
functionalized poly(ethylene) glycol (pEG-tpy) are mixed with a 8-arm pEG-tpy of a twofold molar
mass and afterwards complexated with Zn(Il) metal ions in stochiometric ratio. The interplay between
the molar masses and number of arms of the two polymer precursors translates in the same arm length
for every pEG and number of potential connections. The increase of the 8-arm pEG-tpy volume fraction
in the system determines an increase in the average mesh-size and a decrease in the plateau modulus, as
investigated by oscillatory shear rheology. These outcomes are accompanied by an increase of the self-
diffusion coefficient of dye-labelled pEG-tpy precursors in the network, as investigated by fluorescence

recovery after photobleaching, further denoting a strong interplay with the dynamics of the system.

These results can be explained with the formation of connectivity defects, and in particular loops, as
confirmed by DQ-NMR, as the 8-arm pEG-tpy precursor is more prone to form intra-molecular instead
of inter-molecular connections due to the higher local density of arms. Therefore, an incremental
concentration of this precursor determines an increasing deviation from the properties of the model

system, thereby confirming the utility to perform such investigations when engineering new materials.
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1. Introduction

Defect engineering in soft matter is a wide field of research that allows for tuning material properties on
multiple levels. [1] In one branch of that discipline, structural inhomogeneities affect the properties of
polymer-network gels, specifically the local and global elasticity, [2] fracture mechanism, [3] and the
diffusive permeability of guest substances, [4] and since these properties lay the ground for the main
applications of gels, the impact and ability of controlling such inhomogeneities is crucial. Prominent
examples for inhomogeneities are found in hydrogels, which are three-dimensional polymer networks
swollen in water. [5-7] These polymer networks can be formed by connection of polymer strands either
by supramolecular or covalent crosslinks. While covalent networks are stable in form and shape,
supramolecular networks have the great advantage of being dynamic which means being responsive and
recyclable. As a consequence, also the heterogeneities of covalent networks are frozen in time and space,
whereas those of supramolecular networks follow spatiotemporal evolutions. The study and modelling
of the extent, effect, and evolution of heterogeneities and defects in supramolecular networks require a
model platform. One such platform is model transient networks formed by supramolecular crosslinking
of multi-arm star-like polymer precursors. In such a network, the network strands denote the chain
sections between branching points of two adjacent polymer precursors, and their length determines the
network mesh-size &, as illustrated in Figure 1. During network formation, different types of defects can
form. Uneven distribution of the network crosslinks causes global spatial heterogeneities of some tens

to hundreds of nanometers in space, and these defects are further pronounced when the polymer network
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Figure 1. Defects in polymer networks created by interconnection of tetra-arm star supramolecular precursors on

is swollen. [8]

==10-100 nm

different length scales. Local connectivity defects on the order of few nanometers form due to misconnectivities
in the network. Global defects on the order of 10-100 nm result due to the inhomogeneous distribution of

crosslinking density.



Furthermore, irregularity in the local crosslinking-junction functionality results in local connectivity
defects, which are in the magnitude of 1-10 nm, as shown in Figure 1. [7,9] These connectivity defects
are loops, dangling chains, and crosslinker—crosslinker shortcuts. A loop is formed when several (usually
two) arms of the same polymer form intra-molecular connections, or when two adjacent polymers form
multiple inter-molecular connections, resulting in higher order loops. [10] A dangling chain is an arm
that does not form any connections with another arm. A crosslinker-crosslinker shortcut is formed when
two crosslinks interact with each other in form of uncontrolled clusters with varying number of junction
functionalities. In view of this picture, we define connectivity as the number of potential inter-molecular
connections that a branched polymer macromolecule can form with its arms. Thus, the expected
connectivity in a perfectly regular network consisting of only tetra-arm shaped telechelic polymers is

four.

For rational material design, it is essential to understand how these different types of defects affect the
properties of the hydrogel, such as its viscoelasticity and permeability, to optimize their use in
applications. As hydrogels are constituted mainly by water, they are suitable for biomedical applications,
such for example in tissue engineering or drug delivery. [11-13] However, to be used in these
applications, they need to meet further requirements. In tissue engineering, for example, they need to
resemble the mechanical properties of original natural tissues, and this can be challenging, [14,15] as
the stiffness of living tissues can vary from a few Pascals to giga-Pascals, and it is even more challenging
when considering the diverse functions of tissues. [10,11] In drug delivery, by contrast, not only the
stiffness or softness of the tissue is important, but also the diffusive permeability, which is governed by
the mesh-size of the hydrogel. [16] If the drug is smaller, similar, or larger than the network mesh-size,
then the diffusion would be fast, slow, or even hindered, respectively. [16] Therefore, the control of the

diffusion kinetics inside the hydrogel through engineering the mesh-size is crucial for its applications.

There are several approaches to engineer the mesh-size and its distribution in hydrogels. One way is to
use precursors of different molecular weights, as suggested by Sakai et al. [17] These workers have
systematically varied the heterogeneous distribution of the mesh-size in covalent model-network
hydrogels formed by tetra-poly(ethylene glycol) (tetra-pEG), by employing precursors of two different
molecular weights. [17] Despite they did not characterize the heterogeneities on the nanoscale, their
macroscopic findings suggest that these bimodal networks have properties of a hydrogel having a strand

size in between the arm length of the two precursors. [17]

Another approach to control the diffusion inside a hydrogel is to add dangling chains to the main
network. With this strategy, Grunlan et al. controlled the mesh-size of a hydrogel with the introduction
of thermoresponsive and charged dangling chains. [18] Their findings show that with negatively charged
chains, smaller meshes are possible. [18] In an own previous work, we introduced poly(N-
isopropylacrylamide) (pNIPAAmM) dangling chains into a supramolecular polymer network and were

able to similarly hinder the diffusion of small probes upon switching temperature above the lower critical
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solution temperature of pNIPAAm. [5] Similarly, we investigated how the network dynamics of gels,
constituted by chains carrying sticky side-groups, changes with the introduction of sticky tracers having
the same or lower connectivity than the network itself, thereby creating local connectivity defects.[4]
Our findings show that the chain dynamics is enhanced in case of the network with connectivity defects,
meaning that the probe diffuses faster than expected. [4] The effect of defects on mechanical properties
has also been studied by means of simulations. For example, Shibayama et al. have introduced random
defects in tetra-pEG networks and investigated the influence of the structural inhomogeneity on the
mechanical properties. [19] Their findings show that with an increasing defect fraction, the Young

modulus of the tetra-pEG networks decreased accordingly. [19]

Targeted mesh mesh-size variations or intentional incorporation of defects in polymer networks allow
for a systematic investigation of their impact on the final material properties such as permeability or
viscoelasticity. A recent review on defect engineering in soft matter highlights the utmost importance
of structure control to implement a novel type of rational material design based on these aforementioned

minor structural deviations. [1]

With this work, we aim to contribute to this emerging field of soft matter material design by presenting
how to tailor supramolecular hydrogels in a systematic way via connectivity mismatches. We achieve
that by systematically introducing different percentages of connectivity defects in a model
supramolecular network and investigating the resulting macroscopic elastic response by oscillatory
shear rheology, the microscopic self-diffusivity by fluorescence recovery after photobleaching (FRAP),

and characterizing and proving the specific type of defects by double-quantum NMR (DQ-NMR).

Our material basis is composed of a supramolecular pEG hydrogel, where each arm of a star-shaped
precursor is functionalized with a terpyridine unit that is capable of forming transient bis-complexes
with divalent zinc ions. Starting from a regular network that only consists of 4-arm pEG-terpyridine
macro-precursors (left network in Figure 2), we successively replace a certain percentage of 4-arm pEG
building blocks by 8-arm pEG-terpyridine polymers. To ensure a constant total terpyridine
concentration, coming along with a constant number of arms, we select the molar mass of the 8-arm
PEG to be a twofold of that of a 4-arm pEG. In other words, replacement of two macromolecules with
four arms by one macromolecule with eight arms yields the same number of overall terpyridine units
but a different degree of connectivity, keeping the same number of network strands per total volume
constant (Figure 2). With increasing amount of connectivity defects, the hydrogel becomes softer and
the self-diffusivity inside increases, as demonstrated by complementary oscillatory shear rheology and
FRAP experiments. These findings are associated with the emergence of various defect types, which
are quantified by double quantum-NMR. Our results suggest a new paradigm for tuning properties of

supramolecular hydrogels in a rational manner that might be transferable to other transient systems.
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Figure 2. Concept of this work. Metallo-supramolecular polymer-network gels composed of 4-arm pEG-
terpyridine (Mw = 20 kg mol™) and 8-arm pEG-terpyridine (Mw = 40 kg mol™), combined in different ratios,
thereby increasing the amount of connectivity defects in a controlled way. The impact of connectivity defects on

macroscopic elastic and microscopic permeability properties are then investigated.

2. Experimental
2.1 Sample syntheses

The list of materials and the synthesis procedure can be found in the ESI. In short, the hydroxyl termini
of the star-shaped commercially available 4-arm 20K and 8-arm 40K pEG polymers were converted to

terpyridine units by a Williamson type ether synthesis (Figure S11, ESI).

3. Methods
3.1 Oscillatory shear rheology

To prove the effect of defects on the elastic properties of the supramolecular hydrogels, oscillatory shear
rheology experiments were performed. For this purpose, stock solutions of 4-arm 20K and 8-arm 40K
pEG-terpyridine with a concentration of 70 g L™ were prepared by dissolving the appropriate amount of
each polymer in Milli-Q water. This concentration was chosen to obtain gels in a regime well above the
overlap concentration of a 4-arm 20K pEG-terpyridine (c* = 35 g L™). [20] Another aqueous stock
solution of zinc nitrate hexahydrate was prepared and a ratio of terpyridine to metal of 2 : 1 was ensured.
In a glass vial, the polymer solution was inserted and then subsequently, the metal ion solution was
added quickly. For hydrogels consisting of two precursor polymers (4-arm 20K and 8-arm 40K), both
polymer stock solutions were mixed in a glass vial before adding the metal ion stock solution. All
mixtures were then vigorously vortexed until complete gel formation. In total, five samples were
prepared and characterized, with 8-arm pEG-terpyridine volume fractions ¢s-am being respectively 0,
0.25, 0.5, 0.75 and 1. Finally, the gels were allowed to equilibrate overnight on a plate shaker at room

temperature, to remove all air bubbles.

Oscillatory shear rheology experiments were carried out on an Anton Paar rheometer of the type MCR
302 (Anton Paar, Graz, Austria), equipped with a solvent trap to avoid dehydration and a parallel plate
geometry PP-25. After equilibration, amplitude sweeps were recorded in order to determine the linear
viscoelastic regime. These were done at a temperature of 25 °C, a constant shear frequency of o = 1

rad s and an increasing amplitude of y = 0.1-100%. Afterwards, the sample was allowed to equilibrate
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again and then frequency sweeps were obtained at 25 °C, at a constant shear rate of y = 0.1% and a

frequency range of ® = 0.01-100 rad s,

3.2 Fluorescence recovery after photobleaching

Fluorescence recovery after photobleaching was chosen as a method to microscopically investigate the
self-diffusivities of 4-arm pEG-terpyridine macromolecules within the hydrogels depending on the
amount of added 8-arm pEG-terpyridine. For this purpose, 3 wt% of a dye-labelled pEG moiety that
contains both required functional groups on each arm, a terpyridine unit and a fluorescent NBD group,
was integrated into the gels. These polymer tracers were synthesized according to a previously described

procedure [21] and are visualized in Figure S14 (ESI).

The FRAP experiments were carried out on a Leica TCS-SP8 AOBS SMD confocal laser scanning
microscope, equipped with a 20x immersion objective (HC PL APO CS2 20x/0.75 IMM, numerical
aperture: 0.75) and a PMT detector. Aqueous stock solutions of the 4-arm pEG-terpyridine and the 8-
arm pEG-terpyridine (c = 118.5 g L, respectively) were prepared, as well as of the NBD-tagged
fluorescent 4-arm pEG-terpyridine (c = 14.7 g L) and the zinc nitrate hexahydrate (c = 7.28 g L™).
Final gels were prepared by mixing the polymer stock solutions (40 pL total volume: 0%; 25%, 38%,
50%, 63%, 75%, and 100% 8-arm content), adding 10 pL of the dye-labelled polymer stock solution,
followed by the addition of 20 pL zinc nitrate solution and subsequent vortexing. With this procedure,
the desired stoichiometric ratio of terpyridine to zinc of 2 : 1 was obtained, as well as the overall polymer
concentration of 70 g L™X. Due to the twofold molar mass of the 8-arm pEG-terpyridine compared to the
4-arm pEG-terpyridine, the number of terpyridine stickers remains constant in all networks while a sole
variation in the overall connectivity is achieved. Samples were gently shaken over night at 39 °C to
reach full equilibration. After cooling to room temperature for two hours, the gels were loaded into an
eight-well plate (Ibidi®) and sealed to avoid dehydration during the scans. Prior to each measurement,
a set of four pre-bleach images is recorded. Permanent irradiation of the fluorophores and therefore
creation of a bleached point pattern was achieved by applying a full-power laser beam (10 mW) with a
duration of 1 s. A weak reading beam with a wavelength of 488 nm (maximum excitation wavelength
of the NBD-dye) was used to excite the dye molecules during the scan series. For the recovery process,
it is important to use a remarkable attenuated laser beam to avoid re-bleaching of the region of interest.
A series of 250 images was recorded with time intervals of 0.173 s between each scan (bidirectional
scan frequency: 400 Hz) to capture the re-emerging of fluorescing macromolecules into the bleached
area. Analogous to previous works, [4,22] the FRAP data were analysed using a diffusion model that is
based on fitting Gaussian shaped intensity profiles I(r,t) to the time-depending disappearance of the
initial bleached spot. [23,24] The bleached area vanishes due to the exchange and diffusive motion of
the dye-labelled supramolecular polymers throughout the system until its pre-bleached fluorescence

intensity is fully recovered.
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3.3'H DQ-NMR

Low-field NMR experiments were performed on a Bruker MiniSpec mg20 with a magnetic field of Bo
=0.47 T. The pulse lengths were between 1.5 and 1.7 ps for 90 ° pulses and between 3.5 and 4.0 s for
180 ° pulses. A BVT3000 temperature unit was used to keep the samples at a stable temperature of 30 °C
+ 1 °C. Samples were synthesized in 10 mm diameter glass tubes according to the synthesis protocol
presented in the rheology section and flame-sealed at about 5 cm height to prevent solvent evaporation
during the experiments. For the DQ experiments, the Baum-Pines sequence [25] with incremented
delays between the pulses and a constant number of two cycles was used. The recycle delay was set to
1.5 s, which is enough to filter out about 90% of the HDO signal (estimating an average longitudinal
relaxation time of about T1Hpo = 12 s), while retaining >95% of the polymer signal (estimation Ty poy =
0.5 s). This was validated by the first DQ-measurement of the sample consisting of only 4-arm stars (¢s-
am= 0) (see DQ-NMR results), where a combined fraction of defects and solvent signal of less than 1%
was measured. Therefore, we refrain from the commonly used procedure of quantifying the leftover
HDO component after the T-filtering by exploiting the large difference in T1 relaxation times in a
saturation recovery experiment, because such a small contribution will be shown to be negligible and

the introduced uncertainty significantly larger than the obtained value.

In the following, a concise overview of the obtained data using the DQ experiment and a reasoning for
the data treatment is provided. For further information on the derivation and meaning of the measured
guantities, the reader is referred to Ref. [10]. After application of the Baum—Pines sequence, two phase
cycle-controlled signals are obtained: The first one is the DQ build-up function Ipg(tog), which contains
structural information about the sample in the form of residual dipolar coupling (RDC) values and its
quantitative distribution. However, it is also modulated by transverse relaxation of the total NMR signal,
so the RDC is not easily accessible using only a simple fitting procedure to the Ipo(tog) curve. Thus, a
second signal function, sometimes also called reference function l.(tog) is needed for independent
quantification of the relaxational contribution to the signal. Using a specific phase cycle described in
Ref. [26], the shape of this signal will only depend on the transverse relaxation times being present in

the sample. As shown and already applied on, e.g., the tetra-pEG system of Sakai et al. [27] and another

terpyridine-based tetra-pEG hydrogel, [28] the following fitting functions (1-3) are used for the two

signals:
3 B;
_ Tpo\"t
Iog(tog) = ) ai - b - expl— (22) ] @
i=1 t
and
3 Tho Bi Tho
Ismq (Tho) = Z a; exp[— (T > ] + acan exp[— T ] (2)
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Here lnpo combines the Abragham-Like (A-I)-function that is defined as

154 (thg) = 0.5{1 — exp [~(0.378D,7pg) | X c05(0.583Dre5tng)}  (3)

that was firstly derived in Ref. [29]. Both functions are fitted simultaneously to the Ixmq and Ipng data,
with shared parameters for the relaxation part and the respective fractions ai. In all known cases with
tetra-pEG-based systems, including this work, a minimum of 3 A-I functions is needed to sufficiently
fit the curves. Each extracted component a; corresponds to a certain species with molecular mobility and
therefore to a certain type of connectivity motif in the network. A fourth, purely exponential function
that is exclusive to ler, is used for characterising sample fractions with unhindered, isotropic motion
(e.g., protonated solvent, sol, dangling chains), which reflects in the long tail of the relaxation function,
while not contributing to the DQ function. In contrast to Ref. [27] we refrain from explicitly assigning
all components a; to certain connectivities as, admittedly, the simply picture of three easily
distinguishable types of connectivities is certainly a simplification in such a complex system. Instead,
we only assign the component a; to the single link, as the single link can safely be assigned to the
component with the highest RDC using the proportionality Dres ~ M and the simple argument of an
increased, apparent molecular weight of the crosslinks for higher order connectivities. Analysis of the
data shows that a two-component model is not sufficient, thus we still use a 3-component model as the
model with the least possible parameters, and therefore, we present results in a 3-parted fashion,
however, we suggest to only interpret the sum of the higher order connectivity defects a,+as or the ratio
between the ideal connectivities a; and the sum az+as. This is especially important in the case of samples
containing 8-arm stars, as here even more possible connections can be formed which, however, cannot
be extracted with our approach due to the strongly increasing number of fitting parameters and the

increasing fitting ambiguity.

4. Results and discussion

Our material basis for systematically studying the effects of connectivity defects on the elastic response
and diffusive permeability of supramolecular model hydrogels is composed of 4-arm and 8-arm pEG
where each arm was end-capped with terpyridine units that are capable of forming bis-complexes with
zinc ions. To ensure the same number of terpyridine stickers in each sample, the 8-arm pEG was chosen
with a two-fold molar mass compared to the 4-arm pEG, therefore also ensuring the same arm length.
To increase the amount of connectivity defects, 8-arm pEG-terpyridine was introduced into the 4-arm
model pEG-terpyridine system in different volume fractions ¢s-am. TO investigate the influence of
connectivity defects on the properties of supramolecular hydrogels, the macroscopic elastic response of
the gels was characterized by oscillatory shear rheology whereas the microscopical diffusive
permeability was characterized by FRAP measurements. Finally, the defects were quantified

nanoscopically by DQ-NMR. The combination of these three characterization techniques allows us to
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obtain information not only on the relaxation dynamics, but also on the structural properties of the

system at multiple length-scales.

4.1 Oscillatory shear rheology

The influence of connectivity defects on the macroscopic elastic response of a hydrogel was probed
through oscillatory shear rheology experiments. Starting from a network purely composed of 4-arm
pEG-terpyridine macromolecules, we successfully replaced different amounts of 4-arm pEG-terpyridine
by 8- arm 40K polymers, thereby keeping the number of sticky terpyridine units constant, and an overall
polymer concentration of 70 g L™ The volume fraction of 8-arm pEG-terpyridine ¢s.am is then
respectively 0, 0.25, 0.5, 0.75 and 1. Frequency-dependent dynamic moduli were investigated at 25 °C.
The frequency-dependent dynamic moduli of all networks can be described by a single Maxwell
element, as demonstrated in Figure 3 (A) by the dashed lines.
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Figure 3. Frequency-dependent elastic and loss modulus of the hydrogels composed by different ratios of 4-arm
pEG-terpyridine (My = 20 kg mol™) and 8-arm pEG-terpyridine (My = 40 kg mol™) with zinc in water at a total
polymer concentration of 70 g L™ and a temperature of 25 °C, assuring the same terpyridine concentration in all
gels. Dashed lines represent fits to the Maxwell model (A). Influence of the 8-arm pEG-terpyridine proportion on
the plateau modulus G, (B) and on the relaxation time zr (cross-over frequency of G’ and G") (C). The lifetime z*
of an isolated zinc-terpyridine complex (taken from Ref. [37]) in dilute aqueous conditions is depicted as dotted
grey line. The error bars depict the fit parameters of the Maxwell model within a confidence interval of 95%. The

pure 4-arm sample is an outlier.
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However, with increasing ¢s-arm, @ slight deviation in the moduli at high and low frequencies becomes
visible. Such a deviation from the Maxwell model might be an indication of multiple relaxation times.
[30] These relaxation times can derive from the relaxation of higher order loops, where two polymer
stars share more than one connection or a bigger loop results by connecting several stars in circle. The
measured plateau moduli depending on the volume fraction of 8-arm 40K polymers is shown in Figure
3 (B). The pure 4-arm 20K sample exhibits the highest elastic modulus corresponding to Ge s-arm 20k =
13 kPa, whereas the lowest elastic modulus is obtained in the pure 8-arm 40K gel, corresponding to
Gpgam 20k = 1 kPa. The plateau storage moduli of the samples at intermediate compositions
systematically decrease with increasing the volume fraction ¢s.am. Based on the affine network model
theory, we expected all samples to show the same plateau modulus, as the number of network strands
per volume (corresponding to v) is kept constant in all gels. In this model, the plateau modulus G is

given by
Gy = VRT (4)

where v is the number of network strands per volume, R is the universal gas constant, and T denotes the

temperature. v can be calculated from the molar concentration of pEG precursors and it corresponds to

v=1t ©
with f the functionality of the precursor and u the density of network crosslinks. [31] Hence, the
theoretical plateau modulus for both pure 8-arm 40K and 4-arm 20K networks is calculated to be roughly
Gy = 17 kPa. This value is valid for a fully percolated and defect-free theoretical polymer network.
However, experimental polymer networks always show intrinsic topological defects that determine a
deviation from the theoretical value. [31] In this context, the measured plateau modulus of the pure 4-
arm network (Gp4-am 20k = 13 kPa) is not significantly lower than the calculated theoretical one. Since
this is the system with the highest modulus, it will be further taken as reference when compared to the
other samples. If the plateau modulus is considered as a quantification of the elastically active network
strands, [5] the continuous decrease of Gp depending on an increasing amount of 8-arm in the networks,
indicates a decreasing degree of network connectivity. As the matter of fact, with a higher density of
arms per each molecule, the 8-arm is more likely to form intra-molecular instead of inter-molecular
associations. [32] Alternatively to the affine model, one could use the phantom model, which would
consider the functionality of the stars, instead of the total number of strands. In this case, the plateau
modulus of the 8-arm pEG is predicted to be higher than the 4-arm pEG. In addition, the phantom model
would need to define a functionality for the mixed system, which has not been taken into account so far.
Up to now, it is still a matter of debate which of both models is more suitable to describe the rheological
spectrum of supramolecular polymer networks, whereas a concentration-dependent transition between
the two has been found for chemically crosslinked tetra-arm pEG. [33] The concentration used in this

study (2c*), would fall at the boundary between these two models. However, the initial hypotheses of
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our studies are in line with the affine model, since we designed our study such to have the same number

of network strands in each sample.

The fact that the 8-arm 40K pEG network exhibits a lower plateau modulus can be explained by
connectivity defects occurring due to a higher local density of arms. With such overcrowding of arms,
it is more likely that two neighbouring arms of the same macromolecule find each other thereby creating
loops of different orders. These loops cause a loss in modulus, because they do not actively store energy.
Therefore, going from 100% 4-arm pEG-terpyridine (¢s-arm = 0) to 100% 8-arm pEG-terpyridine (ds-am

= 1), the network becomes locally more heterogeneous.

In addition to the elastic modulus, the terminal relaxation times (inverse of the crossover frequency of
G’ and G”) of the networks slightly decrease with increasing ¢s-arm (Figure 3 (C)). This can be explained
by the fact that the 8-arm pEG has a higher functionality and therefore each terpyridine exchanges faster
because it is easier to find another free ligand of another 8-arm polymer in close proximity. Even though,
for crowded systems there is usually a prolongation of the effective lifetime of the bonds due to the
constraint of other chains, this usually occurs in the melt state or at high concentrated regime, while we
are still in the semi-dilute regime. In addition, it was already observed in other pEG-terpyridine
telechelic systems that the dynamic of the complex in the polymer in enhanced when compared to the
one of the terpyridine and metal complex alone. [34] This is in line with previous observations for
associative networks with cluster forming end groups, for which it was shown that terminal flow is
indeed mediated by the relaxation of single chains. [35,36] Moreover, as it can be seen from Figure 3
(C), with increasing ¢s-am, the dissociation times of the gels approaches the dissociation time t* of an
isolated zinc-terpyridine complex in dilute conditions (dotted grey line), taken from Ref. [37] as 1/Kuiss.
The macroscopic network relaxation time measured by rheology is influenced by the complex
dissociation time, as the applied shear stress is released by chain motion and subsequent breaking of the
transient crosslink. However, a direct comparison between both times should be considered carefully.
First, the lifetime of the isolated complex has been determined in aqueous dilute conditions whereas our
network relaxation time is obtained in a semi-dilute regime of 2c*. An earlier work of Olsen et al. [38]
showed by Forced Rayleigh experiments (FRS) that the complex dissociation time is also strongly
influenced by the crowded environment of a network and can therefore deviate from the value obtained
in dilute un-percolated conditions. Second, Wilkins et al. [37] used pure terpyridine (2,6-Bis(2-
pyridylpyridine) for their metal exchange studies whereas in our case, the terpyridine unit is attached
to a polymer chain via oxygen atom that influences the electronic properties of the aromatic pyridiyl-
ring and therefore also the complex dissociation time. With increasing 8-arm (40K) content, the
macroscopic network relaxation time approaches the dissociation time in dilute conditions. In all other
networks, the influence of the bond lifetime renormalization (meaning that the complex opens and closes
several times before it actually releases the applied shear stress) becomes pronounced. This bond

lifetime renormalization vanishes with increased defect fraction.
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We further estimate the network mesh- size & from the elastic modulus by

RT

1
/
G NA) 3 (6)

§=(

with R the universal gas constant, T the temperature, Gp the plateau modulus, and N, the Avogadro
number. [39] According to these calculations, we find an increase in the mesh size with increasing ¢s-
arm 1N the network (Figure 4 (A)). We suggest the 8- arm pEG molecules to significantly contribute to
the formation of loops and dangling ends, leading to an increase of the average network mesh size. The
mesh-size in a pure 8-arm pEG-terpyridine network is found to be approximately three times larger than
the one of the pure 4-arm pEG-terpyridine, suggesting that bigger meshes are formed as a combination
of domains with a lower local density of polymers and domains with a higher local density of polymers.
A schematic visualization of these higher order loops is shown in Figure 4, where Figure 4 (B)
represents the pure 4-arm 20K network and Figure 4 (C) depicts a network with included connectivity
defects (pure 8-arm pEG). It is shown that with increasing number of intra-molecular connections (loop
formation), the average mesh-size also increases. To prove our hypothesis on the micro- and nano-scale,
we further study the diffusive permeability of the networks by FRAP, and the structural properties by
DQ-NMR, as follows.

8-arm

Figure 4. Mesh-size of the network in function of the fraction of 8-arm pEG in the system (A). Ideal 4-arm 20 K
network with homogeneous mesh-size distribution (B) and pure 8-arm 40 K network that includes connectivity
defects (C). The formation of intra-molecular loops has the consequence to increase the average mesh-size of the

network by forming higher order loops.

4.2 Fluorescence Recovery after Photobleaching
To microscopically investigate the influence of connectivity defects on the network structure and the

resulting diffusive permeability properties, FRAP measurements were conducted.

For this purpose, a small fraction of a 4-arm polymer 20K (3 wt%) with fluorescing NBD groups
attached to each arm in addition to the sticky terpyridine group was integrated into the 4-arm / 8-arm
matrix gels. Based on their structural similarity, it was possible to track the intrinsic motion of the 4-

arm polymer building blocks within the networks without the ap-plication of any external shear forces
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such as those used during rheology experiments. The self-diffusion coefficients of the investigated gels

VErsus ¢g-am, are shown in Figure 5.

07
v
~
E 061 ol
Q05
o]
0.4 i
®
0.3+
@
0.2 @
0.1
.
0 0.2 0.4 0.6 0.8 1

8-arm

Figure 5. Self-diffusion coefficients of a 4-arm fluorescently dye labelled pEG-terpyridine within the networks
consisting of different ratios of 4-arm and 8-arm pEG-terpyridine (Ciota = 70 g L™2), obtained by FRAP. Errorbars

represent standard deviations of measurements at three randomly chosen gel positions.

As a general trend, the diffusion coefficient increases by a factor of 5 from 0.21 um? s to 1.1 um? s
between the two composition extremes pure 4-arm 20K and pure 8-arm 40K. This observation is in line
with the rheology results, where less elastically active strands were formed upon increasing ¢s-am.
Although all networks contain the same number of terpyridine stickers and therefore theoretically the
same probability for a tracer molecule to attach to the network, the diffusivity in a pure 8-arm network

is significantly enhanced.

The fact that the diffusion coefficient increases with ¢s.arm, could be rationalized considering that with
misconnectivities, the diffusant travels faster without actually forming transient bonds, because the next
available terpyridine is farther away. This vision is coherent also with the increasing mesh-sizes
calculated through rheology. The trend of the diffusion coefficient follows also the trend of the
relaxation time calculated through rheology. As, a faster exchange is strictly connected to a faster

diffusion.
4.3H DQ-NMR

To directly evaluate the contribution of 8-arm stars to the formation of local defects and the overall
connectivity of the polymer chains in the system, we apply static time-domain *H DQ-NMR, as
described in the experimental part, on a series of networks prepared with different ratios of 4-arm pEG-

terpyridine stars and 8-arm pEG-terpyridine stars (see Figure 6 (A) for the normalised experimental

86



data). Starting with a pure tetra-pEG system (4-arm 20K) transiently linked by terpyridine-zinc
complexes, two different fitting approaches for the analysis of the DQ data were tried: A two-component
approach assuming that two main connectivities in the network are present, being the single link and
one type of connectivity defect respectively, and a three-component approach, assuming one additional
type of misconnectivity with non-vanishing anisotropic constraints. Although previous experiments on
tetra-pEG systems have already shown the necessity of three distinct components in the fitting model,
the two-component approach was still tried for the sake of completeness (see Figure 6 (B)). It was again
shown that the two-component model (although suggested by a first glance at the data) was not sufficient
and therefore one additional fit component was introduced. Again, we want to stress the ambiguity of
the 3-component model that was already mentioned in the experimental section, meaning that in the
final discussion one should not treat a, and as as different components, but rather as a combined fraction
of higher-order connectivities. With this in mind, we extracted three different types of connectivities,
namely the single link and at least two unassigned types of connectivity defects, as well as the fraction

of isotropic defects.
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Figure 6. (A) Overview of the measured DQ data with a shared x-axis but different logio-y-axes. Top: Izgm curves
with exemplary tail fits (fit extrapolated to tog = 0) for ¢s.arm = 0, 0.5, 1, respectively. Bottom: Corresponding Ipg.
The steadily decreasing intensity is caused by the increase in the defects (‘long tail’) in the lymg data. (B)
Exemplary data fit for ¢g-arm = 0. The fit model with 2-components (single links +1 connectivity defect) does not

replicate the measured data, whereas the 3-component model does sufficiently fit all maxima.

Firstly, we analyse the amount of isotropic material being present in a sample by quantifying the tail
fraction in the relaxation signal of the DQ experiment (see Figure 6 (A) for exemplary tail fits). As
already mentioned, this is a quantitative sum of protonated solvent and actual isotropic polymer material
(defects), where the former constitutes only a small contribution due to the choice of a rather short

recycle delay of 1.5 s. Additionally, all samples were prepared by the same preparation protocol and
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have the same polymer concentration and roughly the same overall volume. Therefore, we reasonably
assume a comparable fraction of protonated D,O for all samples, being at maximum 1%, as the total
isotropic fraction (solvent + defects) in the DQ experiment for the pure 4-arm star system is only 1%.
Across the sample series there is a trend of an increasing defect fraction from 1% to 51% with increasing
number of 8-arm stars, which we mostly attribute to a steadily increasing number of loops in the 8-arm
stars as it can be seen in Figure 7 (A).
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Figure 7. (A) The fractions for each type of connectivities a;_3 and awi as extracted from the fitting procedure are
plotted vs. the respective samples. Here, ¢g-arm indicates the volume fraction of 40K 8-arm pEG. A clear
relationship between defects and content of 40K 8-arm stars is found. (B) The corresponding residual dipolar
coupling (0) values. Within the error bars, no significant change was observed, although the dilution effect induced
by the 8-arm stars becomes visible when the weighted RDC is calculated (red star-shaped symbols; connection

line as guide for the eye).

This conclusion is supported by the analysis of the corresponding RDC values. As described in the
advised literature, [10] the obtained RDC values are an abstract measure of the bulk-averaged anisotropy

of motion of the backbone segments under the assumption of fast orientational averaging of the

88



segmental motion (T > Tg). Therefore, one can assume that in a network with an increasing and equally
distributed number of defects, the RDC values must decrease, as these increase the effective mesh size
of the network. With the introduction of the 8-arm stars, as it can be seen in Figure 7 (B), a weak but
significant drop of the RDC value of the al component (the single links) from 47 Hz (¢s-am = 0) to 30
Hz (ds-am = 0.25) can be seen, even though in an ideal network the coupling must slightly increase given
the fact that the RDCs are scaling with the phantom factor (f-2)/f, [40] where f is the star functionality,
and we now introduced a component with f = 8. We attribute this effect to the increase in the defects
from 1% to 13%, having, as mentioned above, a strong influence on the overall network elasticity. [41]
An interesting behaviour can be found by looking now at the rest of the sample series with even more
8-arm star content. With increasing ¢s.a-m We now assume even further decreasing RDCs for the single
links, while defects in-crease strongly up to 51%. One would expect a vanishing RDC close to 0, as the
network is now theoretically transitioning into a liquid (assuming a liquid-gel transition at 50%

successful connections between the precursors).
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Figure 8. On the left axis, the plateau moduli from rheology are shown and plotted against the volume fraction of
8-arm stars. On the right y-axis, the averaged residual dipolar coupling constant (RDC) is plotted against the same
molar fractions. Both curves follow the same trend — as expected — although they do not overlap within the error,

presumably due to a fit model that does not sufficiently replicate this complex system.

Instead, the RDC value is not changing within the error bars, thus we necessarily must assume that not
all defects are equally distributed between the network chains. Given the strong influence of loops on
the RDCs, we assume that a majority of the introduced 8-arm stars are creating intra-molecular
associations, therefore not or only barely contributing to the network. Thus, with increasing content of
8-arm stars, mostly a dilution effect is observed, which is also reflected in the rheology measurements,

especially in the decreasing plateau modulus and increasing network mesh size. A comparison of RDC
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values and plateau moduli can be made by calculating the averaged RDC of the sample (weighted by
the respective fraction) without further normalisation by the respective defect fraction (because the
modulus also accounts for the dilution effect of the defects), as it is proportional to the molar
concentration of elastic chains. The comparison can be found in Figure 8 and both curves show
gualitatively the same behaviour, although the data did not overlap within the resulting error bars for the
averaged RDC (under the assumption of Gaussian error propagation for ai and Dres;). The quantitative

mismatch can mainly be attributed to the complexity of the investigated system.

The same 3-component approach was chosen for all samples, although especially samples with a mixture
of 4-arm stars and 8-arm stars may show more types of connectivities and would therefore require a
more complex model that distinguishes between them more precisely. However, an increase in the
number of fit parameters would also dramatically increase the ambiguity involved in fitting, which we
wanted to minimise with our decision of sticking with the model with the least possible parameters. As
a final remark, it should be noted that this decision and the resulting mismatch does not influence the
conclusions extracted from the experiments, as it can be seen visually, as well as from the fit
optimisation, that the individual RDCs roughly stay the same, whereas the defect fraction strongly

increases, therefore leading to the stated dilution effect.

A similar non-linear increase of defects is reflected also in the FRAP results, where a non-linear increase
in the self-diffusion coefficients is found coming along with the incorporation of 8-arm precursors, and
therefore increased defect fraction (compare Figure 5 and Figure 7). The trend of the curves is similar,

but mirrored, since at high ¢s-am, more defects translate in a higher diffusion coefficient.

The DQ-NMR experiments revealed a dilution effect induced by an increasing fraction of 8-arm
polymers that have a higher likelihood to form intra-molecular loops. Since loops do generally not
contribute to the overall network elasticity, a decrease in the elastic plateau modulus is found,
accompanied by an increase in the softness of the hydrogel. At the same time, the mesh mesh-size of
the network increases with increasing ¢s-am, as the number of inter-molecular connections in the network
decreases, while the number of intra-molecular connections increases. In addition to that, also the self-
diffusion coefficient of a 4-arm 20K macromolecule increases with increasing ¢s-arm, as intra-molecular

loops might retard the re-attachment of diffusing dye-labelled polymers.

5. Conclusions

Hydrogels are appealing materials that, due to their high content of water, can be used for biomedical
applications such as in tissue engineering and drug delivery. However, due to the amorphous structures
that naturally occur in such soft-matter systems, the presence of connectivity defects cannot be ignored.
Their influence on the final properties of the hydrogel, such as its softness and diffusivity still remains
to be further exploited. Therefore, for a rational material design, it is important to know how these

defects affect the final gel properties. In this work, we have investigated the effect of connectivity defects
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on the softness and diffusive permeability of supra-molecular pEG-terpyridine hydrogels, on multiple
length-scales by systematically introducing 8-arm pEG-terpyridine into a 4-arm pEG-terpyridine model
network and characterizing the hydrogels with DQ-NMR, oscillatory shear rheology, and FRAP. As
unravelled by DQ-NMR, the pure 8-arm pEG network is more prone to form connectivity defects such
as loops. The pronounced loop formation of 8-arm pEG-terpyridine macromolecules is caused by a
higher likelihood of forming intra- instead of inter-molecular connections driven by metal-ligand
complexation. By increasing the fraction ¢s.am Of 8-arm pEG-terpyridine, these defects lead to an
apparent dilution effect resulting in an increase in the mesh-size of the hydrogels and consequently an
increase of the self-diffusivity and the softness of the hydrogels, as probed by oscillatory shear rheology
and FRAP. These results give a first insight on the effect of controlled connectivity defects on elastic
properties of supramolecular hydrogels and bring awareness when tailoring the diffusive properties of
the dynamic hydrogel is to be performed. Future perspectives might include the increase in overall
polymer concentration to possibly damp the effect of the incorporated amount of 8-arm pEG (40K), and
the variation of the polymer strand size to include further types of defects, as well as taking into account

polydisperse building block materials.
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6. Conclusions and future perspectives

The multiple and diverse applications of hydrogels demand for new multi-responsive materials, whose
properties can be tuned on command. To meet this increasing need, a novel dual dynamic network has
been synthesised that shows a pH dependent gelation switch, and thermo-responsive network mechanics
and permeability. To build a toolkit with this dual dynamic network, the different building blocks have
been systematically varied, thereby determining structure—property relationships. Finally, to account for
defects inside reversible networks, the effect of connectivity defects on mechanics and permeability has
been investigated with a supramolecular model network. The combination of these three studies provides
an outstanding overview on the determination of structure—property relationships in supramolecular

polymer networks and represent an attractive base for further targeted studies.

The dual dynamic network (DDN) that has been presented in Chapter 3 and further explored in
Chapter 4, comprises a main tetra-arm poly(ethylene) glycol (pEG) network where each arm has been
functionalized with terpyridine and further with a linear poly(N-isopropylacrylamide) (pNIPAAMm)
chain. On one side, the terpyridine ligand binds in a bivalent fashion with different transition metal ions
which offers the possibility to alter the strength and dynamics of the supramolecular crosslinks through
the choice of the metal ion. In addition, the terpyridine complexation allows the hydrogel to be degraded
and restored upon application of an acid and a base respectively. On the other side, the thermo-
responsive pNIPAAm chains undergo a phase-separation when the polymer is heated above its lower
critical solution temperature (LCST) in water. In Chapter 3, it has been explored how this phase-
separation has effects on the mechanics and diffusive permeability of the overall polymer network.
In particular, it has been shown how the collective collapse of the pNIPAAm chains leads to a
duplication of the elastic plateau modulus, due to the additional connections that the thermo-responsive
chains form, as determined via oscillatory shear rheology. In addition, this collective collapse, results in
a reduction of the mesh-size and therefore, a decrease of the diffusive permeability of small diffusants.
This has been assessed with fluorescently labeled diffusants via fluorescence recovery after

photobleaching.

The mechanical properties of the dual dynamic network have been further explored in Chapter 4 by
presenting the first toolkit for dual dynamic networks. In particular, the molar mass of the two polymer
precursors, namely pEG and pNIPAAmM, as well as the metal ion has been varied. This way, it was
possible to compare different systems and to assess structure—property relationships in a systematic
fashion via oscillatory shear rheology. Results show that samples with a higher amount of pNIPAAmM
and longer chains increase their elastic modulus above the LCST more than samples with shorter
pNIPAAmM chains or higher amount of pEG. This effect probably results from a different collapsing
process: long pNIPAAm chains are more likely to meet and collapse together, whereas shorter

pNIPAAmM chains are more likely to collapse on themselves. Finally, the metal ion has been varied
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between zinc(I1) and iron(ll) and the effect on the mechanical properties was investigated. It was noticed
that the plateau moduli (and consequently the mesh-size) of the two samples stays constant up to the
LCST and then they increase in a different manner. In the sample with zinc, the plateau modulus
increases linearly with the temperature above the LCST, whereas in the sample with iron, the storage
modulus reaches a new plateau value above the LCST but then stays constant. These results suggest that
for the stronger complexing iron, there might be a configuration of the network below and above the
LCST of the polymer, whereas for the sample with zinc, or in general with weaker metal ions, the
polymer network might further rearrange with temperature. We hypothesize that above the LCST, the
network with zinc forms clusters and with further increase in temperature these clusters break into
smaller clusters, thereby, enforcing the hydrogel, as supported by the further increase in the plateau
modulus. Finally, in addition to the high-frequency plateau, in the samples with zinc, a second plateau
appears at low frequencies at temperatures above the LCST. The emergence of this plateau might be
connected to the formation and non-relaxation of the aforementioned clusters, as it increases with higher

amount of pNIPAAmM and longer chains, showing a behaviour similar to the high-frequency plateau.

Finally, in Chapter 5, the structure—property relationships of reversible gels were studied under another
perspective, namely the presence of defects. Since natural defects, and in particular connectivity defects,
can always occur in supramolecular networks, for a rational materials’ engineering it is crucial to be
conscious of the effects of these defects on the properties of the hydrogel. However, since for multi-
component systems the relationship between structure and properties is not always linear, a thoughtful
way to tackle this aspect is to start with single supramolecular network and then scale it up to multi-
component systems in future studies. Consequently, in Chapter 5 different amount of connectivity
defects were introduced in a systematic fashion into a well-known a 4-arm terpyridine-functionalised
PEG model network. Connectivity defects are introduced systematically by mixing the 4-arm pEG-
terpyridine precursor with different ratios of 8-arm pEG-terpyridine precursor, and afterwards adding
zinc(11) to form the network. By choosing the 8-arm pEG precursor of a two-fold molar mass compared
to the 4-arm pEG precursor, the 4-arm and 8-arm pEG have same arm length. Therefore, the obtained
networks potentially possess the same mesh-size and thus same plateau modulus, since the total number
of potential connections should be the same. However, the experimental behaviour of the systems
deviates from this theoretical prediction. The 4-arm and 8-arm pEG indeed do have the same arm length;
however, they bind in a different way and show therefore two dynamics. As investigated by DQ-NMR,
by increasing the amount of 8-arm pEG precursors in the samples, the number of defects increases.
These defects, that are mainly loops, form because the 8-arm pEG is more prone to form intra-molecular
interactions instead of inter-molecular interactions. These connectivity defects reflect themselves in the
properties of the network. With a systematic increase of these defects in the network, the plateau
modulus of the samples decreases monotonously and then deviates strongly from the theoretical values
of the affine network model. At the same time, the self-diffusion coefficient of 4-arm fluorescently-

labelled pEG-terpyridine increases with increasing amount of 8-arm pEG in the network. This trend,
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that goes together with an increasing mesh-size, can be explained by the fact that due to the terpyridine
being busy in intra-molecular loops, the next available free terpyridine is further away. In fact, the
experimentally observed effects of an increasing amount of connectivity defects on the mechanics and
dynamics substantially differed from the model behavior.

This thesis contributes exceptionally to the rational engineering of new materials on different levels.
First of all, it contributes to the field of materials engineering with the development of an innovative
multi-responsive dual dynamic network. In addition to the possibility to switch the elasticity,
permeability, and recyclability of this polymer network on demand, this material offers the attractive
opportunity to further tune these properties by a wise choice of the two polymer precursors as well as
the metal ion. In addition, it contributes to the field of defects engineering by providing an exceptional
practical demonstration of the utility of systematic structure—property relationships investigations in
dynamic networks and in particular the role of defects. To study such dynamics on model systems allows
a greater applicability and later a wider implementation to more complex systems. The evaluation of the
effect of defects is crucial in the development of new polymer networks and can be even wisely used as
a tool for accordingly finely tune the properties of materials in defects engineering. The combination of
these three studies offers therefore an excellent complementary platform for the engineering of multi-

responsive hydrogels and thereby enlarge their applicability.
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9. List of abbreviations and symbols

9.1 Abbreviations

DO
DCM
DDN
DMF
DMSO
DN
DOSY
DQ
DSN

e. g.
FRAP
GPC
HCI
HDO
i. e
KOH
LCST
NacCl
NaOH
NBD
NHS
NMR
PAM
PAMPS
pEG
pPNIPAAM
PVA
RDC
Ref.
THF
tpy
UCST
UV-vis

Deuterium oxide

Dichloromethane

Dual dynamic network
Dimethylformamide

Dimethyl sulfoxide

Double network

Diffusion-ordered spectroscopy
Double quantum

Double supramolecular network
Exempli gratia

Fluorescence recovery after photobleaching
Gel permeation chromatography
Hydrogen chloride

Partially back-protonated water

Id est

Potassium hydroxide

Lower critical solution temperature
Sodium chloride

Sodium hydroxide
Nitrobenzoxadiazole
N-hydroxysuccinimidyl

Nuclear magnetic resonance
Polyacrylamide
Poly(2-acrylamide-2-methylpropane sulfonic acid)
Poly (ethylene glycol)

Poly (N-isopropylacrylamide)
Poly (vinyl alcohol)

Residual dipolar coupling
Reference

Tetrahydrofuran

terpyridine

Upper critical solution temperature

Ultraviolet-visible spectroscopy
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9.2 Symbols

M <

] Jw < = =

Q

L]ole)

Tr, Trel

o

Gp, Gy
fet
G”
He
Hz

Shear amplitude

Strain or deformation
Viscosity

Density of network density
Number of network strands
per volume

Mesh-size

Spatial distribution of
crosslinking density
Stress

DQ evolution time
Relaxation time

Volume fraction

Angular frequency
Pre-exponential factor
Fraction

Abragham-like

Argon

Magnetic field

Overlap concentration
Concentration
dimensionality

Diffusion coefficient
Residual dipolar coupling
equivalents

Functionality

Friction

Iron

Plateau modulus

Storage or elastic modulus
Loss modulus

Helium

Hertz

otel{talo)
| imm
Imob
lref(tDQ)
Ks

M

MC, I\/IW

T1HDO

Tl,pol

tan o

wt%
Zn
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DQ build-up function

Intensity of the immobile fraction
Intensity of the mobile fraction

Reference function
Boltzmann constant
Amount of diffusive species or
bleached fluorophores
Molecular weight
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Figure S1. Determination of the cloud point with UV-VIS. The could point can be taken as an indication
of the LCST. In this case, the transition temperature is 32.5 °C.

Intensity [a.u.]
Intensity [a.u.]
&

o

-100 |

20 15 -10 5 0 5 10 15 20 20 10 0 10 20
(um] [um]

Figure S2. Gaussian distribution of the intensity in the FRAP measurements at 25 °C a) and at 35 °C
b). At 36°C there are more Gaussian curves because the bleaching spot did not disappear.
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Figure S3. To check if the hydrogel shrinks with temperature, it was put in oil in order to avoid
evaporation of the solvent, and pictures were taken with temperature. This picture refers to 25 °C.

Figure S4. To check if the hydrogel shrinks with temperature, it was put in oil in order to avoid
evaporation of the solvent, and pictures were taken with temperature. This picture refers to 35 °C.

As it can be seen by comparison of the Figures S2-S3, the hydrogel did retain its original volume.
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Figure S5. 'H-NMR of tetra-pEG-OH 10 000 g/mol in DMSO: 4.57 (t, 4H), 3.70 (m, 5H), 3.51 (m,

909H, pEG backbone), 3.42 (m, 8H).
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Figure S6. 'H-NMR of tetra-pEG-epoxide in DMSO: 3.70 (m, 3H), 3.51 (m, 909H, pEG backbone),

3.25 (m, 3H), 3.09 (M, 3H), 2.72 (m, 3H), 2.52 (s, 1H), 3.87 (s, 4H).
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Figure S7. *H-NMR of tetra-pEG-hydroxy-azide in DMSO: 5.25 (d, 3H), 3.77 (m, 3H), 3.68 (m, 5H),
3.51 (m, 909H, pEG backbone), 3.37 (m, 5H), 3.25 (d, 10H), 3.19 (m, 3H).
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Figure S8. 'H-NMR of propargyl-terpyridine in DMSO: 8.74 (ddd, 2H), 8.62 (dt, 2H), 8.05 (s, 2H),
8.01 (td, 2H), 7.51 (ddd, 2H), 5.11 (d, 2H), 3.72 (t, 1H).

106



H,0 DMSO

5.58 -7
70 A~
0.72
£.40 1_
1.10 A®
113 J

A

T
1.0

g - M7 )

N | =wm— 590 -J—.

9.0 8.5 5 5.5 5.0 4.5 4.0 3.5
f1 (ppm)

Figure S9. *H-NMR of tetra-pEG-hydroxy-terpyridine in DMSO: 8.73 (m, 6H), 8.63 (m, 6H), 8.21 (s,
1H), 8.10 (d, 6H), 8.02 (m, 6H), 7.88 (s, 1H), 7.51 (m, 6H), 5.61 (s, 2H), 5.45 (s, 4H), 5.37 (d, 1H), 5.32
(d, 2H), 4.45 (m, 7H), 4.00 (m, 4H), 3.68 (t, 5H), 3.47 (m, 909H, pEG backbone), 1.24 (s, 1H).
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Figure S10. *H-NMR of tetra-pEG-N-hydroxysuccinimide-terpyridine in DMSO: 8.73 (d, 6H), 8.63 (m,
6H), 8.28 (s, 2H), 8.10 (m,6H), 8.02 (m, 6H), 7.52 (m, 6H), 5.47 (m, 10H), 4.77 (m, 7H), 3.47 (m, 909H,
pEG backbone), 2.78 (m, 13H).
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Figure S11. *H-NMR of pNIPAAM-NH; in DMSO: 7.43 (m, 1H), 3.87 (m,1H), 2.2 (m, 1H), 1.45 (m,
2H), 1.03 (m, 6H).
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Figure S12. 'H-NMR of tetra-pEG-pNIPAAm-terpyridine in DMSO before dialysis: 8.72 (m, 7H), 8.62
(m, 8H), 8.21 (s, 2H), 8.04 (m, 17H), 7.54 (m, 17H), 7.18 (m, 479H), 6.15 (m, 6H), 5.67 — 5.49 (m,
11H), 4.62 (s, 6H), 3.84 (s, 556H, pNIPAAm), 3.50 (s, 909H, pEG), 1.96 (s, 522H, pNIPAAm), 1.45
(m, 1225H, pNIPAAm), 1.04 (s, 2697H, pNIPAAmM).
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Figure S13. 'H-NMR of tetra-pEG-pNIPAAm-terpyridine in DMSO after dialysis: 8.73 (m, 7H), 8.63
(m, 6H), 8.22 (d, 2H), 8.10 (m,7H), 8.01 (m, 6H), 7.52 (m, 6H), 7.16 (m, 252H pNIPAAmM), 5.61 (s,
3H), 5.45 (s, 4H), 5.08 (m, 2H), 4.67 (m, 1H), 3.85 (m, 286H, pNIPAAmM), 3.49 (m, 909H, pEG
backbone), 1.98 (s, 335H, pNIPAAm), 1.46 (M, 623H, pNIPAAM), 1.12 (m, 1898H, pNIPAAM).
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Figure S14. DOSY-NMR of tetra-pEG-NHS-terpyridine in DMSO: 8.65-7.51 ppm terpyridine, 3.51

ppm pEG.
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Figure S15. DOSY-NMR of tetra-pEG-pNIPAAm-terpyridine in DMSO: 7.20 ppm pNIPAAm, 3.87
ppm pNIPAAmM, 3.51 ppm pEG, 2.02 ppm pNIPAAmM, 1.04 ppm pNIPAAm.
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Figure S16. DOSY-NMR of pNIPAAM-NH; in DMSO: 7.25 ppm, 3.88 ppm, 2 ppm, 1.46 ppm and
1.04 ppm pNIPAAM.
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Figure S17. GPC results in DMF of a) tetra-pEG-OH, b) tetra-pEG-N-hydroxysuccinimide-terpyridine,
c) amine functionalized pNIPAAmM 5500 g/mol and d) tetra-pEG-pNIPAAm-terpyridine.
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10.2 Appendix Chapter 4
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Mechanical switching of a comb-like dual dynamic polymer network
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Journal of Rheology, 2022 (DOI: 10.1122/8.0000388)

S1. Synthesis

o 1. NaH, THF, RT, 22 h elo \/& NaN; NH,CI co—o \ﬁ/
— — L N
4 4 DMF, 60°C, 48 h 4

0
2.\ ) RT,3days 9 3
1
o) 0™
K;CO
[ . 2LUs
|\ H 1 ///\Br acetonitrile
-N N
4

HV, 80 °C
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“ ‘Nl “ 4 days
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0 0
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0 0 g O

DMAP
1,4 dioxane,
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Scheme S1. Synthesis route of the tetra-pEG-terpyridine-pNIPAAmM dual dynamic network. Further
details on the synthesis procedure can be found in Ref. [1], whereas quantities and characterization are
to be found below.
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S1.1 Tetra-pEG-epoxide (2)
Table SI. Synthesis details of the tetra-pEG-epoxide (2)

10K tetra-pEG-OH 20K tetra-pEG-OH
Mw m [q] V n E m V n E
[g mol?] 9 mey | pomony | "% | g1 | [mL] | [mmory | =%
Tetra-pEG-OH - 13.06 - 1.3 1 13.98 - 0.7 1
Tetrahydro- ) ) 320 i i i 180 i i
furan
Sodium hydride
(60% in mineral 23.99 1.67 - 41.8 32 0.91 - 27.6 33
oil)
Epichloro-
hydrin (1) 92.53 9.67 8.2 104.5 80 5.24 4.5 56.6 81
= . a T
(o)) ™M LN o} [ (s2]
™ N ™ N ~ n
o [ep] ™M ™M ~— o™
— Ve Ve _JI'_
I w Uy \ _
5.0 4.0 3.0 2.5 1.5
f1 (ppm)
Figure S1. *H-NMR (DMSO-ds, 400 MHz) 10K-Tetra-pEG-epoxide (2)
.. T
o)) <
© ~
™ <
e /|
m |
5.0 4.0 25 15

f1 (ppm)

Figure S2. *H-NMR (DMSO-ds, 400 MHz) 20K-Tetra-pEG-epoxide (2)
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S1.2 Tetra-pEG-hydroxy-azide (3)

Table SIl. Synthesis details of the tetra-pEG-hydroxy-azide (3)

10K tetra-pEG-epoxide 20K tetra-pEG-epoxide
Mw m [q] V n E m V n E
[g mol?] 9 | [mL] | [mmol] g [g] | [mL] | [mmol] | =%
Tetra-pEG-
epoxide (2) - 10.63 - 1 1 11.79 - 0.58 1
Dimethyl-
formamide i i 110 ] ] ] 110 ) )
Sodium 65.01 2.77 42.65 | 42.65 | 1.54 - 237 | 41
azide
AMMONIUM | 50 49 | 454 | - | 8488 | 848 | 251 | - | 469 | 81
chloride
T T
[e)] [ee]
p: <
™M o
/I _—
“I - )| _J L
T T T T
5.5 3.0 2.5
Figure S3. 'H-NMR (DMSO-ds, 400 MHz) 10K-Tetra-pEG-hydroxy-azide (3)
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()] —
© ™~
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f1 (ppm)

Figure S4. 'H-NMR (DMSO-ds, 400 MHz) 20K-Tetra-pEG-hydroxy-azide (3)
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S1.3 Propargyl-terpyridine (6)
Table SIlI. Synthesis details of the propargyl-terpyridine (6)

o m [g] v " .
[g mol ] g [mL] [mmol] 0.
2,6-Bis(2-pyridyl)- ]
4(1H)-pyridone (4) 249.27 5 20.05 1
Acetonitrile (dry) - R 200 - :
Potassium carbonate 138.20 16.82 - 121.7 6
Propargyl bromide (5) ]
(9.2 M in toluene) 118.98 2.7 22.7 1.13
& T T T 7 T
[ap] ™M ol M 3 S
NN NI N ~ ~ -
il i '
1
9.0 8.5 8.0 7.5 5.0 3.5 2.5
f1 (ppm)

Figure S5. *H-NMR (DMSO-ds, 400 MHz) Propargyl-terpyridine (6)

S1.4 Tetra-pEG-hydroxy-terpyridine (7)
Table SIV. Synthesis details of the tetra-pEG-hydroxy-terpyridine (7)

10K tetra-pEG-hydroxy-azide 20K tetra-pEG-hydroxy-azide
Mw m [q] V n E m V n E
[g mol”] 9 Ly | mmot] | "% | 191 | [mL] | [mmol] | =%
Tetra-pEG-
hydroxy-azide - 7.15 - 0.68 1 6.15 - 0.3 1
Q)
Propargyl 287.31 | 1.64 - 57 |83 074 - 256 | 85
terpyridine (6)
T L i '
n O O = mno —
M A ©
o —
Ty T
l ﬁ L I ‘ ! | |
T T T T T T T T T T T T T T T T
8.5 8.0 7.5 5.5 4.5 4.0 3.5 2.5

f1 (ppm)

Figure S6. *H-NMR (DMSO-ds, 400 MHz) 10K-Tetra-pEG-hydroxy-terpyridine (7)
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Figure S7. *H-NMR (DMSO-ds, 400 MHz) 20K-Tetra-pEG-hydroxy-terpyridine (7)
S1.5 Tetra-pEG-N-hydroxysuccinimide-terpyridine (9)
Table SV. Synthesis details of the tetra-pEG-N-hydroxysuccinimide-terpyridine (9)
10K tetra-pEG-hydroxy- 20K tetra-pEG-hydroxy-
terpyridine terpyridine
Mw m [q] V n E m V n E
[g mol?] 9 1 muy | pomory | "9 | [g1 | [mL] | [mmol] | =%
Tetra-pEG-
hydroxy- - 6.2 - 0.53 1 6.11 - 0.28 1
terpyridine (7)
N,N’-
Disuccinimidyl- | 256.17 1.1 - 4.29 8 0.61 - 2.37 8.4
carbonate
4-Dimethyl- 45517 | 053 | - | 433 81| 020 | - | 234 |83
amino)-pyridine
Dioxane (dry) - - 30 - - - 19.0 - -
Acetone (dry) - - 10 - - - 10.4 - -

T BN /T

23 B m <o =

o T
: | | fn_rk—ﬁ ,I_.-h-l\\—_—.
8.5 8.0 7.5 5.5 5.0

f1 (ppm)

Figure S8. *H-NMR (DMSO-ds, 400 MHz) 10K-Tetra-pEG-N-hydroxysuccinimide-terpyridine (9)
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Figure S9. 'H-NMR (DMSO-ds, 400 MHz) 20K-Tetra-pEG-N-hydroxysuccinimide-terpyridine (9)

S1.6 Tetra-pEG-pNIPAAmM-terpyridine (10)

Table SVI. Synthesis details of the tetra-pEG-pNIPAAmM-terpyridine (10)

1025

1055

2025

m [g]

n
[mmol]

Eq.

m

[9]

n
[mmol]

Eq.

m [g]

[mmol]

Eq.

Tetra-pEG-
terpyridine-
NHS 10K (9)

1.01

0.083

1.01

0.083

Tetra-pEG-
terpyridine-
NHS 20K (9)

1.01

0.045

NH,-
pNIPAAM 2.5
kg mol™

1.71

0.0684

8.2

1.01

0.408

NH,-
PNIPAAmM 5.5
kg mol™

3.93

0.714

8.6

Phosphate
buffer (pH 7)

100 mL

100 mL

100 mL

(A0 WA A0 I

AN O — T ~

Q- annNe N
T
7 S s

U
oA

110.8

9.0 8.5 8.0

7.5

7.0

5.5

4.54.0

f1 (ppm)

3.5

3.0

2.5

Figure S10. *H-NMR (DMSO-d6, 400 MHz) 1025-Tetra-pEG-pNIPAAm-terpyridine (10)
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Figure S11. *"H-NMR (DMSO-d6, 400 MHz) 1055-Tetra-pEG-pNIPAAmM-terpyridine (10)
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Figure S12. *H-NMR (DMSO-d6, 400 MHz) 2025-Tetra-pEG-pNIPAAm-terpyridine (10)
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a) 10K pEG-Terpyridine-NHS b) 20K pEG-Terpyridine-NHS
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Figure S13. GPC results of the polymer building blocks
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Figure S14. GPC results of the tetra-pEG-terpyridine-pNIPAAmM dual dynamic networks
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10.3 Appendix Chapter 5

Supplementary Information

Defect-controlled softness, diffusive permeability, and mesh-topology of metallo-supramolecular
hydrogels

Paola Nicolella, Martha Franziska Koziol, Lucas Loser, Kay Saalwachter, Mostafa Ahmadi, and
Sebastian Seiffert

Soft Matter, 2022, 18, 1071-1081 (DOI: D1SM01456K)

Materials

Four-arm hydroxy-terminated poly(ethylene glycol) (pEG), Mw = 20 kg mol™, further denoted as 4-arm
20K, and 8-arm hydroxy-terminated pEG, Mw = 40 kg mol™, denoted as 8-arm 40K, were purchased
from Creative PEG Works (NC, USA), and re-precipitated in cold diethyl ether before further use.
Potassium hydroxide (KOH) flakes (90%) and 4’-Chloro-2,2’:6°,2”’-terpyridine (99%) were purchased
from Sigma Aldrich. Extra dry dimethyl sulfoxide (DMSO, + 99.7% over molecular sieve) is purchased
from Acros Organics. Sodium chloride (NaCl, > 99.5%), dichloromethane (DCM, > 99.8%), and diethy]
ether (> 99.5%) were purchased from Fisher Scientific. Zinc nitrate hexahydrate (98%) is purchased

from Alfa Aesar.

Syntheses
Terpyridine-functionalized 4-arm and 8-arm polymer precursors.

The hydroxyl termini of the star-shaped pEG polymers were converted to terpyridine units by the

following Williamson type ether synthesis (S11).

H o cl tpy ©
o~ fo™, &
o n o = DMSO (dry) J[O %\/O} _N
H{ \/ﬁ*o O'{’\/ }H + « ‘ — = tpy (0] (o] tpy
n n N SN N KOH n n

He [N
o] - e
o H 0 i |
n n-1 =

Figure SI1. Reaction route for the synthesis of tetra-arm pEG-terpyridine. The functionalization of 8-
arm pEG-terpyridine is analogous.

Before use, the pEG was purified and therefore melted at 60 °C, cooled to 40 °C, dissolved in DCM,
precipitated in diethyl ether, and dried under vacuum. KOH (0.056 g, 1 - 10° mol, 20 eq.) was dried in
a flask for 1 h under reduced pressure, and dry DMSO (20 mL) was added in inert N2-atmosphere. To
this suspension, 4-arm pEG (M =20 kg mol™, 1 g, 5- 10> mol, 1 eq.) was added. The reaction mixture
was stirred under nitrogen counter flow at 60 °C for 1 h. Afterwards, 4’-Chloro-2,2:6”,2*’-terpyridine
(0.1340 g, 5 - 10* mol, 10 eqg.) was added, and the reaction was stirred at 60 °C for another 48 h. After
cooling to room temperature, the reaction mixture was add-ed dropwise to cold water (200 mL) and a

small amount of white precipitate was filtered off. To the liquid phase, brine (200 mL) was added, and
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the aqueous solution was washed three times with DCM (200 mL). The organic phases were collected,
dried with sodium sulphate, and concentrated under vacuum. Afterwards, the polymer was precipitated
in ice-cold diethyl ether (500 mL). The white powder was collected and dried under vacuum overnight.
The same reaction conditions were applied to functionalize the 8-arm 40K pEG-OH, but the reaction
was performed twice to achieve a high degree of terpyridine functionalization. The degree of
functionalization of terpyridine was quantified by NMR and was found to be 95% (4-arm 20K) and 90%
(8-arm 40K), respectively (S12-S13).

b
a n ¢

4
h e dif g c b al
= 1 T T T 'm
7.80 7.76 1994 7.92 7.81 7.65 1814.14
9.0 8.5 8.0 7.5 4.5 4.0 3.5 3.0 2.5
f1 (ppm)
Figure SI2. *H-NMR of the 4-arm pEG-terpyridine (20K) in DMSO.
;i 0
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Figure SI3. 'H-NMR of the 8-arm pEG-terpyridine (40K) in DMSO.
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Fluorescence-labelled polymer tracer for FRAP measurements.

To measure polymer self-diffusion coefficients by FRAP experiments, a fluorescently active dye
molecule has to be attached to the polymer building blocks of interest. In addition to that, it is of major
importance that the dye-labelled 4-arm polymers quantitatively contain terpyridine end-groups on each
arm. These polymer tracers were synthesized according to a previously described procedure [1] and are
visualized in Sl4. In summary, hydroxy-terminated tetra-arm pEG-OH with a molar mass of 20 kg
mol ! was reacted with epichlorohydrin to obtain epoxy-terminated polymers. The subsequent ring-
opening with sodium azide yielded in hydroxyl-azide-pEG that further reacted with propargyl-
terpyridine in a copper-free Huisgen click reaction. The remaining hydroxyl groups were activated via
reaction with p-nitrophenylchloroformate and through addition of (S)-(+)-4-(3-aminopyrrolidino)-7-
nitrobenzofurazan (NBD), the final fluorescence-labelled tracer polymers were obtained. Unreacted
excess dye was removed via size exclusion chromatography in methanol using a Sephadex™ LH-20

column. The degree of terpyridine functionalization was determined by NMR to be 89% (SI5).
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Figure Sl4. Reaction route for the dye-labelled tetra-arm pEG-terpyridine (20K) tracer molecules.
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Figure SI5. *H-NMR of the 4-arm pEG-terpyridine (20K) tracer molecules in DMSO.
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