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Abstract 

The present thesis focuses on the interplay of structure, mechanical response, and dynamics in 

model-type supramolecular polymer networks. Reversible networks formed by star-shaped monodis-

perse macromolecules that are interlinked via metal-ligand interactions (dative transition metalter-

pyridine bonds), serve as material basis to establish structurepropertyrelationships. To fully unravel 

the dynamics in such transient networks, contributions from all network-forming components (e. g. 

polymer chain physics or chemistry of sticky motifs) and their mutual dependences have to be consid-

ered.  

The first part of this thesis addresses the characterization of poly(ethylene glycol) (PEG) solutions in 

the semi-dilute concentration regime. A low-frequency plateau in the storage modulus as indicated by 

rheology, leads to the assumption of a weak energy-storing substructure. However, static and dynamic 

light scattering results demonstrate no aggregate or cluster formation in the polymer solutions if special 

care is taken during sample purification and preparation. The frequency range accessible by rheology 

experiments is extended to higher frequencies by several decades using coated spherical gold nanopar-

ticles as microprobes. The results underline the urgent necessity of a thorough sample purification by 

means of filtration if artefact-free light scattering autocorrelation functions are targeted. 

In a second study, the scattering behavior of transiently connected supramolecular polymer net-

works is investigated. The combination of static and dynamic light scattering simultaneously provides 

information about the network structure (static inhomogeneities), as well as the underlying relaxation 

processes and their length scale-dependence. A delayed gel preparation procedure is implemented that 

allows for externally tunable gelation times and a facilitated preparation of the mandatory dust-free gels 

for light scattering experiments. This new method opens up the opportunity to monitor the scattering 

intensity and evolving of relaxation modes in real-time during gelation, and enables the postulation of 

a molecular gelation mechanism. A targeted control of network relaxation times is achieved through 

the use of either cadmium, zinc, or nickel cations as their metal-terpyridine dissociation constants dif-

fer by several orders of magnitude.  

The combination of multiple characterization techniques (rheology, DLS, SLS, FRS, UV-Vis) is 

required to scan a length scale and timescale range of five, respective 15 decades, and to gain knowledge 

on the complex hierarchy of relaxation processes in the networks. The macroscopic terminal relaxation 

times measured by rheology and the relaxation modes obtained by dynamic light scattering are exam-

ined, as well as the self-diffusivities of fluorescently labelled four-arm macromolecules measured by 



 

forced Rayleigh scattering. These kinetically controlled relaxation times are related to the complex dis-

sociation of an isolated zinc-terpyridine bond and the resulting activation energies are compared. Static 

inhomogeneities in the range of several tens of nanometers are detected by static light scattering 

thereby unravelling a direct impact of the local structure on the viscoelastic intensity autocorrelation 

modes.  

A further approach towards desired structure control in transient networks is presented in the last 

part of this thesis. The above introduced star-PEG network structures are modified by systematically 

incorporating connectivity defects to independently investigate the influence of connectivity mis-

matches on the mechanical properties and self-diffusivities. Despite a constant overall sticker concen-

tration, an increasing defect fraction leads to a decrease in the elastic response. In addition to that, the 

microscopic structural irregularities further impact the center-of-mass diffusion of entire macromole-

cules within the network. The increased number of intramolecular loops coming along with an appar-

ent dilution effect, leads to an accelerated diffusion. These fundamental relations have an enormous 

importance especially in the field of smart material design of self-healing materials with intrinsic 

transport properties. 

 

 

  



Zusammenfassung 

In der vorliegenden Arbeit wird das Zusammenspiel zwischen Struktur, mechanischen Eigenschaf-

ten und Dynamik in supramolekularen Modellnetzwerken untersucht. Monodisperse stern-förmige 

Polymermoleküle, die durch Metall-Ligand-Wechselwirkungen (dative Übergangsmetall-Terpyridin-

Bindungen) reversibel miteinander zu Netzwerken verknüpft werden, bilden die Materialbasis, um 

StrukturEigenschaftsBeziehungen aufstellen zu können. Um die komplexe Dynamik in solchen 

Netzwerken vollständig verstehen zu können, werden zunächst die Einzelbeiträge der netzwerkbilden-

den Komponenten (Polymerphysik der Ketten oder Assoziationschemie der Verknüpfungseinheiten) 

und ihre gegenseitigen Wechselwirkungen genauer untersucht.  

Im ersten Teil der Arbeit liegt der Fokus auf der Charakterisierung halbverdünnter Poly(ethylengly-

kol)-Lösungen. Statische und dynamische Lichtstreuung zeigen, dass diese Polymerlösungen nach 

sorgfältiger Aufbereitung und Reinigung keine Aggregate oder Cluster aufweisen, die einem niederfre-

quenten Plateau im Speichermodul der Rheologie zugeordnet werden könnten. Beschichtete Goldna-

nopartikel werden verwendet, um als Mikrosonden den Frequenzbereich der makroskopisch zugäng-

lichen elastischen Module um mehrere Dekaden zu erweitern. Die Ergebnisse zeigen deutlich, dass 

eine gründliche Probenvorbereitung / -filtrierung erfolgen muss, um artefaktfreie Korrelationsfunkti-

onen in der Lichtstreuung erhalten zu können. 

In einem weiteren Projekt wird das Lichtstreuverhalten von transienten Modellnetzwerken unter-

sucht. Die Kombination aus statischer und dynamischer Lichtstreuung liefert zeitgleich Informationen 

über die Struktur solcher Netzwerke (statische Inhomogenitäten), als auch über vorliegende Relaxati-

onsprozesse und ihre q-Abhängigkeit. Um homogene Gele zu erhalten, wird die Herstellungsweise der 

Gele modifiziert, sodass eine Gelierung erst nach einer vorher einstellbaren Gelierzeit einsetzt und eine 

staubfreie Präparation möglich wird. Mithilfe dieser neuen Methode ergibt sich die Möglichkeit, die 

Streuintensität und das Auftreten von Relaxationsmoden in Echtzeit während der Gelierung aufzuneh-

men und darauf basierend einen Gelierungsmechanismus aufzustellen. 

Cadmium-, Zink- und Nickelkationen werden als vernetzende Metallionen eingesetzt, um durch die 

unterschiedlichen kinetischen Metall-Terpyridin-Dissoziationskonstanten die Netzwerkrelaxation ge-

zielt steuern zu können.  

Zur weiterführenden Charakterisierung des Zusammenspiels von Struktur und Dynamik wird mit-

hilfe mehrerer komplementären Methoden (UV-Vis, Rheologie, DLS, SLS, FRS) ein weiter Längen-, 



 

aber auch Zeitskalenbereich von fünf, beziehungsweise 15 Dekaden erforscht, um die komplexe Hie-

rarchie der auftretenden Relaxationsprozesse besser verstehen zu können. Neben der terminalen Re-

laxationszeit des Gesamtnetzwerkes wird auch auf die diffusiven und viskoelastischen Moden aus der 

Lichtstreuung, sowie die Selbstdiffusion fluoreszenzmarkierter Vierarm-Makromoleküle eingegangen. 

Alle kinetisch bedingten Prozesse werden mit der Dissoziationskonstante der isolierten Zink-Terpyri-

din-Bindung in Relation gebracht und die in temperaturabhängigen Messungen erhaltenen Aktivie-

rungsenergien verglichen. Statische Lichtstreuung detektiert Heterogenitäten im Bereich von einigen 

zehn Nanometern und diese bewirken eine ungewöhnlich breite gelpositionsabhängige Verteilung 

von Relaxationszeiten der langsamen viskoelastischen Autokorrelationsmode. 

Im letzten Teil der Arbeit werden gezielt Strukturmodifikationen in Form von Konnektivitätsde-

fekten an den transienten SternPEGNetzwerken vorgenommen, um den Einfluss auf die mechani-

schen Eigenschaften und die Diffusivität zu erforschen. Dafür werden systematisch jeweils zwei Äqui-

valente von Vierarm-Molekülen durch ein Äquivalent von Achtarm-Molekülen ausgetauscht, um den 

Grad der Konnektivität zu beeinflussen. Eine erhöhte Defektfraktion mit steigendem Achtarm-Anteil 

führt zu einem Absinken des elastischen Moduls trotz gleichbleibender Terpyridin-Konzentration in 

den Netzwerken. Diese mikroskopische Strukturänderung wirkt sich zudem direkt auf die Selbstdiffu-

sion der Polymere innerhalb des Netzwerkes aus. Durch die vermehrte Schlaufenbildung tritt ein 

scheinbarer Verdünnungseffekt auf, der eine beschleunigte Diffusion einzelner Makromoleküle zur 

Folge hat. Vor allem in der Materialentwicklung von selbstheilenden Materialien mit intrinsischen 

Transporteigenschaften sind die aufgestellten fundamentalen Zusammenhänge von enormer Bedeu-

tung.  
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1 INTRODUCTION 

1.1 Supramolecular Polymer Networks 

1.1.1 Definition 

Since Hermann Staudingers discovery and postulation of the term “macromolecule” in 1920,1 an 

extensive and impactful further development of his first concept is represented by supramolecular pol-

ymer networks. According to the IUPAC definition, a network is “A highly ramified macromolecule in 

which essentially each constitutional unit is connected to each other constitutional unit and to the 

macroscopic phase boundary by many permanent paths through the macromolecule, the number of 

such paths increasing with the average number of intervening bonds; the paths must on the average be 

co-extensive with the macromolecule. 

1. Usually, and in all systems that exhibit rubber elasticity, the number of distinct paths is very high, 

but, in most cases, some constitutional units exist which are connected by a single path only. 

2. If the permanent paths through the structure of a network are all formed by covalent bonds, the 

term covalent network may be used. 

3. The term physical network may be used if the permanent paths through the structure of a network 

are not all formed by covalent bonds but, at least in part, by physical interactions, such that removal 

of the interactions leaves individual macromolecules or a macromolecule that is not a network.”  2 

Connection of functionalized macromolecules through either covalent bonds or physical interchain 

interactions (such as hydrogen bonding, - stacking, or metal-ligand complexation)3 leads to infinite 

three-dimensional entities that are spanned throughout a given volume. An important property of 

these percolated network structures is the ability to form gels if swollen in various solvents (such as 

water or organic solvents), as a large quantity of solvent molecules is entrapped within the polymer 

matrix. Supramolecular polymer networks belong to the class of soft matter and can be categorized as 

in-between pure solids and pure liquids thereby combining properties of both: rigid structure elements 

and elasticity as well as dynamic flow and mobility.4,5  

Over the past decades, several types of material bases for network and gel formation have been inves-

tigated including natural as well as synthetic polymers.4 Natural polymers, e. g. alginate, cellulose or 

several peptides / proteins,4 entail excellent biocompatibility, low cytotoxicity and sustainability. Well 

established synthesis routes also allow the use of a broad spectrum of synthetic polymers including 
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amphiphiles, block-copolymers, ionomers, and dendritic or multi-arm polymers. The immense multi-

tude of suitable polymeric materials consisting of flexible or rigid sub-segments, incorporated func-

tional monomers, or branched architectures in combination with various kinds of crosslinking chem-

istries opens a huge playground for the design of highly tunable and responsive materials.  

The most pronounced features of supramolecular polymer networks, e. g. their dynamics, structure, 

self-diffusion properties, and applications are reviewed in the following sections, including a special 

focus on metal-ligand coordination-based networks and star-polymer systems. 

 

1.1.2 Structure 

Polymer networks are amorphous or semi-crystalline constructs with characteristic structural fea-

tures that span a wide range of length scales between one and several hundreds of nanometers. From a 

very simple perspective, ideal networks are specified by uniformly distributed unentangled polymer 

strand lengths that unrestrictedly obey Gaussian conformations in combination with identical cross-

linker functionalities. Overall homogeneity and regularity is achieved on all length scales (microscopic 

and macroscopic perspectives).6,7 In strong contrast to that, the existence of inherent spatial confine-

ment and a hindered mass transport during crosslinking reactions offer optimum pre-conditions for 

the most essential property of supramolecular networks: the occurrence of structural inhomogeneities 

that can be refined as any deviations from the aforementioned requirements for ideal networks. 

Those inhomogeneities can further be classified into three types:8,9 Spatial inhomogeneities are ran-

dom variations of the crosslinking or polymer strand density in the range of 10100 nm whereas top-

ological inhomogeneities manifest themselves in loops, dangling chains or physical entanglements 

(Figure 1-1). A third category of connectivity inhomogeneities (110 nm) represents misconnectivi-

ties and cluster formation. The existing classifications of network heterogeneities are widely ambigu-

ous and recent studies use a more general terminology thereby only differentiating between global het-

erogeneities (that resemble the former spatial inhomogeneities) and topologically local defects that 

include all types of misconnectivities, loops or dangling strands on length scales of a network mesh.10,11 

To uncover this richness in structures, a variety of experimental techniques that complementary covers 

a broad range of length scales is required. Network formation can be partly dictated using pre-pro-

grammed macromolecular precursors with distinct branching functionalities or other structural fea-

tures that come along with their chemical composition.12 However, full control over network topology 
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remains challenging as it has to be achieved on both, global as well as local length scales. Another chal-

lenge coming along with structure control is linked to the difficulty of experimentally quantifying local 

network defects such as dangling chains or loops. Conventional scattering techniques (e.g. small angle 

neutron scattering (SANS), X-ray scattering (SAXS), or light scattering) lack in distinguishing be-

tween regular and defective connected network strands and therefore, less prevalent characterization 

techniques such as multiple-quantum nuclear magnetic resonance (MQ-NMR) or network disassem-

bly spectroscopy (NDS) have to be considered.10,13–15 Few approaches exist that successfully detect and 

reduce the formation of loops thereby enhancing the materials elastic modulus.16–18 These studies show 

that even the implemented rather complex semi-batch synthesis strategies are not able to fully prevent 

loop formation. Even the prominent end-linking tetra-PEG gels by Shibayama and co-workers are 

found to exhibit microstructural topological defects,13 such that the appearance of local defects can be 

considered as an intrinsic structural feature of polymer networks regardless of their chemical compo-

sition. Furthermore, a complex interplay between microstructural defects and spatial inhomogeneities 

can be assumed. The gained knowledge on the extent of elastically ineffective loops allows for a cor-

rection of the existing theories of predicting the elastic network modulus, as the classic phantom or 

affine network theories are based on defect-free ideal networks. Zhong et al. combined rheology and 

NDS to establish the relationship between number of loops and elastic plateau, thereby developing the 

‘real elastic network theory’ (RENT).18 They achieved good agreement between their predictions that 

Figure 1-1. Schematic representation of a supramolecular polymer network with inhomogeneities on length scales of 

10100 nm, regular mesh sizes (110 nm) and network defects (loops, dangling ends). 
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include a concentration-dependent elastically ineffective loop fraction and the measured bulk elastici-

ties whereas phantom and affine network theories overestimated the modulus by far. 

Regarding transient supramolecular networks or other self-assembling systems, the incorporation 

of sticky motifs into the polymer backbone often comes on cost of another structural and temporal 

irregularity: the formation of junction clusters. Sticker association often entails a drastic decrease in 

solubility followed by agglomeration and final formation of either ordered or irregular microphase sep-

arated domains. Such hierarchical assemblies are mainly found in biological systems with peptide-

based structures, but also exist in synthetic networks constituted by hydrogen bonds or metal-ligand 

coordination.19 Higher-ordered clusters and superstructures significantly influence the mechanical 

properties as well as the relaxation dynamics. Not only single sticker dissociation but also subsequent 

disintegration of clusters are required before complete chain relaxation can occur, resulting in deceler-

ated terminal relaxation times.20 Researchers can exploit cluster formation to design new materials with 

enhanced toughness as these multi-assembled structures provide a great number of additional attrac-

tive forces to strengthen the soft polymeric networks. 

Until today, the goal of comprehensively understanding the interplay between structural defects or 

irregularities and final material properties, as well as the field of inhomogeneity control in soft matter 

is still a cause of great interest. Many macroscopic network properties such as the swelling capacity, 

optical clarity, elastic response, or transport characteristics are strongly influenced by the type and de-

gree of heterogeneity. A recent review by Jangizehi et al. introduces the term ‘defect engineering in soft 

matter’ and demonstrates how controlled incorporation of heterogeneities and defects in soft matter 

materials can be used for rational material design.11  

Topological defects do not only influence the elasticity of a network, but also strongly affect the dy-

namics if transient gels are regarded. A major influence on the network topology and concurrent relax-

ation dynamics is exerted by the distribution of sticky groups along the polymer backbone.21 It has been 

found that multiple clustered binding sites can equally enhance the network toughness but also weaken 

it, depending on the material. A recent comparison between linear chains with either uniformly dis-

tributed sticky histidine groups or multiple histidine groups at each chain end revealed a decreased 

plateau modulus and higher relaxation activation energies for the clustered gels, as the clustered junc-

tions act as one strong link.22 Complementary self-diffusion measurements proved the formation of 

superloops with a high number of intrachain bonds that facilitate diffusion on large distances (several 

times of Rg).  
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1.1.3 Dynamics 

Supramolecular soft matter materials generally exhibit a rich variety of dynamics evoked by several 

underlying microscopic stress relaxation mechanisms. The relaxation dynamics of transiently con-

nected polymer networks are mainly governed by two contributions: the polymer segmental relaxation 

and sticker assembly / disassembly. The former depends on polymer-related parameters such as the 

backbone architecture, monomer-solvent interactions or chain lengths whereas the latter is impacted 

by the type of associative units and their kinetics, especially their dissociation (e.g. metal-ligand coor-

dination, hydrogen bonding).19,23 Due to the bond reversibility, a permanent dynamic structural rear-

rangement with even center-of-mass diffusion of single network components is possible. As the supra-

molecular sticker motifs are connected to the polymer chains, a sophisticated interplay opens up with 

additional influences originating from the structural complexity of the network. A large timescale is 

spanned if all relaxation times are considered and several scaling laws describing the effects of concen-

tration, molar mass, or number of stickers are found.12 Apart from those large timescales, also broad 

length scales including macroscopic, mesoscopic, and microscopic perspectives are required if the full 

dynamic spectrum is explored. On small length scales, chain motion manifests itself in sticky Rouse 

relaxation modes.24 Unlike polymer chain motion in melts or semi-dilute solutions through reptation 

or Rouse dynamics, chain diffusion is significantly decelerated by several orders of magnitude, if sticky 

groups are incorporated.25 In unentangled associative polymer networks, a sticker needs several at-

tempts of opening and re-closing with the former partner before it releases stress due to an exchange 

with a new partner (bond renormalization). Rubinstein et al.26 implemented an effective bond lifetime 

τb* that accounts for the abovementioned scenario and is a multiple of the single bond lifetime that is 

programmed by the chemistry of the transient junction (τb* >> τb). The isolated single bond lifetime 

τb is inverse to the junction dissociation rate constant kd (kd = τb
1). τb* and τb exhibit a complex inter-

play depending on many parameters such as the chain architecture, the number of stickers per chain, 

and their position (end group vs. side group). This bond renormalization model has been expanded 

also for entangled networks (sticky reptation or living reptation)27–29 where the association with a new 

partner is strictly limited to an area confined by the hypothetic confining tube, and an increasing num-

ber of intrachain bonds occurs at high concentrations. On time scales smaller than the bond lifetime 

τb, chains are considered as uninfluenced by the sticker units and exhibit segmental Rouse-type dynam-

ics, like chain relaxation in permanent connected networks. Numerous models are established to the-

oretically describe and predict the dynamics of various network types, including molecular simulations 
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of linear chains with incorporated sticky monomers or telechelic multi-arm polymers,30–33 intercon-

nected associative micellar networks,34 or diffusion-mediated mechanisms of self-healing.35  

These concepts have been verified by a multitude of experimental studies.36,37 For example, Tang et 

al.38 investigated a broad hierarchy of relaxation times in transient networks of linear polymer chains 

connected through reversible nickel-histidine bonds (sidechain stickers). As the sticker exchange 

times (rheology) and the single metal exchange kinetics (UV-Vis, dilute conditions) significantly de-

viate due to the different chemical crowded environment of a gel compared to a solution, they imple-

mented ‘sticker dissociation and diffusion spectrometry’ (SDDS) to measure the sticker dissociation 

kinetics directly within a gel. This time τoff is concentration-independent and marks the lowest possible 

dissociation time in the gel state. A recent experimental study by Rao et al.39 used neutron spin echo 

(NSE) to reveal unaffected Zimm dynamics (Zimm  q 3) in an associative protein network on time-

scales much shorter than sticker dissociation. On large length scales, self-diffusivities D of entire pro-

tein molecules correlate with the sticky Rouse model predictions with a concentration dependence of 

D  ϕ5.19.26 A complex transition from segmental chain relaxation dynamics to mesoscopic self-diffu-

sion including several molecular relaxation modes and a caging regime becomes evident. Additional 

structural influences of cluster formation on the mobility of small sticky tracer molecules indicate that 

relaxation can occur due to cluster diffusion with a high proportion of bound stickers within the clus-

ters. 

These works demonstrate that a plethora of experimental characterization techniques is required in 

order to examine the full relaxation spectrum of transiently connected networks, as the dynamics cover 

a broad length as well as time scale. The aforementioned models provide a multitude of dynamic pa-

rameter relationships, manifesting themselves in scaling law-interdependencies of concentration, pol-

ymer molecular weight, terminal relaxation time, diffusivities, or zero-shear viscosities. However, it re-

mains challenging to generalize and adapt these models as their applicability is often restricted to the 

specifically described system they are developed from. As a result, the predicted dependences mostly 

deviate if minor changes in the system occur. Since the majority of transiently connected networks is 

responsive to external stimuli such as pH, light, or temperature, the network dynamics are also influ-

enced by these external parameters. Often, this impact cannot adequately be captured by generalized 

models, albeit the prediction of dynamic parameters and timescales plays a key role in designing new 

smart materials with tailored properties.40 Marco-Dufort et al.41 used a broad library of star-shaped dy-

namic covalent networks with boronic ester groups as transient network junctions to independently 

decouple thermodynamic from kinetic parameters. The underlying junction chemistry and preferred 
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association / dissociation mechanisms (if more than one pathway leads to stable addition products) 

clearly dictate the macroscopic network properties, such as the plateau modulus Gp obtained by rheol-

ogy. It is even possible to map microscopic reaction pathways if a series of macroscopic network sta-

bilities (Gp) depending on varying thermodynamic parameters is known.  

The temperature-dependence of junction rate constants is described by Arrhenius or Eyring equations 

that allow for quantification of the underlying activation energies, and enthalpic as well as entropic 

contributions.41  

 

1.1.4 Self-Diffusion 

On timescales larger than the bond lifetime τb, detachment of polymer building blocks and hindered 

diffusion through the network becomes relevant. Besides understanding the relaxation dynamics of 

transient networks, knowledge of diffusion properties with related self-healing mechanisms, transport 

processes or permeabilities is of crucial importance in the field of material engineering.42–44 

Suitable methods to quantify (self-)diffusivities are Fluorescence Recovery after Photobleaching 

(FRAP) and Forced Rayleigh Scattering (FRS). Both techniques monitor the diffusion of fluorescently 

dye-labelled moieties into a beforehand bleached area either by analysis of time-dependent confocal 

microscope images (FRAP) or by Bragg diffraction of a reading laser beam (FRS), thereby covering 

length scales of several hundred nanometer to micrometers.  

In a series of studies,22,25,39,45,46 Olsen and co-workers discovered unexpected anomalous superdiffu-

sion in associative protein gels and later also in tetra-arm PEG-terpyridine metallo-gels. Although 

sticky groups cause additional friction to the chains and therefore decelerate their motion, apparent 

superdiffusion with a mean squared displacement (MSD) <r 2(t)> = t α with α > 1 is found at length 

scales of 0.05  50 m2.25 On length scales either smaller or larger than this regime, Fickian diffusion is 

observed. A two-state model based on the phenomenological description of that superdiffusive behav-

ior has been implemented,25 capturing well the experimental results. In a simplistic view, the diffusing 

chains are assigned to two molecular states: an associated state with a low mobility (most stickers are 

closed) and a diffusive state with high mobility (most stickers are open). It was stated that superdiffu-

sion arises from the interconversion between both states. Even though this model provides effective 

diffusivities, anomaly constants and interconversion rate constants, their physical meaning remains 

doubtful as realistically, more than those two molecular states are imaginable. 
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networks due to an effective decreased equilibrium constant for binding. Each equilibrium constant of 

a sticky group in multi-arm polymers exhibits the same magnitude as preset by its chemistry. However, 

binding of one arm to the network results in a strong entropic penalty for all other arms of the same 

molecule as the number of possible chain conformations is drastically decreased. Consequently, the 

binding constants of stickers will continuously decrease the more arms are attached to the network and 

an enhanced fraction of hopping chains is obtained. The authors implemented a thermodynamic 

model that is able to describe the junction density and chain length dependences of their experimental 

diffusivity measurements. 

Since the first discovery of superdiffusion in such associative networks, much work has been per-

formed to elucidate the impacts of several parameters such as the sticker density, fixed sticker spacing, 

or sticker position on the superdiffusive regime. For example, Rasid et al.45 investigated the effects of 

an increased sticker density (up to 15 sticky groups per linear chain) in transient poly(N,N-dimethyl-

acrylamide)-histidine-nickel gels. With molecular hopping as the origin for superdiffusion, the increase 

in number of stickers was expected to suppress hopping, as the probability of simultaneously releasing 

all stickers from the network is significantly decreased. In contrast to this assumption, superdiffusion 

was found in all studied gels. It is hypothesized that an increased fraction of intrachain bonds is the 

reason for the occurrence of molecular hopping even though they are not predicted by the sticky Rouse 

model. Another work by the same authors researched the effect of clustered sticky end groups vs. 

evenly distributed stickers along the backbone on the diffusive properties.22 Their combined study re-

lates structure characteristics measured by small angle neutron scattering (SANS) to cooperative 

sticker effects resulting from clustered stickers at the ends of each linear chain. 

The investigation of diffusion properties in such model type networks also enables to transfer the 

postulated concepts and knowledge to various kinds of permeable materials where transport processes 

play a crucial role like in biological membranes.  

 

1.1.5 Applications 

One of the unique and outstanding properties of supramolecular polymer networks is their inherent 

dynamicity introduced by reversible bonds. A common feature of these transient bonds is the respon-

siveness to several external stimuli such as pH, light, ultrasound, redox-potential, or temperature (or 

arbitrary combinations among them).51 Consequently, mechanical response, optical properties, or self-

healing abilities can be tailored more easily compared to their permanently connected counterparts. 



Introduction 

10  Supramolecular Polymer Networks 

Dissolution of these assembled structures in suitable solvents leads to the formation of gels, a material 

class with broad application opportunities. Facilitated by their 3D network structure, gels are able to 

retain additionally incorporated smaller molecules, diffusants or particles (magnetic nanoparticles, 

clay, microorganisms, pharmaceutical therapeutics) thereby opening the possibility to design compo-

site materials with highly specific properties and enhanced elastic response. Christoff-Tempesta et al.52 

subdivide into four reasonable main application categories: optoelectronics, energy, biomedicine, and 

biology. An additional fifth unspecified category includes catalysis and environmental remediation. 

However, the latter mentioned might be the most emergent field, also impacting all other categories, 

with the urgent challenge of developing strategies to address the global climate change, for example 

with drinking water or wastewater treatment. High swelling capacities and the ability to repeatedly take 

up large amounts of contaminated water with the subsequent adsorption of salts,53,54 heavy metal ions, 

petrochemicals,55,56 or toxic ionic dyes,57,58 render gels suitable and often biocompatible candidates to 

fight water scarcity and pollution.  

In general, the most versatile application field for supramolecular polymer networks / hydrogels is 

represented in the biomedical section. Numerous examples exist for hydrogels in tissue engineering,59–

62 as artificial cartilage,63 wound dressings,64 or drug deliverers,65–67 only to highlight a small selection. 

Networks consisting of biocompatible and biodegradable natural or synthetic polymers such as 

poly(lactic acid), poly(caprolactone), cellulose, or chitosan provide scaffolds for cell growth and pro-

liferation.68,69 

One decisive advantage of the dynamic networks is their softness and shear-thinning behavior, 

therefore being capable to adapt form and shape of the extracellular matrix (ECM) of native tissue and 

even spontaneously recover from damage. Due to their pronounced viscoelasticity, hydrogels loaded 

with active substances (e. g. non-steroidal anti-inflammatory drugs70, anti-tumor drugs,71 etc.) act as 

medical mini depots that can be sprayed, injected, or locally applied to the site of interest thereby min-

imizing the need for large surgical procedures.72 Hydrogels are pre-programmed to achieve controlled 

drug release only in the targeted local environment of the human body regulated by a specific pH-value 

or redox-potential, and consequently, the need for repeatedly high-dosed drug injections with often 

unintended side-effects is drastically reduced. In addition to the injection of hydrogels via syringe, de-

sired shapes can be produced by 3D printing. 73 

Besides the abovementioned pharmaceutical active substances, a large number of hydrogels with in-

corporated inorganic minerals is investigated as biomedical smart materials. Hybrid composites are 

synthesized either by in situ preparation of nanoparticles during gel formation or by introducing pre-
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prepared nanoparticles into the final gels.74,75 Bisphosphonates,76 hydroxyapatite nanoparticles,77,78 or 

vaterite nanoparticles59 delivered to infectious or diseased bones are appropriate composite materials 

for bone regeneration. Antimicrobial properties that are required for improved wound healing are ob-

tained if silver ions or nanoparticles are integrated into the networks.74,79  

Myriad other applications for supramolecular hydrogels are found in the field of optoelectronics80 

or soft electronics.81 Conducting or luminescing properties in many gels mainly arise from the incor-

poration of metal ions or lanthanoids. The emitted wavelengths can be intensified or tuned by various 

parameters such as the metal-ligand-ratio or mixtures of different lanthanoid ions.82,83 Further, elec-

tronic conductivity is achieved using conducting polymer building blocks such as poly(para-phe-

nylene), poly(thiophene), or poly(pyrrole).74 Again, the flexibility and self-healing abilities of the su-

pramolecular networks are main advantages over permanently connected rigid systems, making them 

suitable candidates for soft robotics with shape memory effects.84  

The implementation of ionic conductivity into the networks leads to applications in the sector of 

energy storage / energy conversion. To avoid leakage or volatilization of highly toxic substances, elec-

trolyte liquids in battery materials, capacitors or dye-sensitized solar cells can be replaced by ionic liq-

uid-based supramolecular gels.85,86 The solid-like 3D network structure swollen in a large amount of 

liquid combines fast ionic diffusivity with a stable but yet dynamic framework. High elastic stretchabil-

ity and the ability to re-shape after iterated deformation without loss in the conductivity performance 

are main challenges facing the development soft electronic materials. 87 The emerging field of flexible 

and wearable electronics is realized through the use of ionic hydrogels, for example stretchable sodium-

ion batteries,88 ionic touch panels,89 soft actuators,90 or bio-sensing.91  

The abovementioned examples demonstrate that the use of supramolecular networks is by no 

means restricted to a certain application area but is rather extended to all kinds of fields where material 

engineering becomes relevant, further including life sciences, food industry, personal and home care, 

catalysis, and development of technical devices. Through infinite combinations of desired material 

properties, supramolecular polymer networks are multiply deployable like almost no other material 

class.  
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1.2 Metal-coordination in supramolecular polymer networks 

Many properties such as repeatable self-healing92 of a material can be achieved by incorporation of 

metal-ligand coordination bonds into the polymer network.51 Inspired by numerous smart and ingen-

ious material functionalities in biological systems that are caused by metal-ligand coordination, many 

efforts have been made to mimic these qualities and transfer them to controlled material engineer-

ing.93–96 A prominent and well explored example are zinc(II)-histidine and iron(III)-L-3,4-dihydroxy-

phenylalanine (DOPA) interactions in marine mussel byssal threads, giving this material unusual 

toughness and adhesive strength.97,98 In many cases, metal-ligand bonds are thermodynamically stable 

while kinetically labile: a desired combination leading to high mechanical network strengths as well as 

fast ligand exchange under ambient temperature conditions. Depending on the chosen ligands and 

metal ions, a broad range of bond strengths between 2350 kJ mol1 is covered99 and additional metal-

related characteristics such as catalytic activity100 or dielectricity101 are implied.  

Stress loading on reversible network junction points with characteristic coordination bond lifetimes 

b results in a permanent restoring of the network structure.93 Ligand-induced crystal field splitting of 

the metal ion d-orbitals allows for electronic transitions coming along with luminescence or photo-

responsiveness.82,102,103 Additionally, incomplete occupied orbitals with unpaired electrons are the 

origin of magnetic properties.104 Another advantage of metal-ligand coordination chemistry is the sim-

ple change in coordination number that can be achieved by variation of the type of ligand or metal ion 

Figure 1-3. (A) Metal coordination bond strengths and bond lifetimes compared to van der Waals forces, hydrogen bond-
ing, dynamic covalent bonds, and covalent bonds. Adapted with permission from Khare, E.; Holten-Andersen, N.; Buehler, 
M. J. Nat Rev Mater 2021, 6, 421–436. Copyright 2021, Springer Nature Limited. (B) Prominent examples for ligands used 
as coordinative binding motifs in metal-mediated supramolecular polymer or protein materials. The catechol-unit in DOPA 
is highlighted in grey. 
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valency. Using this complexation-based strategy offers the possibility to create model systems wherein 

characteristic network parameters like the number or functionality of junctions can independently be 

tuned. This is in strong contrast to many chemically connected networks, where a modulation of the 

mechanic response is often only possible through modification of the polymer precursor characteris-

tics, such as molecular weight or polymer architecture. Highlighted examples as suitable ligands for 

metal complexation are catechols (as aforementioned in DOPA), histidines, pyridinyl-derivatives, or 

carboxylates (Figure 1-3(B)). Catechol coordination chemistry with ferric ions (Fe2+ and Fe3+) is 

strongly pH-dependent: mono-metal-complexes are dominant at low pH-values whereas bis- and tris-

complexes are formed with an increase in pH. These materials exhibit exceptional adhesive power even 

in aqueous environments; an outstanding property that is aimed to be imitated for the construction of 

wet surface adhesives.105,106 Recent works in the field of bio-inspired soft matter are focused on the de-

sign and fabrication of tunable materials that are simultaneously responsive to several external stimuli. 

Advincula et al.107 synthesized a multi-functional composite hydrogel by incorporating poly(pyrrole) 

(Ppy) nanoparticles into a catechol-modified chitosan and poly(N-isopropylacrylamide) Fe(III) net-

work, thereby uniting near infrared light-, thermo-, and pH-responsive properties.  

Another well investigated class of bio-inspired metal-ligand interactions is formed by metal-histi-

dine (imidazole) complexation.108 Commonly found in ragworm jaws, spider fangs, and insect mandi-

bles, these type of complexes ensure extraordinary toughness and hardening. Histidine-based protein 

domains in combination with Zn2+-, Cu2+-, or Ni2+-ions build the base for the enhanced mechanical 

properties. The active metal-binding site is an imidazole ring whose deprotonated N-atoms can pH-

dependently donate lone pair electrons into the metal d-orbitals thereby achieving a variation in several 

coordination geometries.109,110 Mozhdehi et al.111 used monodentate imidazole ligands to achieve co-

ordination numbers ranging from 4 (Zn2+ and Cu2+), through 5 (Cu2+), up to 6 (Co2+) by sole variation 

of the metal ion. In addition to that, they showed that not only the crosslinker functionality, but also 

the concentration of free imidazole ligands can exhibit an influence on the mechanic responses in such 

weakly coordinated systems. Less unbound ligands entail a drastic reduction of the kinetic network 

exchange rates; a property that might be utilized for controlled material engineering with tailored dy-

namics. Further, Sanoja et al.112 incorporated imidazole groups into a PEG-based statistical copolymer 

to investigate the interplay between ion conductivity, polymer strand relaxation and mechanical net-

work response. They found a significant trade-off between elastic response, ion concentration and ion-

mobility upon gradual addition of nickel(II) bis(trifluoromethylsulfonyl)imide with a maximum ion 

conductivity at the gel percolation threshold.  



Introduction 

14  Metal-coordination in supramolecular polymer networks 

The most prominent example in the category of pyridyl-ligands is the chelating N,N ’,N ’’-tridentate 

ligand 2,2’:6’,2’’-terpyridine (terpyridine, tpy, see Figure 1-3 (B)), that has been synthesized for the 

first time in 1931.113,114 Since that time, mainly two effective synthetic routes have been developed to 

access terpyridine and a variety of multifunctional symmetrically and asymmetrically substituted de-

rivatives in large scales.115 Addition of suitable metal cations in a 1 : 2 ratio (metal ion : terpyridine) 

leads to the formation of stable and directed pseudo-octahedral achiral complexes with distinct and 

well-investigated kinetic and thermodynamic properties. The row of kinetic stabilities has been inves-

tigated to be Ru2+ > Os2+ > Fe2+ > Zn2+ > Cd2+.116,117 Due to the sufficient synthetic availability,118,119 ter-

pyridine ligands (and their derivatives) attached to polymers or proteins are a manifold utilized linkage 

unit for the controlled supramolecular 2D and 3D self-assembling into structures with numerous ar-

chitectures120 such as giant networks, Sierpińsky triangles,121 or metallocages.122 Besides end group 

functionalization, linear chains with terpyridine side groups are accessible by polymerization of suita-

ble terpyridine-containing monomers such as norbornenes via ring-opening metathesis polymeriza-

tion (ROMP).123 The three heteronuclear aromatic rings with σ-donor and -acceptor abilities provide 

excellent electron conjugation during complex formation and therefore stabilize metal ions with low 

valencies. The energetically low LUMO of the pyridyl-rings allows for electron transfer from the metal 

center to the -system (metal ligand charge transfer), thereby creating the basis for a multitude of elec-

tron-mediated photophysical, catalytic and redox-chemical properties. For example, Sato et al.124 pre-

pared fluorescent supramolecular polymer films with high quantum yields based on terpyridine-zinc 

complexes. Depending on the nature of substituent (electron-withdrawing or electron-donating) at 

position 6 of the terpyridine unit, a distinct shift in the emission wavelength is achieved. Besides d-

metal ions, terpyridines are also able to form stable and fluorescing complexes with rare earth metals 

such as europium (Eu3+) or lanthanum (La3+). White light emission of a self-assembled four-arm PEG 

system with Eu and Tb terpyridine complexes was obtained by Chen and co-workers.82 In this work, a 

wavelength shift was induced by varying the stoichiometric ratio of both used ions. These properties 

can be exploited for bioimaging and biosensing, e. g. the detection of pyrophosphates in a nanomolar 

concentration range.125  

All these metal-coordination based examples demonstrate that knowledge gained from natural dy-

namic systems is on the one hand used to transfer the complex forming unit (e.g. catechol, histidine, 

or carboxylate) into existing and well-understood polymer systems with the aim of uncovering the un-

derlying mechanism for self-healing or toughness.126 On the other hand, the rare and not always easily 
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available biogenic (protein) building blocks are replaced by sustainable and cheap synthetic polymers 

to target materials with desirable properties.127 

 

1.3 Star-Polymer based Systems 

Over the past decades, tetra-arm shaped polymer building blocks with telechelic sticker functional-

ities have been proven themselves as ideal candidates for the formation of model type networks.23,128,129 

Narrowly dispersed polymers in combination with simple click chemistry allow for the independent 

investigation of polymer-based parameters (e.g. molecular weight, backbone architecture, or solvent 

interactions) and specific crosslinker parameters (kinetics, single vs. multiple links, activation ener-

gies). Due to their inherent controllability, these networks are particularly suitable for the validation of 

theoretical models or simulations, and for the establishment of fundamental structurepropertyrela-

tionships. Groundbreaking work has especially been done by Sakai, Shibayama and co-workers. 

In 2008, they synthesized and analyzed a nearly ideal network, consisting of two types of chemically 

connected star-shaped PEG macromonomers with either amine (A-terminus) or N-hydroxysuccin-

imidyl (NHS, B-terminus) functionality.129 Due to the mutual A-B cross-coupling, polymer back-biting 

was suppressed, misconnectivities could drastically be reduced, and, as time-resolved dynamic light 

scattering revealed, a homogeneous gel formed within 4 minutes. A remarkably high mechanical 

strength is achieved at gel concentrations that are even multiples of the overlap concentration c *, and 

strictly equimolar concentrations of both symmetric macromonomers. These facts indicate that al-

ready slightest amounts of heterogeneities lead to a significant decrease in the mechanical gel perfor-

mance, as proven later by small angle neutron scattering (SANS),130,131 neutron spin echo (NSE),132 

and double-quantum NMR.13 Until that approach, structure control has been challenging due to the 

stochastic crosslinking of polymer chains whose thermal fluctuations obey Gaussian statistics. As a re-

sult, mostly heterogeneous gels occured with dangling ends, loops, or spatial polymer concentration 

distributions. Due to the arbitrariness of size and localization of the heterogeneities, material property 

predictions by theory and simulation have been insufficient. 

Since that pioneering work, a new research field based on permanently connected tetra-PEG gels 

has rapidly emerged.133 Investigations including the incorporation of thermosensitive building 

blocks,134 fine-tuning of the crosslinking degree,135 control of defects,136 or monitoring of the gelation 

kinetics137,138 are only few examples that highlight the major contributions of the tetra-PEG based con-

cept towards a better understanding of gel soft matter.  
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Not only the preparation and analysis of ideal networks have attracted attention, but also gaining con-

trol and insights into non-ideal gels and their properties, as these defective networks are closer to bio-

logical materials. By means of the tetra-PEG approach, Tsuji et al., for example, were able to selectively 

induce spatial defects into the polymer network, more precisely by doping the network with nano-ag-

gregates as well as nano-voids.136 Noteworthy for their control of network structure is the polymer 

packing situation in the pre-gel solution. Inefficient packing conditions (low polymer concentration) 

lead to gels with local concentration shortages (negative doping), whereas a non-ideal solvent and thus 

pre-clustered polymer chains manifest themselves in local dense gel aggregates (positive doping). 

The absence of heterogeneities qualifies tetra-PEG gels for the validation and establishment of several 

theoretical models, for example the rubber elasticity theory or the theory by Tanaka, Hocker, and 

Benedek.139 To verify the latter, Fujiyabu et al.140 used tetra-PEG gels to investigate the proposed inter-

relation between the osmotic bulk modulus K, the shear modulus G, the friction f, and the cooperative 

diffusion coefficient D (DLS) to be D = K +  4
3

 G
f

. Using thiol end-functionalized and maleimide end-

functionalized tetra-PEGs, a simple stoichiometric imbalance (deviations from the molar ratio 1 : 1) 

changes the network connectivity, and therefore G, in a controlled way while the polymer volume frac-

tion is kept constant. The expected linear interdependency of D and G was strongly supported by their 

experiments and a generalization for different gel concentrations and polymer molecular weights was 

found.  

Further prominent models to describe the properties of a gel are the affine network theory141 (1) or 

the phantom network theory142 (2) that both attempt to predict the elastic modulus. Both models differ 

from each other in how fluctuations of the crosslinking points are treated. Crosslinking points are al-

lowed to fluctuate in the phantom network theory, whereas these fluctuations are suppressed in the 

affine network theory, resulting in a twofold enhanced elastic response Gaffine if the affine network 

model is used: 

Gaffine = ν kBT  (1) 

Gphantom = (ν  μ) kBT  (2) 

Each elastically active chain � provides an energy contribution  kBT (Boltzmann constant kB and tem-

perature T ) to the total elastic response. In the case of the phantom network model, the number of 

active crosslinks � is subtracted in the calculation. Akagi and co-workers143 used homogeneous tetra-

PEG gels of different molecular weights to compare the elastic moduli with those that are predicted by 
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either the affine or the phantom network model. At concentrations around the polymer overlap con-

centration c *, the elastic moduli are well described by the phantom network theory. Increasing the 

polymer volume fraction is accompanied by a transition to the affine network model. This example 

amongst many others emphasizes the fact that in most cases particular models are insufficient in ade-

quately capturing the full range of gel properties.  

Inspired by the advantages of the abovementioned well-known and established permanently con-

nected tetra-PEG gels, defined star-shaped polymer building blocks also found their way into supra-

molecular assembling systems with all kinds of reversible crosslinks. The additional dynamic compo-

nent with its complex relaxation mechanisms implies the relevance of the temporal aspect, along with 

the spatial one, when characterizing these networks. 

The overall network rearrangement within such transiently connected star-shaped systems in semi-

dilute conditions is mainly governed by the exchange kinetics of the reversible crosslinks whereas the 

polymer strand relaxation times are found to be faster by several orders of magnitude.144–146 In general, 

the plateau modulus that quantifies the number of elastically active chains is strongly depending on the 

polymer concentration and additionally on the stoichiometric ratio between metal and ligand, if 

metallo-supramolecular systems are regarded.43,144 A tight correlation between spatial structure char-

acteristics and temporal properties dictates the overall network performance. To unravel these com-

plex interdependencies, a tetra-arm polymer-based approach by Grindy et al. marks a breakthrough for 

the successful decoupling of viscoelastic relaxation modes from the spatial material structure.147 Tetra-

PEG-histidine in combination with a mixture of metal ions with distinct dissociation kinetics serves as 

model network to distinguish the contributions of each sort of ions to the hierarchical relaxation time 

spectrum. It was shown that this approach is also applicable to hydrogels consisting of mixed covalent 

and transient bonds as well as polymer melts.  

Telechelic star-PEG networks do not only provide a platform for the investigation of fundamental 

physico-mechanical properties, but also help to uncover and mimic the assembling processes in supra-

molecular biologically relevant materials. For the latter purpose, bio-inspired sticker groups have been 

incorporated into tetra-PEG systems, such as peptide sequences (histidine rich domains (HRD)) or 

DNA.148–152 In addition to the supramolecular motifs, hierarchical structure organization as it is often 

found in protein-based materials (for example pH-induced formation of β-sheet crystallites), also con-

tributes to the stimuli-responsiveness and mechanical performance. Further control over the mechan-

ics can be achieved by introducing pre-programmable DNA sequences that are highly selective in their 

assembling capabilities and responsive to salinity.  
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Supramolecular structures are known to provide sacrificial bonds in many hybrid networks. Under 

stress load, energy is first dissipated by the transient bonds, thereby preventing covalent bonds from 

breakage and consequent irreversible material damage.126,153 As many metal-coordinated networks are 

incompatible for biomedical applications due to the toxicity of the metals, Lopez-Perez et al. have in-

vestigated tetra-PEG systems that are transiently crosslinked by alendronate-Ca2+ interactions.154 In 

this work, another advantage of using defined star-shaped polymer precursors comes into effect: Nar-

rowly dispersed PEGs that are accessible with a multitude of different molecular weights and number 

of arms (four-arm, six-arm, eight-arm) allow for concise comparability of hydrogels where the impact 

of arm length or number of arms can independently be investigated by keeping the overall sticker con-

centration constant. Examples that further refine the approach of using transient tetra-PEG networks 

are also found in nanocomposite material engineering.155 Reversible metal-ligand interactions can also 

be conducted at the surface of metal ion containing nanoparticles. Li et al.155 showed that despite the 

same type of coordination chemistry (pure Fe3+-catechol interactions vs. Fe3O4 nanoparticle-catechol 

interactions), the final gel dynamics strongly depend on the number of stress-bearing chains that can 

easily be tuned by the size of crosslinking nanoparticles. 

Star-shaped polymers have also been investigated in combination with dynamic covalent bonds as 

transient crosslinks.156 As it is ubiquitous in all physically connected networks, these bonds are charac-

terized by reversibility on accessible timescales. Representatives for these bond types are boronic acid-

diol interactions157 or products of Diels-Alder cycloadditions.158,159 In contrast to metallo-ligand inter-

actions where the association and dissociation is mainly dictated by their kinetic energies, the favoured 

forward or reverse reaction in dynamic covalent bonds is governed by the thermodynamic equilibrium 

and relative stabilities of the products or educts.160 Temperature increase in dynamic covalent gels 

therefore leads to both, a faster relaxation and concurrent change in the number of elastically active 

junctions (resulting in a decreased or increased plateau modulus), whereas only the relaxation time is 

affected by temperature variations in model metallo-supramolecular networks. Parada et al.161 used 

four-arm macromolecules with either 3-fluorophenylboronic acid or diol end groups to demonstrate 

in a joint theoretical and experimental work how the relaxation time and elastic response can ade-

quately be simulated and tuned depending on temperature, macromonomer concentration, or macro-

monomer molecular weight. In addition, network dynamics are found to be strongly affected by the 

interplay of the boronic acid component pKa and environmental pH. In a further step, precise control-

lability of network relaxation times has been achieved by Yesilyurt et al.36,162 In their approach, tuning 

of the mechanical properties is achieved by variations in the pKa through the use of different boronic 
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acid derivatives that are linked to the polymer backbone. A comprehensive study by Marco-Dufort et 

al.41 links the macroscopic properties of dynamic boronic ester tetra-PEG gels to the underlying possi-

ble reaction pathways, thereby including several thermodynamic conditions. Quantification of equi-

librium binding constants as well as kinetic reaction rates allows for a rational design and exact predic-

tions of material properties if the chemistry of the dynamic covalent bond is thoroughly understood. 

In addition, the shear-thinning behavior and excellent cyto-compatibility of such dynamic covalent 

hydrogels can be used as injectable drug deliverers with various responsivenesses (glucose, pH) in bi-

ological material engineering.36,163  

 

1.4 Light Scattering on Polymer Gels 

Light scattering is a powerful non-invasive characterization technique to uncover and simultane-

ously investigate structural and dynamic properties of various materials, including the determination 

of particle size distributions in solution,164,165 self-interactions of biologically active molecules,166,167 or 

micelle formation of block copolymers.168,169 Over the last three decades, the field of light scattering on 

soft matter, more specifically on polymer gels, has rapidly emerged.  

In general, elastic scattering of radiation occurs due to spatio-temporal density fluctuations, that is 

in polymer gels provoked by the thermal motion of polymer strands (chains between two junctions) 

and the junctions themselves. On length scales between 1100 nm, scattering techniques such as neu-

tron scattering, X-ray scattering, or light scattering with their characteristic wavelengths  determine 

the accessible q-range with q = 4π sin(
θ

2
)

λ
 being the scattering vector. Combination of these methods co-

vers a broad length scale including molecular size ranges of correlated single strand relaxation 

(110 nm) up to the detection of larger heterogeneities (10100 nm).170  

The scattered light in gels at a certain position (scattering vector q) is caused by the overall concen-

tration fluctuations c(q,t) that are constituted by mainly two superimposing types: time-dependent 

thermodynamic concentration fluctuations cF(q,t), and time-independent frozen concentration fluc-

tuations of inhomogeneities cC(q).  

δc�q,t� = δcF�q,t� + δcC(q) (3) 

Given the fact that one component is time-depending (δcF�q,t�) while the other one is not (δcC(q)), 

there are statistically two averages feasible. Averaging a gel property (e.g. scattering intensity) over all 

possible gel positions yields the ensemble average 〈 〉E, whereas averaging over time results in the 
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time average 〈 〉T.171 Since a fluctuating chain is represented by a full ensemble of spatial configura-

tions, the time-average of these dynamic concentration fluctuations equals 0 (δcF�q,t� = 0). By con-

trast, only the ensemble-average of all time-independent frozen fluctuations is zero (δcC�q� = 0) as the 

Brownian motion of these scatterers is confined around an average position. The time-dependent cor-

relation function of a given position can therefore only contain information about a configurational 

sub-ensemble. Consequentially, the ensemble average of the intensity does not equal the time average 

〈 〉E≠〈 〉T, a criterion that indicates non-ergodicity. Thereby, the subscripts E and T denote the en-

semble and time average, respective. 

The two types of concentration fluctuations manifest themselves in two intensity contributions: the 

fluidic contribution 〈IF〉T (blue line in the bottom graphic of Figure 1-4) and the static (constant) 

contribution IC,p (green line in the bottom graphic of Figure 1-4) that additively superimpose at each 

gel position.  

〈I 〉E = 〈IF〉T + IC p (4) 

It should be noted that the lower boundary intensity 〈IF〉T of a polymer gel is identical to the average 

intensity that is induced by an equi-concentrated but non-crosslinked solution of the same polymer 

building blocks (〈IF〉T  = 〈I 〉T).8 The excess scattering is caused by structural heterogeneities or local 

confinement and limited diffusion of polymer segments. Hence, gel scattering is significantly enhanced 

compared to solution scattering. 

In static light scattering on non-ergodic media, a typical speckle pattern is obtained if the time-average 

scattering intensities  〈I 〉T,p of a set of randomly chosen sample positions is plotted (Figure 1-4). In 

addition, each scattering angle q provides a different specific pattern. Gel regions with large density 

fluctuations exhibit high intensities whereas positions with lower densities generally show lower scat-

tering intensities. The speckle patterns are further characterized by a lower cut-off intensity 〈IF〉T that 

contains only contributions from the fluidic concentration fluctuations and is concentration- and tem-

perature-dependent. To calculate this cut-off intensity 〈IF〉T, a probability histogram of all occurring 

intensities P (〈I 〉T,p) is fitted with the following equation (5):171 

P (〈I 〉T p) ≈ H(〈I 〉T,p  〈IF〉T) ∙ exp(
〈I 〉T,p  〈IF〉T

〈I 〉E  〈IF〉T
)  (5) 

with the Heaviside step function H 	〈I 〉T,p  〈IF〉T
 = 0 if 〈I 〉T,p  〈IF〉T < 0 and H 	〈I 〉T p  

〈IF〉T
 = 1 if 〈I 〉T,p  〈IF〉T ≥ 0. The constant contribution IC p to the overall scattering intensity con-

tains information about the static correlation length Ξ of the frozen heterogeneities. This excess scat-

tering is calculated according to equation (4) by subtracting the fluidic contribution 〈IF〉T from the 
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ensemble-average 〈I 〉E at each angle separately. To calculate Ξ, an approach by Debye and Bueche can 

be used (6).172 The q-dependent excess ratio RExcess (that is corresponding to IC,p) is described as 

RExcess (q) = 
4π K Ξ3 〈n 2〉
	1 + q 2Ξ2
2   (6) 

with the optical constant K. Linearization of equation (6) yields the static correlation length Ξ and the 

mean-square fluctuation of the refractive index 〈n 2〉. 

 

A first approach to interpret dynamic scattering data and the concept of non-ergodicity (colloids, 

glasses, polymer gels)173–175 has been published in 1989 by Pusey and van Megen.176 It should be kept 

in mind that a single DLS experiment provides the time-averaged intensity correlation function 

g�2��q,τ�:  

g
ergodic
(2) �q,τ�  1 =  〈I �q,0� I (q,τ)〉T

〈I (q,0)〉T
2   (7) 

that only equals the ensemble-averaged correlation function if an ergodic medium (〈 〉E = 〈 〉T) is 

observed. An example for ergodic media includes a dilute or semi-dilute polymer solution with com-

pletely dissolved chains. In contrast to that, if frozen structure parts with a constant and time-inde-

pendent electric scattering field become dominant, the time-average intensity 〈I (q)〉T is expressed by 

the sum of the time-average fluctuating part 〈IF(q)〉T and the time-independent constant part IC(q): 

Figure 1-4. Schematic representation of a supramolecular polymer network with its specific structural characteristics such 
as inhomogeneities, and network defects (e. g. dangling ends end loops). A typical speckle pattern and intensity probability 
histogram is shown with the lower cut-off intensity (blue lines) and the ensemble-average intensity (red line). The two 
additive contributions to gel scattering (fluidic (blue) and static (green)) are depicted in the bottom graphs, adapted from 
ref. 171 
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functions is shown in Figure 1-5.176 The intensity of a rigid medium with non-fluctuating components 

(a) does not decay as no density fluctuations occur. As Ip(q,0) = Ip(q,τ) = Ip(q) and therefore 
〈Ip(q)2〉
〈Ip(q)〉2, a 

constant value of 1 is obtained. In contrast to that, if an ergodic medium is observed (c), the time av-

erage and the ensemble average intensity correlation functions decay in an identical way. Non-ergodic 

media exhibit contributions from both afore-mentioned border cases (b). First, the ensemble average 

does not fully decay to a value of 1 due to the local confinement and restricted motion. Second, as only 

a sub-ensemble of possible configurations is observed in the time-averaged function, this lack of full 

Gaussian variable exploration results in a decreased initial amplitude but a complete decay to 1. To 

fully describe the configuration space, an enormous large number of position-dependent time-average 

functions have to be recorded and normalized.  

In 1991, the partial heterodyne method was introduced by Joosten and co-workers in order to ana-

lyze the complex correlation functions coming along with such non-ergodic media.177 In a polymer 

network constituted of polymer chains with segmental motion and spatially restricted crosslinks, two 

types of scattering contributions are present (Figure 1-6). First, heterodyne scattering occurs if the 

constant scattering field of heterogeneities or crosslinks that are assumed as local oscillators, interferes 

with the exponentially decaying field of a thermally activated moving chain (exp(Dq 2)). Second, 

homodyne scattering describes the superposition of two decaying fields, induced by segmental fluctu-

ations of two polymer chains. The field correlation function g (1)(q,) is the product of the superim-

posing fields and thus becomes exp	 Dq 2τ
 ∙ exp	 Dq 2τ
  = exp (2Dq 2τ) in the case of pure ho-

modyne scattering and exp�Dq 2τ� ∙ 1 =  exp� Dq 2τ� in the case of pure heterodyne scattering. De-

pending on the observed gel position, different proportions of both scattering types occur. According 

to Joosten et al.,177 a set of intensity correlation functions g (2)(q,) of a stochastic amount of arbitrarily 

chosen sample positions p contains all information to fully describe the ensemble average dynamics: 

g
T,p
 (2)  1 = 〈I �t�I �t + τ�〉T,p

〈I �t�〉T,p
2  = �Xpg

F
 �1��q,τ��2

+ 2Xp(1  Xp)g
F
 �1�(q,τ)  (11) 

with the homodyne scattering contribution Xp being the ratio of the time-average intensity 〈IF〉T pro-

voked by the thermal fluctuating component, and the total intensity of the chosen position 〈I 〉T,p. 

g
F
 �1��q,τ� denotes the corresponding field correlation function. If pure homodyne scattering is ob-

served, XP equals 1 and equation (11) consequentially simplifies to become the Siegert relation 

g �1��q,τ� = �g �2��q,τ�  1 that is generally not applicable to treat data from non-ergodic media. The 
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amplitudes 2 of the correlation functions g (2)(q,) are strongly position-dependent and can be ex-

pressed by 

σp
 2 = g

T,p
 �2��0�  1 = Xp(2  Xp)  (12) 

Correlation functions of positions with a pronounced heterodyne scattering contribution exhibit am-

plitudes that are far lower than unity. Equally to  

g
F
 �1��q,τ� = exp(DHT q 2τ)  (13) 

and under the assumption that the fluctuating part g
F
 �1��q,τ� is ergodic, a partial heterodyne diffusion 

coefficient DHT is obtained. The contributions of homodyne and heterodyne scattering also impact 

DHT and the following relation becomes valid: 

DHT = (2  Xp)DA,p  (14) 

with the apparent collective gel diffusion coefficient DA. It is calculated by a linearized form of equation 

(14):178,179 

〈I 〉T,p

DA,p
 = 2

DHT
〈I 〉T,p  〈IF〉T

DHT
  (15) 

Plotting the quotient 
〈I 〉T,p

DA,p
 vs. 〈I 〉T,p provides 〈IF〉T from the ordinate intercept and DHT from the slope. 

For gels or solutions in the semi-dilute concentration regime (c > c *), this diffusion coefficient de-

scribes the collective motion of polymer chains originated by internal chain modes. Via a Stokes-Ein-

stein analogue (16), the dynamic correlation length � of the polymer blob relaxation can be estimated 

by 

ξ = kBT

6πηDHT
  (16) 

Figure 1-6. Schematic representation of the origin of homodyne and heterodyne scattering contributions in non-ergodic 
media, adapted from ref. 171 
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with the Boltzmann constant kB, the temperature T, and the solution viscosity . This correlation 

length is commonly related to the mesh size of a polymer network. However, Tsuji et al.180 used a broad 

library of tetra-PEG model networks by combining stars with linear chains of different molecular 

weights to compare a calculated network mesh size (geometric tree-like approximation) with the size 

of a correlation blob181 (represented by ξ obtained from DLS, mostly also referred to as mesh size) and 

the size of an elastic blob182 (obtained by rheology). They found that the correlation blobs ξ exhibit the 

same size regardless of the network composition (mixtures of mutual reactive linear and star precursors 

with different molecular weights) or end group conversion and are only depending on the total poly-

mer concentration with a scaling law of ξ ~ ϕ0.56. This finding strongly underlines that the mesh size 

obtained by DLS must be critically evaluated thereby keeping in mind that it actually displays the size 

of a thermally fluctuating correlation blob. 

Since the implementation of these ground-breaking analysis methods, light scattering has become a 

valuable tool in the field of polymer gel characterization, offering both: insights in the structural as well 

as the dynamic properties of such soft matter materials. For example, simultaneous DLS and SLS and 

decomposition of the fluidic and static contributions has been applied to investigate solgel transitions 

in reversible poly(vinyl alcohol) gels.183 Similar to their chemical counterparts, the appearance of dis-

tinct speckle patterns bespeaks the existence of frozen heterogeneities even in such highly dynamic 

systems. Further, analysis of ξ is used to unravel different mechanisms in the solgel transitions in-

duced either by a concentration or a temperature change.  

Numerous studies followed, thereby exploring structural refined and more elaborated networks, e.g. 

the gelation of critical tetra-arm PEG clusters184 or incorporated thermosensitive building blocks into 

a regularly arranged tetra-arm PEG network.185 The latter work investigated the change in network 

structure and chain dynamics of a co-network depending on the fraction of an added thermoresponsive 

tetra-arm copolymer that successively changes its conformation upon temperature increase above its 

lower critical solution temperature (LCST). Contributions of the temperature-induced formation of 

hydrophobic microdomains to the correlation functions and overall intensities were decomposed. 
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2 SCIENTIFIC GOALS 

Metallo-supramolecular polymer networks provide a versatile platform for the development and 

engineering of new materials with various properties, as well as the exploration of fundamental struc-

turepropertyrelationships and establishment of theoretical concepts. A general strategy towards en-

gineering of new soft matter materials implies a gradual approach: comprehensive analysis of all net-

work-forming components, establishment of methods and characterization techniques, understanding 

of fundamental model systems to postulate theories, and finally, incorporation of modifications into 

the model system to achieve desired properties. This thesis follows a similar approach and focuses on 

networks composed of transiently connected star-shaped macromolecules as a model system. 

These highly dynamic networks are dominated by an interplay between internal structure, dynamics 

and mechanical response as schematically illustrated in Figure 1-3. All three sections (mechanics, dy-

namics, structure) are mainly influenced by polymeric contributions (polymer architecture, concen-

tration, solvent interactions) as well as crosslink contributions (crosslink chemistry, thermodynamics, 

kinetics, type of association), thereby generating a complex and interdependent research field.  

To comprehensively understand the final properties of a network resulting from the interplay of the 

above-mentioned characteristics (dynamics, structure, mechanical response), it is necessary to take a 

step back and independently unravel the influence of each structural component, even in the uncon-

nected solution state. 

In the first part of this thesis, the polymeric contributions are investigated in terms of characterizing 

the scattering behavior of unconnected semi-dilute polymer solutions. The unambiguous assignment 

of light scattering relaxation modes is of major importance and serves as a base for further understand-

ing additional scattering contributions if, in a further step, network characterization will be focused on. 

Light scattering is a powerful tool to simultaneously investigate the structure and relaxation processes 

in soft matter. Whereas there exists a deep understanding of light scattering on permanent connected 

networks, the scattering characteristics of transient networks and their analysis is less explored. One 

aim of the thesis is to contribute to this methodical field and gain further knowledge on gel scattering 

thereby taking advantage of the transient star-polymer model system with independently tunable pa-

rameters such as the network strength. As the network-forming polymer backbone remains unmodi-

fied and therefore exhibits comparable scattering contributions, the impact of the varied network 
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strength on the correlation functions and scattering intensities is independently explored. The dy-

namic relaxation modes are further related to the macroscopic viscoelasticity of the networks.  

Despite many theoretical models and predictions, it remains challenging to predict final network prop-

erties starting from only knowing the properties of the isolated polymer building blocks and the chem-

istry of their connecting junctions. However, this interrelation is especially required in the area of smart 

material design if specific and complex demands such as sustainability or tailored multi-functionality 

are addressed. Controlling and pre-programming the network topology from a molecular perspective 

and therefore affecting the material properties at an early engineering stage is a main goal. Dynamic 

networks offer an intricated synergy of relaxation time scales, and their comprehensive understanding 

is essential if unravelling the molecular mechanisms is targeted. 

For this purpose, a multitude of measurement techniques covering broad length and time scales to 

access both, temporal and structural characteristics at various temperatures is required. A further aim 

of this thesis addresses this challenge and interrelates the experimental results of several characteriza-

tion methods, such as FRS, DLS & SLS, rheology, and UV-Vis spectroscopy. Again, a model type net-

work consisting of monodisperse tetra-arm polymer molecules with telechelic sticker functionalities is 

chosen, with reversible zinc-terpyridine junctions providing distinct kinetic parameters.  

Figure 2-1. Schematic illustration of the interplay between structure, dynamics, and mechanical response in a supramolec-
ular polymer network.  
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Single sticker kinetics in dilute conditions are compared with relaxation times of the network in the 

swollen state and a complex hierarchy of viscoelastic and several diffusive motion processes is related 

to the elastic network response.  

A thorough time- and length scale depending characterization of the structure and dynamics of 

transient model network opens up opportunities to systematically manipulate the chemistry of single 

building block macromolecules and therefore achieve an impact on the overall network properties. 

Many natural as well as synthetic networks exhibit structural irregularities, coming along with two main 

challenges: the synthesis-based complexity of controlling the generation and distribution of defects 

within the network and hence, the identification of tangible effects on the network properties.  

As a further aim of this thesis, the influence of intentionally incorporated defects on the network dy-

namics and diffusive permeability is investigated by such a controlled manipulation of the network 

structure. The occurrence of structural defects is quantified and related to the self-diffusive properties 

as well as the macroscopic network response.  
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manuscript. Although there are no associative sticker groups present, the frequently reported occur-

rence of a low-frequency plateau in rheology led to the hypothesis of a weak network structure that is 

able to store energy. Additionally, investigating the connection between such a low-frequency plateau 

and a slow relaxation mode that is sometimes visible in the light scattering correlation function was the 

main target. Complementary scattering experiments (SLS and DLS), rheology and microrheology dis-

proved the initially stated hypothesis and no aggregates or clustering were found in the thoroughly 

cleaned polymer solutions. Spherical gold nanoparticles coated with short PEG chains to avoid repul-

sive interactions were used as probe particles to measure the elastic response and viscosity from a mi-

croscopic perspective (light scattering based microrheology). The light scattering autocorrelation 

functions were deconvoluted and converted via creep compliance into the elastic moduli G ‘ and G ’’ 

thereby achieving an overlap with the macroscopic rheology data. These data showed no low-fre-

quency plateaus even at varying temperatures such that its presence in macroscopic oscillatory shear 

rheology experiments was concluded as an instrument artefact.  

The obtained results serve as a solid basis for further upcoming investigations of PEG chains inter-

connected by sticky groups thereby forming supramolecular networks. Especially the careful polymer 

solution sample preparation involving several filtering steps emerged as crucial if artefact-free light 

scattering data are matter of interpretation.  
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4.1.1 Abstract 

A low-frequency plateau is often found in the rheological spectra of various kinds of semidilute so-

lutions of polymers and other colloids; also, many of such solutions have been reported to show slow-

modes in their dynamic light scattering autocorrelation functions. Both these observations may lead to 

the hypothesis of weak associative network structures built by the dissolved polymer chains or colloidal 

building blocks. To challenge this hypothesis, we conduct a series of comparative studies on semidilute 

solutions of poly(ethylene glycol) by classical rheology as well as by passive microrheology based on 

dynamic light scattering, along with structural studies by static light scattering. Whereas we indeed find 

a low-frequency plateau in classical shear rheology, even at elevated temperatures where potential pol-

ymer aggregates should be broken, no such plateau is observed in any of our microrheology experi-

ments. Also, dynamic and static light scattering studies on the polymer solutions do not confirm the 

presence of larger structural entities: no slow mode can be detected in the autocorrelation function of 

the scattering intensity signal, and this signal is angular independent if the samples are purified by a 

thorough procedure of filtration. Based on these findings, we conclude that the low-frequency plateau 

in classical rheology results as an instrument effect caused by erroneous recording of the phase angle, 

although the magnitude of the torque lies well within the resolution of the rheometer. We also con-

clude that slow modes in dynamic light scattering on solutions of poly(ethylene glycol) are impurity-

based artifacts rather than due to actual associate structures. 

 

4.1.2 Introduction 

The usual viscoelastic spectrum of homopolymer solutions in the semidilute concentration range 

consists of up to four regimes, as sketched in Fig. 1A: 

(i) the terminal relaxation region at low frequencies (which is phenomenologically de-

scribed by the Maxwell model) 

(ii) potentially an entropy-elastic plateau where the storage modulus G ’ is frequency-in-

dependent and dominates over the loss modulus G ’’ at medium frequencies (provided that 

the chains are long, overlapping, and entangled) 

(iii) a transition into the glassy region in the range of frequencies between the inverse en-

tanglement time (in the case of entangled chains and presence of regime ii) or the inverse 





Results and Discussion 

Origin of the low-frequency plateau and the light-scattering slow mode in semidilute poly(ethylene glycol) solutions  45 

bubbles has been found in dilute PEG solutions,12 and in the semidilute regime, these may become a 

cause for weak network formation. 

Furthermore, the formation of large PEG chain clusters due to interactions between the hydropho-

bic CH2–CH2 units has been reported, and also the ability of the PEG chains to enclose hydrophobic 

impurities can be considered as an origin for aggregate formation.13–15 All these structures can be pre-

sumed to create a weak network that may weakly store elastic energy, but that may also be destroyable 

by sufficiently strong shear forces, which will be present in rheology at shear oscillation frequencies 

higher than a certain lower limit at a given and fixed shear amplitude, thereby leading to a transition 

from the low-frequency weak plateau to the common Maxwellian flow regime, as sketched in Fig. 1B.  

The presumption of weak network structures and polymer aggregates may further be seen to be in 

agreement to findings in various dynamic light scattering studies on polymer solutions. Whereas the 

normalized autocorrelation function obtained from these experiments should actually just show a sin-

gle-exponential decay that is addressable to the cooperative diffusive motion of overlapping PEG chain 

segments, as idealized in Fig. 1C, many measurements show an additional slow mode, as sketched in 

Fig. 1D.16,17 In the light scattering community, the reasons for the possible existence of such slow 

modes have been and still are a topic of debate for more than two decades.18 In recent publications, the 

slow mode has been attributed to the appearance of large aggregates,14,19 air bubbles,12 or impurities,15 

just as also addressed above as possible explanations for a low-frequency plateau in the rheological 

spectra. Alternatively, viscoelastic relaxation20 and relaxation of correlated blobs of overlapping chain 

segments,17 have been discussed as causes for a slow mode. However, a direct connection between the 

weak low-frequency plateau in the storage modulus G ’ in rheology and the appearance of a slow mode 

in dynamic light scattering has not been reported so far. 

In this paper, we challenge the hypothesis of the presence of aggregates and clusters in semidilute 

PEG solutions and their presumed effects on the rheological and light scattering properties of these 

solutions. We do this by systematic investigation from a microscopic and a macroscopic perspective. 

For this purpose, we use microrheology based on dynamic light scattering (DLS) as well as classical 

oscillatory shear macrorheology to examine the frequency-dependent viscous and elastic contributions 

of the rheological properties of the polymer solutions. We choose three different temperatures (278 K, 

293 K, and 323 K) to achieve variation of the external thermal energy. On top of that, we probe the 

dynamics and microstructure of the PEG solutions by dynamic and static light scattering (DLS and 

SLS) to detect potential aggregates or micro-phase separated domains larger than 10 nm. 
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4.1.3 Experimental Section 

Materials and Sample Preparation 

The material basis for our investigations are narrowly disperse PEG samples with weight-average 

molar masses of 1,860 g mol–1 (Carl Roth, denoted PEG-2k) and 23,540 g mol–1 (Sigma Aldrich, de-

noted PEG-20k); in addition, we partly use a PEG sample with a nominal molar mass of 100,000 g mol–

1 (Alfa Aesar, denoted PEG-100k). These polymers are first purified by dissolution in dichloromethane 

and subsequent precipitation in cold diethylether. After drying in high vacuum, the PEG is dissolved 

in water, filtered through a Whatman Anotop filter (25 mm, 0.02 μm pore size) and a Millex-LG® filter 

(200 nm pore size), and dried again. To characterize the molar mass of the polymers and its dispersity, 

SEC measurements are carried out with a 1260 Infinity GPC/SEC-System (Agilent) equipped with 

an RI-detector and a Shodex precolumn, along with columns of type Shodex OHpak SB 804, Shodex 

OHpak SB 803, and Shodex OHpak SB 802.5, with an eluent mixture of water / acetonitrile (70:30) 

at a flow rate 1 mL min–1. SEC calibration is carried out with poly(ethylene glycol) standards from PSS, 

Germany. We determine polydispersity indexes (PDI) of 1.03 (PEG-2k) and 1.07 (PEG 20-k). Aque-

ous solutions of the poly(ethylene glycol)s with different concentrations below, at, and above the over-

lap concentration (100, 200, 300, and 400 g L–1 for the PEG-2k; 35, 70, 150, and 200 g L–1 for the PEG-

20k; 200 g L–1 for the PEG-100k) are prepared by dissolving the respective amount of PEG in deion-

ized water. The solutions are gently shaken at 40 °C for three days to allow for complete dissolution of 

the polymer. The overlap concentration c * is calculated as c * = (3Mw) / (4πNARG
  3) ≈ [η]–1,21 with 

the polymer molar mass Mw, the Avogadro number NA, the polymer coil-radius of gyration RG, and the 

intrinsic viscosity [η] = 12.5 · 10 –3 · M w  0.78.22 We calculate radii of gyration of 1.62 nm for the PEG-2k, 

5.13 nm for the PEG-20k, and 11.46 nm for the PEG-100k, using the formula 〈RG
 2〉1/2 = 6 –1/2 · 8.88 · 

10 –2 · M w  1/2.23 With these values, the overlap concentrations c* are determined to be 200 g L–1 (PEG-

2k), 35 g L–1 (PEG-20k), and 11 g L–1 (PEG-100k). As a further characteristic quantity, the semidilute-

solution correlation length ξ, which can be seen as a meshsize of the transient solution-network, is ap-

praised as ξ = 〈RG
 2〉1/2�c */c�0.75 with the polymer concentration c.24 For microrheology, probe colloids 

with a core–shell structure are used. The cores are spherical gold nanoparticles with diameter of 15 nm 

purchased from NanopartzTM, whereas the shell is a PEG (Mw = 5,000 g mol–1) layer. With that, the 

probe colloids are significantly larger than the estimated mesh size of the semidilute solution-network, 

so we expect comparability between the microrheology and the macrorheology results.25 Table 1 sum-

marises the measured and calculated molecular and structural properties of the PEG samples. 
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g �2��q,τ� = 
〈I �q,t� · I (q,t + τ)〉

〈I (q,t)〉2   (1) 

is converted into the amplitude autocorrelation function Fs�q,t� via the Siegert relation 

Fs�q,t� = g �1��q,τ�=�g �2��τ� – 1  (2) 

with the angular- and time-dependent intensity I (q,t), and the lag time τ. In these equations, the scat-

tering vector q is defined as q = (4πnD/λ)·sin(θ/2), with nD, θ, and λ, the refractive index of the sol-

vent, the scattering angle, and the laser wavelength. The amplitude autocorrelation function Fs�q,t� is 

the Fourier transform of the van-Hove-autocorrelation function, describing the time- and space-de-

pendent particle motion as an ensemble. The experimental autocorrelation data are fitted by an expo-

nential function g �1��q,τ� = A · exp(– τ/τR) for ideal diluted solutions of dispersed spherical parti-

cles, with the amplitude A and the characteristic relaxation time τR , and the diffusion coefficient D is 

computed as D = (τR · q 2)
–1

. The hydrodynamic correlation length ξH for polymer solutions in the 

semidilute concentration regime can be calculated by a Stokes–Einstein-analog relation 

ξH=
kBT

6πηD
  (3) 

with the Boltzmann constant kB, temperature T, and the viscosity η. For the microrheology conversion 

process, the time-dependent mean-square displacement 〈∆r (t)
2〉 (MSD) of the probe colloids in the 

polymer solutions is extracted out of a stretched biexponential fit function using the Einstein–Smolu-

chowski identity 〈∆r (t)
2〉 = 6Dt and 

g �1�(q, t) = g (0)∙exp(– q 2 〈∆r �t�2〉
6

)  (4) 

The MSD is then converted into the time-dependent creep compliance J (t) according to 

J (t) = (πa/kBT ) · 〈∆r (t)
2〉, with the particle radius a.27 To calculate the complex shear modulus 

G *(ω), the numerical inversion method introduced by Evans et al.28 based on 

iω

G* (ω)
= iω·J �0� + �1– exp�–iωt1�� J1–J �0��

t1
 + 

exp(iωtN)

η
+ ∑ Jk–Jk-1

tk–tk-1
� ( exp�–iωtk1� – exp�–iωtk� )N

k = 2   
(5) 

is used with the free software Compliance to Complex Moduli V3. 

 

Static Light Scattering 

Static light scattering (SLS) is performed at an ALV-SP86 goniometer equipped with an ALV 3000 

correlator, an ALV High QE APD avalanche photodiode fiber optical detection system, and a Uni-

phase He/Ne laser (22 mW, λ = 32.8 nm). All measurements are carried out at 293 K and at multiple 
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detection angles θ ranging from 30 ° to 150 ° in steps of 10 °. We use the Rayleigh ratio of toluene 

RTol = 1.39·10–5 cm–1 at λ = 632.8 m to calculate the Rayleigh ratio of the samples. PEG solutions with-

out gold nanoparticles are prepared at different concentrations in the semidilute regime, all of which 

at or above the respective overlap concentration (200, 300, and 400 g L–1 for PEG-2k and 35, 70, and 

200 g L–1 for PEG-20k). The sample and cuvette preparation is done analogous to the dynamic light 

scattering procedure described above. For the experimental data evaluation, we plot Kc/R against the 

square of the scattering vector q2 with the contrast factor K = 4π2nD
2 (dn/dc)

2
/NAλ4, using the re-

fractive index of the solvent nD, the refractive index increment (dn/dc), and the refractive index n of 

the polymer solutions. The refractive index increments for both PEG samples are experimentally de-

termined to be 0.135 mL g–1 (PEG-2k) and 0.139 mL g–1 (PEG-20k) at λ = 632.8 nm. 

 

Rheology 

To compare the microrheology results to analogues obtained by classical macrorheology, we per-

form such classical shear experiments with an Anton Paar modular compact rheometer of type MCR 

302 (Anton Paar, Graz, Austria) equipped with a cone–plate measuring system CP50-1/TG with a 

cone radius of 24.983 mm and a cone angle of 0.996 ° at 293 K. For all measurements, a solvent trap is 

used to suppress evaporation of the solvent. To assure comparability, the same PEG samples as in the 

light scattering studies are used, prepared and purified as described above. First, we investigate the 

linear viscoelastic regime boundaries of every sample by implementing an amplitude sweep at a con-

stant frequency of ω = 1 rad s–1 and amplitudes in the range of 0.01–100% of deformation. Then, fre-

quency sweeps are carried out in a frequency range of ω = 0.1–100 rad s–1, performed from high to low 

frequencies, with a fixed amplitude within the linear viscoelastic regime (LVE) of the sample. 

 

4.1.4 Results and Discussion 

In this work, like in others before,1–8 a frequency-independent plateau in the storage modulus G ’ is 

detected in oscillatory shear rheology at low frequencies, as exemplified for PEG-solutions with molar 

masses of 20 kg mol–1 and 100 kg mol–1, both at c = 200 g L–1, in Fig. 2. The value of this plateau lies up 

to three decades above the calculated low-torque limit of the rheometer, whose torque resolution is 

appraised as 

Gmin=
FτTmin

γ0

=
3 Tmin

2π R 3γ0

,  (6) 
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approaches 90 degrees, the fractional error in G′ grows with-out bound even when the error in phase 

angle dδ remains finite. This is just a quantitative way of stating that it is difficult to characterize the 

elasticity of weakly-viscoelastic materials”. The rheological spectrum of our PEG-100k solution in Fig. 

2 (blue symbols) shows that due to these errors, a low-frequency plateau can even exist at high absolute 

modulus-values around 0.3 Pa, despite having nearly the same ratio of G ’ and G ’’ as the pEG-20k 

solution (red symbols). 

As an alternative interpretive approach to the latter method-inherent line of argument, the frequency-

independent curve shape of G ’ can be seen to be not an artifact, but to actually reflect the existence of 

a weak network structure in the sample that is able to store external deformation energy as long as that 

energy is weak. At low shear frequencies, coming along with low shear rates at a given shear amplitude, 

this might be the case, whereas at higher shear frequencies and therefore higher shear rates, these net-

work structures may be destroyed, leading to a transition to the normal terminal flow regime in the 

viscoelastic spectrum. 

To examine whether the low-frequency plateau has its origin in inaccurate phase-angle values or 

appears as a consequence of a real underlying structural feature in the samples, and to get closer insight 

into this structure, we perform microrheology on the polymer solutions, thereby extending the acces-

sible frequency range and obtaining microscopic information about the viscoelastic response of the 

system. 

As this measurement technique does not depend on any phase-angle determination based on the qual-

ity of the initial torque and displacement signal, we may be able to identify whether inaccurate phase 

angles or microscopic structural irregularities are the origin of the low-frequency plateau. The second 

advantage of the microrheology technique for our investigation is that the effective shear forces are 

smaller than those in macrorheology, as there is no external load applied to the sample in microrheol-

ogy, but instead, just the common thermal energy drives a diffusive motion of nanoscopic probe parti-

cles inside the polymer solutions. Therefore, we may presume that, if the hypothesis of a structural 

reason is correct, the low-frequency plateau in the storage modulus should be even more extended to 

even higher frequencies when probed by such passive microrheology. 

 

Microrheology 

Our experiments are based on dynamic light scattering, where we track the Brownian motion of 

spherical gold nanoparticles with a PEG corona through the polymer solutions. The PEG corona pro-
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out of fitted straight lines, such that we conclude all correlation lengths to be smaller than 10 nm. As a 

result of the static light scattering experiments, we cannot find any evidence for clusters or micro-phase 

separated domains of PEG in the aqueous solutions. Similar results have also been found by Borchard 

et al.34 These findings confirm our previous DLS results. After thorough purification, the polymer solu-

tions contain completely and homogeneously dissolved PEG chains, and we can also exclude the hy-

pothesis of air bubbles with sizes in the range of 0.1–1 μm in the solutions.12 As a first brief pre-conclu-

sion, the present results intensify our above assumption that the low-frequency plateau in rheology 

appears to be rather an effect of the rheometer and not due to actual structural features of the PEG 

chains in solution. To tie up this hypothesis, we spend further investigations on the temperature de-

pendence of the low-frequency plateau in macroscopic rheology. 

 

Influence of Temperature 

To further investigate the influence of potential weak aggregates such as hydrogen bonded or hy-

drophobic associations on the low-frequency plateau in rheology, we probe our samples at different 

temperatures. Such interactions can be broken at higher temperatures, which should lead to a distinct 

change in the rheological behavior of the polymer solutions. 

Fig. 10 shows the frequency-dependent storage and loss moduli of the PEG-2k sample in solution at 

c = 200 g L–1, measured at three different temperatures in macrorheology and at two different temper-

atures in microrheology. We see that the low-frequency plateau in macrorheology exists at every meas-

ured temperature, whereby the storage modulus in that plateau shows no systematic dependence on 

the chosen temperature. In microrheology, by contrast, again no such plateau is seen in any case. This 
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Fig. 9. Static light scattering results for PEG-2k (A) and PEG-20k (B) at three different concentrations, measured at 
293 K with the experimental parameters λ = 632.8 nm, dn/dc = 0.135 mL g–1 (PEG-2k) and 0.139 mL g–1 (PEG-20k), 
and n = 1.3288. 
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matter systems, as a macrorheology-probed low-frequency plateau was also found, for example, in su-

pramolecular polymer gels based on PNIPAAm36 or even in systems with micellar components,9,10 

which may all be well explainable by our current conclusions of methodological limits in classical rhe-

ology and sample impurities in light scattering.  
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be reflected in the overall scattering intensities as well as the recorded autocorrelation functions and 

q 2-dependences of relaxation times.  

A major drawback of such metal-ligand mediated networks is the instantaneous gelation once both 

components (metal ion solution and polymer solution) are mixed. A hindered mass transport and 

short equilibration times prevent the formation of homogeneous gels, and the preparation of dust-free 

materials for light scattering experiments remains challenging. To overcome these difficulties, a de-

layed gelation method was developed with externally tunable gelation times. This method additionally 

allows for real-time monitoring of the gelation via light scattering and consequently, a molecular net-

work formation mechanism was proposed.  

This manuscript contributes to the methodical optimization of gel preparation and light scattering 

experiments by implementing a simple but efficient approach towards delayed gelation of transient 

supramolecular systems. The results might be transferrable to other techniques, for example microflu-

idics. To summarize, the scattering behavior of the investigated three model networks demonstrates 

that amongst semi-dilute polymer solutions and permanently connected supramolecular networks, 

such transient networks can be classified as in-betweens.  
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4.2.1 Abstract 

Supramolecular polymer gels are a promising class of materials whose polymer components are 

connected by transient bonds such as metalligand interactions, thereby spanning a dynamic network 

throughout the entire sample volume. Due to the short bond lifetimes in these networks, structural 

characterization on appropriate time and length scales is a challenge. To address this challenge, we vary 

the association strengths of telechelic poly(ethylene glycol) model networks through the use of differ-

ent bivalent metal ions with the aim of conducting a systematic investigation of their scattering prop-

erties. Introduction of a preparation method that opens the opportunity to tune the gelation time al-

lows the underlying gelation mechanism to be revealed by time-resolved light scattering. A statistical 

analysis of the gel scattering intensities shows major differences depending on the metal-terpyridine 

association strength. 

 

4.2.2 Introduction 

Laser light scattering is a powerful non-perturbative tool to study structural properties and dynamic 

processes of various materials, for example size distributions, nanoparticle polydispersities, or protein 

conformations. Since Pusey and van Megen’s approach from 1989 to differentiate between the time- 

and ensemble-averaged intensity correlation function of a dynamic light scattering (DLS) experiment 

on non-ergodic media,1 this technique rapidly evolved to further uncover the complexity of polymer 

network structures swollen in various solvents.2  

Since about the early 2000s, transiently connected networks, also referred to as supramolecular pol-

ymer networks, evolved into a versatile class of soft matter with unique properties and potential for 

applications such as those in bio engineering3–6 or electronics.7,8 To rationally tune these networks and 

gels for such applications, structural analysis for the establishment of structurepropertyrelationships 

is essential.9–11 

The vast majority of the existing light scattering studies and pioneering works on polymer gels is mainly 

focused on chemically connected polymer systems.1,2,12–17 By contrast, there is only few studies focused 

on transient polymer network systems, and those samples covered in these studies are all rather spe-

cific, showing great disagreement in number, assignment, and q-dependence of the relaxation modes 

found. At least two relaxation modes have been found in all systems, whereby the fastest mode is always 

assigned to the cooperative chain dynamics of the (transient) network strands. An intermediate slower 
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mode is often correlated to the macroscopic viscoelastic relaxation of the entire network that can also 

be probed by stress relaxation tests.18–20 If a third mode exists, then this is commonly related to the 

diffusion of polymer clusters or aggregates of different sizes and shapes.21–24 

Additionally, it has been shown that the distribution and the amount of spatial inhomogeneities in gels 

exert a major influence on their properties.2 Although one could expect that reversible polymer gels 

only exhibit a low number of spatial heterogeneities because of their short bond lifetimes, examples of 

inhomogeneous physical polymer gels are also known.25,26  

In this work, we provide a systematic and comparative study on the scattering properties of metallo-

supramolecular tetra-arm poly(ethylene glycol) (PEG) hydrogels, transiently connected through co-

ordination of terpyridine termini to either zinc, nickel, or cadmium ions. By choosing these ions, we 

achieve a sole variation of the network strength, as assessed by the rate constant of complex dissocia-

tion (kdiss,Cd2+ = 25.11 s–1, kdiss,Zn2+ = 1.25 s–1, kdiss,Ni2+ = 2.510–8 s–1, all at 25 °C)27 while keeping all poly-

mer-related parameters such as the concentration or arm length constant. We obtain liquid-like visco-

elastic fluids in the case of cadmium, whereas we obtain viscoelastic gels with zinc. Due to the enor-

mous kinetic stability of nickelterpyridine complexes, gels formed with nickel ions can be categorized 

as pseudo-chemically connected networks.  

In general, metal–ligand interactions incorporated into a polymer system offer a versatile platform 

to form supramolecular gels, as the strength of these directed interactions can easily be tuned by exter-

nal stimuli (pH, temperature, solvent…) or the choice of a competing exchange partner. In combina-

tion with monodisperse star-shaped PEG macromolecular building blocks, these networks can be ex-

pected to form homogeneous structures with defined mesh sizes that can act as model systems. This is 

in fact a basis for our investigation, which targets at forming model-type networks of defined strength 

that allow scattering studies to be conducted and compared with greatest possible consistency.  

A major disadvantage of these metal–ligand interactions, however, is the immediate formation of the 

network upon blending all components, and therefore, a homogeneous mixing is rarely possible, and 

structural artefacts due to incomplete mixing occur.  

In this paper, we introduce a delayed preparation method based on the release of metal ions from 

ethylenediaminetetraacetic acid [M(II)(EDTA)]2– complexes by gradually protonating the EDTA 

with the acidity regulator D-glucono-1,5-lactone (GDL). By this method, we are able to adjust a de-

sired gelation time and perform real-time monitoring of the gelation via light scattering. Based on our 
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scattering results, we propose a gelation mechanism that describes the transition from a pre-gel micel-

lar solution structure with hydrophobic terpyridine cores to a final homogeneous gel.  

Our light scattering results show the expected cooperative motion of polymer strands as a diffusive 

mode, and an additional q-independent second mode if the network relaxation time lies on similar 

times scales as the scattering experiment. The q-dependence of this slow mode is significantly affected 

by the differentiability of the crosslink dissociation time and the polymer-strand relaxation time. 

 

4.2.3 Experimental Part 

Materials. 

All chemicals are purchased from commercial providers and, if not denoted separately, used with-

out further purification. Tetra-arm polyethylene glycol raw material with a molar mass of 10,000 g mol–

1 is purchased from JenKem Technology (Plano, TX, USA) and re-precipitated in ice cold diethyl ether 

before use. 

Tetra-arm PEG-terpyridine. 5.31 g tetra-arm PEG-OH (2.124 mmol hydroxyl groups) and 0.599 g 

KOH (10.62 mmol, 5 eq. per –OH) are dried overnight in separate flaks in high vacuum. Under nitro-

gen atmosphere, 50 mL dry DMSO is added to the KOH, along with the dry polymer and 0.199 g 

Kryptofix® 222 (0.25 eq. per –OH), resulting in a yellow suspension. The reaction mixture is stirred for 

1 h at 70 °C and subsequently, 1.158 g 4′-chloro-2,2′:6′,2′′-terpyridine (4.328 mmol, 2 eq. per –OH) is 

added. The color of the solution then changes to dark red, and after 48 h at 70 °C it is cooled down to 

room temperature. After pouring the suspension into 250 mL of cold brine, a white precipitate is fil-

tered, and the aqueous phase is extracted three times with 100 mL chloroform. The organic phases are 

dried over MgSO4, the solution is concentrated in vacuum and precipitated twice in ice cold diethyl 

ether. 4.72 g (81%) of the yellow polymer is obtained and characterized by 1H-NMR, SEC and 

MALDI. The degree of end group functionalization is independently determined by UV-vis and 1H-

NMR to be 93%. 1H-NMR (DMSO-d6, 400 MHz), δ = 8.70 (ddd, 8H), 8.61 (dt, 8H), 7.99 (m, 17H), 

7.49 (ddd, 8H), 4.37 (t, 8H), 3.83 (m, 9H), 3.49 (m, 1082H, PEG backbone) ppm.  

GPC (DMF with 1 g L–1 LiBr): Mn = 9636 g mol–1, Mw = 10211 g mol–1, PDI (Mw / Mn) = 1.06.  

To use this polymer for light scattering experiments, it is further purified according to the following 

procedure: 4.72 g of tetra-arm PEG-terpyridine is dissolved in dichloromethane, 2 g activated carbon 

is added, and the mixture is heated to reflux for 15 minutes. After filtration, the colorless organic solu-

tion is concentrated in vacuo, and the polymer is precipitated again in ice cold diethyl ether, resulting 
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in a colorless fine powder. After drying in high vacuum, the polymer is re-dissolved in water, filtered 

through a combination of a Whatman® Anotop® syringe filter (diameter: 25 mm, pore size: 0.02 μm) 

and a Millex-LG syringe filter (diameter: 10 mm, pore size: 0.2 μm), and lyophilized. 

 

Methods. 

Homogeneous gel preparation. The targeted polymer concentration in all supramolecular hydro-

gels is set to be the overlap concentration c * = 56 g L–1 that has been determined by capillary viscom-

etry. A stoichiometric ratio of 2:1 of terpyridine : metal cation is used. For this purpose, an aqueous 

solution containing the metal ion as ethylenediaminetetraacetate complex M(II)[EDTA]2– (1 eq. 

metal ion and 1 eq. Na4EDTA), an aqueous solution of D-glucono-1,5-lactone (2 eq.), and an aqueous 

solution of the tetra-arm PEG-terpyridine are vigorously mixed. All volumes and compound concen-

trations are chosen to result in the targeted gel concentration and matching stoichiometry once mixed. 

The gel solutions are transferred via syringe filters into dust-free cylindrical quartz glass cuvettes 

(Hellma, diameter: 20 mm), sealed with Teflon stoppers to avoid evaporation of the solvent, and left 

overnight to form transparent colorless gels and equilibrate. 

Light scattering. All light scattering experiments are performed on a Multigoniometer ALV-CGS-

8F SLS/DLS 5022F, equipped with a He/Ne Laser Uniphase (25 mW, 632.8 nm) and an ALV-7004 

multi-tau correlator connected to an ALV/High QE APD Avalanche photodiode in pseudo cross cor-

relation mode (ALV-Laservertriebs-gesellschaft mbH, Langen Germany). All measurements are car-

ried out on an ALV rotating cuvette unit (CRTU). Temperature control (± 0.1 °C) during measure-

ments is assured by a Lauda ultrathermostat RKS C6 (Lauda Dr. Worbser GmbH, Lauda, Kö-

nigshofen, Germany). The experiments and data acquisition are controlled by an ALV software corre-

lator ALV500/E/EPP-ALV-60X0-WIN 3.0.3.15. A wide range of scattering vectors 

q = (4n sin(/2)) /  with the refractive index n, the scattering angle , and the incident and scatter-

ing wavelength  is investigated. Due to non-ergodicity, the time-averaged intensity autocorrelation 

functions g (2)(τ) of 500 different positions within the gel sample are recorded with a correlation time 

of 60 s and a waiting time of 5 s after each rotation. 

Rheology. Rheology measurements are carried out on an Anton Paar Modular Compact Rheome-

ter type MCR 302. A coneplate geometry CP25-1 with a cone radius of 25 mm and an angle of 1 ° is 

used. The gap is set to 0.05 m and a cooling trap prevents evaporation of the solvent. Motor adjust-

ments and inertia calibrations are implemented prior to each measurement.  
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UV-Vis. Absorption spectra are measured at a Jasco V-760-ST UV/vis spectral photometer 

equipped with a Czerny-Turner double monochromator. Data are acquired in absorption mode with 

0.2 nm data intervals in a wavelength range of 200 nm to 400 nm at 20 °C.  

 

4.2.4 Results and Discussion 

In this study, we systematically investigate the influence of junction association strengths on the 

structural properties of model-like tetra-arm PEG-terpyridine metallo-supramolecular hydrogels by 

static light scattering. Furthermore, the dynamic relaxation times obtained by dynamic light scattering 

experiments are related to those acquired by rheological stressrelaxation tests. 

 

Light scattering on solutions of tetra-PEG terpyridine  

To provide a solid experimental basis for our study, we first investigate aqueous and methanolic 

solutions of tetra-arm PEG-terpyridine without any metal ions in a dilute concentration range of 3 g L–

1 to 40 g L–1, assuming a critical overlap concentration of c * = 56 g L–1 that has been determined by 

capillary viscometry.  

All recorded autocorrelation functions are fitted to bi-exponential decay functions to properly account 

for polymer polydispersity. As already shown in a previous work on semi-dilute PEG solutions, no slow 

modes can be detected if proper purification of the polymers and the light scattering samples is assured 

(see inset Figure 1 (B)).28 Upon increase of the polymer concentration in these aqueous solutions, the 

hydrodynamic radius RH increases linearly by a factor of 3 from 3 nm to 9.5 nm until a critical aggrega-

tion concentration of 24.3 g L–1 is reached. Further increase of the concentration only leads to a slight 

further increase of the hydrodynamic radius. 

Even at these higher concentrations, no phase-separation into a polymer-rich and a polymer-poor 

phase is detected. In contrast to that, no such strong concentration dependence of RH is found in meth-

anolic solutions of tetra-arm PEG-terpyridine, and an average RH of 3 nm is calculated there. 

The diffusion coefficients of each solution show no q-dependence, leading us to the conclusion that 

uniformly sized aggregates have formed in water, similar to the formation of micelles. We assume that 

the hydrophobic terpyridine moieties agglomerate into larger flowerlike structures with an outer hy-

drophilic PEG corona. The aggregation tendency of terpyridine groups in water has also been postu-

lated for sticky block-copolymer micelles by Schubert et al.29 Similar to our findings, the addition of 
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with an inner hydrophobic core (consisting of terpyridine units), and an outer hydrophilic PEG co-

rona. These aggregates exhibit much better solubility in water because the hydrophobic core is 

shielded by the PEG chains. This structural change results in a positive A2. Such minima in Kc/R have 

also been found in other micellar systems, and their origins were partly explained by either a concen-

tration-dependent A2 (A3 is then not negligible), the co-existence of micelles and un-micellized agents, 

or further growth of micelles/aggregates coming along with structural changes.30–32 

 

Homogeneous delayed preparation method and gelation monitoring via LS 

In spite of their many advantages, such as stimuli-responsiveness or the ability to self-heal, most 

associative macromonomer building blocks instantaneously form gels upon blending their reactive 

groups, and due to the drastic viscosity increase that comes along with that, a homogeneous mass 

transport is hindered. 

Hence, compared to their chemical counterparts where specific reaction conditions are necessary and 

gelation times can often be tuned, the lack of homogeneous mixing in supramolecular associated net-

work gels leads to various structural artefacts such as micro-phase separation. To address this chal-

lenge, we use a preparation method that allows the gelation time for supramolecular polymer gels 

crosslinked by metal ions to be tuned. In our approach, the metal (II) ions (e.g., zinc, nickel, cobalt, 

cadmium) are introduced into the polymeric system as 1 : 1 ethylenediaminetetraacetic acid (EDTA) 

pre-complexes. Upon gradual decrease of the pH and therefore protonation of the EDTA carboxylate 

Figure 2. Time-depending intensity correlation functions g (2)(), recorded at 30 °, monitoring the gelation process of a 
tetra-arm PEG-terpyridine zinc hydrogel (Mw = 10,000 g mol–1, c = 56 g L–1). For reasons of clarity, only every tenth run 
is depicted (run duration = 60 s). 
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scattering intensity during the gelation process. Instead of directly using the measured scattering in-

tensity 〈I 〉T, we first normalize it to the intensity counts of the incident laser beam to take into account 

temperature-induced fluctuations of the laser beam. This normalized intensity will further be defined 

as 〈I 〉T,norm. By doing this, we find a continuous decrease until an average ratio of 1.2510–5 is reached 

(Figure 3(A)). This finding is in contrast to most other (chemical) gels, where the recorded intensity 

is remarkably enhanced during a sol–gel transition due to the excess scattering caused by spatial inho-

mogeneities.13,36 Larger intensity fluctuations of partly frozen network strands are already detected af-

ter approximately 48 minutes. According to the intensity decrease and the significant reduction of the 

dynamic correlation length ξH, we presuppose that the former micellar aggregate structures of 9 nm 

break up during network formation. The hydrophobic terpyridine cores are pulled outwards during 

this process due to the enhanced hydrophilicity and repulsive interactions of a charged terpyridine–

metal complex, resulting in a dynamic network with a correlation length of 1.4 nm. The proposed net-

work formation mechanism is depicted in Figure 4(B). There is no evidence for cluster formation 

during the gelation process, as no third diffusive mode appears during the experimental time. We con-

clude that the unusual larger scattering intensity of the unconnected pre-gel polymer solution com-

pared to the gel is based on two special structural features: First, the initial presence of larger polymeric 

Figure 4. (A) Reaction scheme for the formation of the octahedral bis-terpyridine zinc complex. (B) Proposed gelation 
mechanism, starting with micellar polymer aggregates in solution with a hydrodynamic correlation length of 9 nm (i). 
With increasing time and zinc ion content, the hydrophobic cores start to break up to form the transient associations 
(ii). At completed gelation, the dynamic correlation length reaches its minimum of 1.4 nm (iii) and no more hydro-
phobic aggregates are present. 
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aggregates induces a very high scattering intensity. Second, no static inhomogeneities are found in the 

transiently connected gels, resulting in an unusual low scattering intensity in the gel state. 

As the pH of this system is decreased and terpyridine groups are generally sensitive to protons, we 

further investigate the influence of a lower pH on the gelation process. For this purpose, we monitor 

the scattering intensity and hydrodynamic correlation length of a tetra-arm PEG-terpyridine / GDL 

solution without any metal ions and Na4EDTA as a function of the pH value. These measurements 

reveal that the overall intensity decrease could partly be attributed to the protonation of the terpyridine 

heterocycles, but this process only leads to a reduction of the hydrodynamic correlation length to 

5.5 nm (Figure S4). Due to the higher thermodynamic stability of terpyridine–zinc complexes com-

pared to the protonated terpyridine (log(KZn) = 6 vs. log(KH+) = 4.32),37 we assume that the intensity 

decrease is nevertheless mainly governed by the formation of zinc–terpyridine complexes. 

In addition to that spectroscopic assessment, we perform oscillatory shear measurements to com-

pare the mechanical properties of gels prepared by this new method to those of gels prepared by just 

mixing two aqueous solutions of the polymer and the metal ions. The concentration is kept at 56 g L–

1. The overall curve shape can be described by the Maxwell model in all samples, but gels prepared by 

the delayed gelation method exhibit a slightly lower plateau modulus and higher cross-over frequencies 

due to the enhanced acidity of the system (rheology curves in SI, Figure S2). If a significant degree of 

terpyridine protonation occurred, this would lead to a minimized number of crosslinks in the network 

resulting in a significantly lower plateau modulus. As this is not the case, we conclude that protonation 

of terpyridine groups only plays a minor role in the gel formation process. In this context, we also em-

phasize that the EDTA4 molecules are also competing for protons. The consecutive release of zinc 

ions out of an Zn(II)EDTA complex can only take place if the carboxylic groups are protonated. 

The gelation point is determined by rheology at the time tGel, where upon the storage modulus G ’ 

dominates over the loss modulus G ’’. By varying the amount of added GDL, a tailored tuning of the 

gelation time is possible, and we achieve gelation times in the range of 150 minutes for two equivalents 

of acid, 30 minutes for three equivalents, and 15 minutes for four equivalents, if we apply the same 

frequency of 1 Hz in all samples (figure in SI, Figure S3).  

Following the phantom network theory approach by using the plateau modulus Gp obtained by os-

cillatory shear rheology, the Boltzmann constant kB, and the absolute temperature T, it is possible to 

calculate the length of an elastically active chain ξ by 
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ξ = �kBT

GP

3
  (2) 

Inserting GP = 6166 Pa into equation (2) for the zinc gel with a polymer concentration of c = 56 g L–1, 

we obtained ξ = 9 nm. As it has been shown,38 neither the size of an elastic blob obtained by rheology, 

nor the LS dynamic correlation length can be used to appropriately calculate the real mesh size of a 

network. 

 

Structure analysis of metallo-supramolecular gels by light scattering 

Static light scattering 

To gain further insight into the network structure and its dynamic correlations on nanoscopic 

length scales, simultaneous static and dynamic light scattering experiments are carried out. The three 

gel systems of cadmium, zinc, and nickel exhibit major differences in their intensity speckle patterns, 

probability distributions, and correlation functions. Gels with these metal ions are transparent and col-

orless and therefore suitable for light scattering experiments whereas cobalt, manganese, and iron as 

possible alternative ions show dark colors.  

Figure 5(A) shows the averaged scattering intensities 〈I 〉T of 500 randomly chosen points within the 

gels, obtained by rotating the sample cuvette prior to each measurement. Large fluctuations of 〈I 〉T 

depending on the sample position are recorded in the case of nickel, whereas almost no such depend-

ence is found for cadmium. Due to the pronounced speckle patterns, the nickel gel can be considered 

as a purely non-ergodic system. In contrast to that, the cadmium speckle patterns are similar to that of 

a solution and therefore ergodic. The zinc gel lies in between these two boundary cases, as the sticker 

lifetime of a zinc–terpyridine dissociation is on comparable time scales as the experimental correlation 

time. 

As a general trend, the measured average ensemble intensity 〈I 〉E decreases with a decrease in the 

metalterpyridine dissociation constant (red line in Figure 5(A)). While a solution of unconnected 

tetra-PEG terpyridine shows an average scattering intensity of approximately 150 kHz, the scattering 

intensities of the networks are significantly lower; we find 72 kHz for cadmium, 69 kHz for zinc, and 

47 kHz for nickel. The former micellar solution structure must change even in the case of the very 

weakly associating cadmium ions. We hypothesize that for the weakly associated networks with zinc 

and cadmium, there is a significant terpyridine fraction that is not connected to the network. As in 

solution, these terpyridine moieties can aggregate via - stacking and therefore enhance the intensity. 
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P �〈I 〉T� = a ∙ H �〈I 〉T  〈IF〉T� ∙ exp  〈I 〉T  〈IF〉T

〈I 〉E  〈IF〉T
�  (3) 

H (〈I 〉T 〈IF〉T) denotes the Heaviside function with H = 0 if (〈I 〉T  〈IF〉T) < 0 and H = 1 if 

〈I 〉T  〈IF〉T) ≥ 0. The function fits very well to the probability histogram, and we obtain a reasonable 

position-independent fluid intensity 〈IF〉T = 28 kHz (see blue line in nickel speckle pattern).  

In such non-ergodic media, the overall scattered intensity is composed of a fluid component 〈IF〉T and 

a position- and angle-dependent static component 〈I 〉Excess . Having calculated 〈IF〉T, it is possible to 

obtain 〈I 〉Excess  caused by static inhomogeneities: 

〈I 〉Excess  = 〈I 〉E  〈IF〉T  (4) 

〈I 〉Excess –0.5 is plotted against each angle q 2, and according to the Debye–Bueche approach,40,41 which 

regards gels as two-phase systems with randomly distributed micro-phase separated domains, the static 

correlation length Ξ is obtained from the slope and ordinate intercept.2  

〈' 〉Excess
0.5  = 1 + q 2Ξ2

ρPolymer  ρSolvent� ∙ (8π ∙ Ξ3〈c 2〉  (5) 

The Debye–Bueche plot of the nickel gel in Figure 6 shows no significant angular dependence of the 

excess scattering, leading to the conclusion that no static correlation lengths larger than the instrument 

resolution of 10 nm are present. Therefore, we consider the nickel gel as a homogeneous network on 

the length scales of laser light scattering.  

In contrast to that, the scattering 

properties of the weaker associated zinc 

and cadmium gels differ significantly 

from those of the nickel gel. Although the 

zinc gel shows the onset of typical 

speckle-dependent intensity fluctua-

tions, its population distribution cannot 

be fitted by an exponential decay as there 

exists no clear lower cutoff intensity. In-

stead, a Gaussian distribution is used to phenomenologically fit the histogram shape (Figure 5(B)). 

Such a histogram shape might result from a superposition of several intensity distributions with multi-

ple fluid intensities. Due to the fast ligand exchange kinetics in the cadmium and zinc gels, simultane-

ous detaching of one to four arms from the network is possible, thereby leading to fluctuations in the 

fluid intensity. 

Figure 6. Debye–Bueche plot of the excess scattering intensity 
caused by spatial heterogeneities (open circles) vs. scattering vec-
tor q 2 for the nickel gel at a polymer concentration of 56 g L–1 and 
linear data fit (dashed line). No heterogeneities larger than the 
10 nm instrument resolution are detected. 
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The intensity speckle pattern of the cadmium network shows no large fluctuations and is compara-

ble to that of a semi-dilute polymer solution. We consider this system to be ergodic as 〈I 〉E = 〈I 〉T . 
Again, a narrow Gaussian distribution of scattering intensities is recorded (Figure 5(B)). In both net-

works with fast ligand exchange kinetics (cadmium and zinc), the determination of a fluidic contribu-

tion to the total scattering intensity analogous to the nickel gel is not possible. 

 

Dynamic light scattering 

The dynamic correlation length ξH gives further insight into the structural properties, as it can be 

generally related to the mesh size of a network.  

Due to non-ergodicity of the zinc and nickel gels, the time-averaged autocorrelation functions g (2)() 

of 500 positions within the gels cannot be directly converted into the electric field correlation functions 

g (1)() via Siegert relation. Instead, the partial heterodyne method (PHD) introduced by Joosten et 

al.,42 with the homodyne scattering contribution X = 〈IF〉T / 〈I 〉T  and the recorded intensity I (t) is 

used to analyze the DLS data. 

g �2��τ� = 〈 I �t� I (t + τ)〉
〈I (t)〉2 =X 2 ∙ g �1��τ�2+2X ∙ �1X � ∙ g �1��τ� + 1  (6) 

Figure 7 exemplarily shows the time-averaged autocorrelation functions g (2)() of all three gels, meas-

ured at a temperature of 20 °C. For the zinc gel (blue symbols), two distinct relaxation modes are pre-

sent with characteristic relaxation times that differ from each other by three orders of magnitude. 

Therefore, a sum of a stretched decay for the slow relaxation process and an unstretched decay for the 

fast process is used, where b2 and b1 are their respective amplitudes, fast and slow are the characteristic 

relaxation times, and α is the stretch exponent. 

g �2��τ�  1 = A + {b1∙ exp  τ

τfast
�  + b2 ∙  exp{ � � τ

τslow,KWW
�α� }

2

  (7) 

A stretch exponent α below one indicates a distribution of relaxation times and the average time <τslow> 

is calculated 

〈τslow〉 = τslow,KWW

α
 ∙ Γ 1

α
�  (8) 

with the gamma function Γ. Thus, α can be seen as a measure of heterogeneity of the dynamic processes 

of a system. 

The fast diffusion coefficient DGel is then obtained by 

DGel,fast = 1

 q 2〈τfast〉  (9) 
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By plotting the ratio 
〈I 〉T,norm.

DPHD
 versus the recorded normalized intensity 〈I 〉T,norm. in Figure 5(C), the 

data points show a linear relation for the fast relaxation time, proving that the partial heterodyne 

method is not only suitable for the data evaluation of permanently crosslinked gels, but also for transi-

ently associated ones. We obtain an angular-independent fast diffusion coefficient 

DPHD,fast = (1.53  0.03)  10–6 cm2 s–1. This fast mode has also been found in many other works and is 

assigned to the collective motion of the PEG strands between two dynamic crosslinks.21,23,26  

The hydrodynamic correlation length ξH of these fast concentration fluctuations is further calculated 

with the Stokes–Einstein–equation (12), where η is the solvent viscosity, kB is the Boltzmann energy, 

and T is the temperature, resulting in ξH = (1.49  0.02) nm. 

ξH=
kBT

6πηDPHD,fast
  (12) 

The slower relaxation process does not show such a linear dependence on the recorded intensity, but 

instead, rather a broad dispersion of values is obtained (see inset of Figure 5(C)).  

The corresponding slow relaxation times do not depend on the observed length scales q, and an aver-

age inverse relaxation time of slow = (2.69  1.03) s–1 is found. This large deviation of 40% depending 

on the sample position might represent the dynamic heterogeneity within the zinc gel. The ability of 

the hydrophobic terpyridine groups to randomly agglomerate into clusters via - stacking leads to a 

broad distribution of network relaxation times. This effect is also indicated by the broad distribution 

of stretch exponents and even values greater than one, if we do not constrain the fit parameters (Figure 

S5). As the overall dynamics of this system is fast, these temporary small interactions are not detected 

by our static light scattering experiments. 

In contrast to other works that attributed the existence of a third mode to the diffusion of different 

sized clusters within the gel,21–24 no such slow diffusive mode is found in this study. 

Unlike the zinc gel, only one relaxation mode is found in the case of nickel, and the time-averaged 

intensity correlation function g(2)() is fitted with a mono-exponential decay and the characteristic re-

laxation time Nickel. 

g �2��τ�  1 = A + {b1 ∙  exp  τ

τNickel
� }

2
  (13) 

By re-arranging the obtained intensity-dependent apparent diffusion coefficients according to equa-

tion (11), we find a linear dependency, resulting in a gel diffusion coefficient 

DNickel = (1.27  0.05)  10–6 cm2 s–1 with a corresponding hydrodynamic correlation length of 

ξH = (1.68  0.02) nm. The obtained diffusion coefficients show no angular dependence. 
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The cadmium gel exhibits unique scattering properties, as the dissociation time of a terpyridine junc-

tion and the network strand fluctuation happen on comparable time scales. Therefore, the relaxation 

modes are discussed considering the effect of the observed length scale.  

The scattering properties of transiently connected polymer gels are substantially influenced by the 

time scales of chain relaxation and sticker dissociation. In addition to that, a thorough sample prepara-

tion is crucial to avoid larger heterogeneities within the gel. We believe that this study provides valuable 

insights into the underlying network structure and resulting dynamics and can further serve as a fun-

dament to understand more complex systems. 
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in DMF, is investigated. Stress relaxation in such reversible networks is mainly influenced by the dis-

sociation kinetics of a single sticker bond. The specific zincterpyridine dissociation constants and re-

sulting activation energies were obtained in the dilute regime by UV-Vis metal exchange experiments 

and further related to their analogues arising in the percolated gel state.  

Dynamic light scattering experiments provided a slow qindependent relaxation time with a distinct 

temperature-dependence comparable to the macroscopic terminal relaxation time. In addition to that, 

static heterogeneities were found to explicitly influence the distribution of occurring relaxation times 

in the autocorrelation functions, again proving a direct interplay of structure and dynamics. Heteroge-

neous structures therefore imply heterogeneous dynamics if a microscopic perspective is chosen. As 

light scattering only uncovers cooperative diffusive chain motion, the results were complemented by 

self-diffusion measurements of entire dye-labelled polymer building blocks (FRS). Both methods 

(FRS and DLS) cover a length scale range via d, respective q, that could be interconverted to yield a 

master curve. 

The combination of all abovementioned experimental techniques unravels relaxation processes 

within the networks that span a time scale of 15 decades, including cooperative chain motion of short 

segments, viscoelastic relaxation, and center-of-mass diffusion. 
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4.3.1 Abstract 

Supramolecular polymer gels are an evolving class of soft materials with a vast number of properties 

that can be tuned to desired applications. Despite continuous advances concerning polymer synthesis, 

sustainability or adaptability, a consistent understanding of the interplay between structure, dynamics, 

and diffusion processes within transient networks is lacking. In this study, the hierarchy of several re-

laxation processes is investigated, starting from a microscopic perspective of a single sticker dissocia-

tion event up to the center-of-mass diffusion of a star-shaped polymer building block on different 

length scales, as well as the resulting macroscopic mechanical response to applied external stress. In 

addition to that, a second focus is placed on the gel microstructure that is analyzed by light scattering. 

Conversion of the dynamic light scattering (DLS) inverse length scale into real space allows for a com-

bination of relaxation times with those obtained by forced Rayleigh scattering (FRS). For these inves-

tigations, a model-type metallo-supramolecular network consisting of narrowly dispersed tetra-arm 

poly(ethylene glycol)-terpyridine macromolecules that are interconnected via complexation with zinc 

ions is chosen. Assembling the obtained activation energies reveals that all complex dissociation-gov-

erned relaxation processes exhibit similar activation energies. 

 

4.3.2 Introduction 

Polymer networks consisting of macromonomers with reversible crosslinks (also denoted as stick-

ers) are an evolving class of materials exhibiting promising properties due to their dynamic nature. 

Most of these materials are considered as self-healable1 and find applications in various fields such as 

biomedicine2 or electronics.3 The dynamic properties of such transient networks are not only influ-

enced by the type and strength of their crosslinks (hydrogen bonds, metal–ligand–association, - 

stacking) and external stimuli (pH, temperature, or light)4 but also by the position of the sticky groups 

(end-functionalization vs. sidechain sticker) and the macromonomer architecture (linear vs. stars).5 In 

this regard, the approach of developing highly functional materials with tailor-made mechanical prop-

erties requires a profound understanding of the underlying dynamic processes. Although many inves-

tigations have been conducted over the past two decades, predictions of a supramolecular network’s 

performance starting from the properties of its molecular components (e.g. macromonomers) remains 

challenging.6 The complex interplay between the network topology, sticker lifetime(s), and polymer 

chain dynamics necessitates the use of various complementary characterization techniques to cover 

both a broad time window as well as an extensive spatial resolution.  
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Recently, Tang et al.7 revealed a spectrum of several relaxation times that are involved in the total 

relaxation dynamics of their supramolecular system consisting of linear chains with evenly distributed 

sticky groups. Like many others,8,9 they found that the sticker dissociation in the dilute limit is faster 

than the network exchange time measured by classical rheology. This finding can be explained by the 

predictions of the sticky Rouse model where a re-normalized bond lifetime τb* has been introduced, 

showing that a sticker needs several attempts of dissociation and re-association before it can effectively 

liberate and find a new partner and thereby contribute to stress relaxation.10 On top of that, an unex-

pected superdiffusive regime has been found in several types of associative networks including protein-

based hydrogels,11 synthetic polymer gels with extremely high sticker density,12 or star-PEG-terpyri-

dine gels.13 For explanation, a two-state model has been implemented that is able to phenomenologi-

cally describe these anomalous diffusion properties. However, it does not provide a physically mean-

ingful model framework nor meaningful assessment of microscopic variables. As a complement, a mo-

lecular model presented by Ramírez et al.,14 introduces several diffusion mechanisms such as walking 

or hopping, with the latter being the main origin of the superdiffusive regime. By this model, real phys-

ical parameters are obtained, but the predictions overestimate several parameters such as the polymer 

radius of gyration by an order of magnitude. Very recently,15 Rao and coworkers combined forced Ray-

leigh scattering (FRS) and neutron spin echo measurements on protein hydrogels to connect segmen-

tal polymer strand relaxations with the self-diffusion of the network components, thereby spanning a 

huge length scale that ranges from nanometers to several micrometers. They found at least two length-

scale dependent superdiffusive regimes that reflect a multitude of relaxation mechanisms and molecu-

lar states. 

In this study, we aim to further understand and compare the hierarchy of characteristic relaxation 

times coming along with the formation of a model type metallo-supramolecular polymer network tran-

siently built by narrowly dispersed star-shaped poly(ethylene glycol) building blocks.  

UV-Vis measurements at dilute conditions, oscillatory shear rheology, and light scattering are chosen 

as suitable methods to access a wide range of characteristic experimental time and length scales. Our 

investigations are further completed by forced Rayleigh scattering that provides valuable insights into 

self-diffusivities on a broad length scale. The combination of these different but yet synergistic charac-

terization techniques allows us to transfer knowledge gained from the isolated macromonomer in so-

lution to the whole network and connect structural as well as dynamic properties. 
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first order kinetics, the obtained time-dependent absorption curves were fitted to a stretched exponen-

tial function (further information in SI). 

Gel preparation. Throughout this work, we use the expressions ‘gel’ and ‘network’ to identically 

describe the investigated material: a transiently connected supramolecular polymer network that is 

swollen in DMF. The stoichiometric ratio (tpy : zinc) was kept 2 : 1 in all gels. Therefore, the respective 

amount of a zinc nitrate hexahydrate stock solution in DMF was quickly added to a solution of tetra-

arm PEG-terpyridine in DMF. For FRS experiments, 2% (w/v) of the NBD-labeled species were also 

added to this mixture. The immediately forming gel was vortexed for 20 s, centrifuged to remove air 

bubbles, and equilibrated over night at 37 °C. All gels were optically clear.  

Rheology. Rheology experiments were performed on an Anton Paar modular compact rheometer 

type MCR 302 equipped with a cone-plate geometry CP25-1. A gap size of 0.05 μm was chosen, as well 

as a cone radius of 25 mm and an angle of 1 °. To prevent solvent evaporation, a cooling trap was used. 

Frequency sweeps were carried out in the linear viscoelastic regime (LVE), applying constant shear 

rates of γ = 1% and a logarithmic frequency range of ω = 0.01 – 100 rad s–1.  

Forced Rayleigh Scattering. The equilibrated samples were loaded between two quartz glass disks 

that were separated by a Teflon spacer, sealed, and again equilibrated for another day at the desired 

measurement temperature. Experiments were carried out analogous to a previously detailed proce-

dure.12,13 In short, a laser beam (cw, 100 mW,  = 488 nm) that was first split and subsequently focused 

on the sample with a certain angle θ, created a grating with the characteristic spacing d: 

d = λ

2∙sin(
θ

2
)
  (1) 

Due to constructive interference, a short high power bleaching beam with duration of 5001000 ms 

created an amplitude grating of dye concentration by irreversibly photobleaching the label on fluores-

cence-labeled molecules. Molecular diffusion can be monitored by a single attenuated reading beam 

whose diffraction intensity continuously decreases over time due to the vanishing grating. This decay-

ing intensity I (t) was fit by a slightly stretched exponential function: 

I (t) = A + B exp ((
t

τFRS
))2 (2) 

with the incoherent scattering background A, the amplitude B, the characteristic relaxation time τFRS, 

and the stretch exponent β. The average relaxation time <τFRS> was calculated as 

<τFRS> = 
τKWW

β
∙Γ 1

β
�  (3) 

with Γ being the γ function. 
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Light scattering. All measurements were carried out on an ALV-SP125-Goniometer, equipped with 

an ALV/High-QE APD-Avalanche photo diode with fiber optical detection in pseudo cross correla-

tion mode, an ALV 5000/E/PCI correlator, and a JDSU (USA, CA) He/Ne laser (632.8 nm, 35 mW). 

Angular dependent measurements were performed in a range of 30 °< θ < 150 ° corresponding to wave 

vectors of q = (4 n sin(θ/2)) /  with the scattering angle θ, the wavelength , and the refractive in-

dex n = 1.42083 for dimethylformamide (DMF). To account for gel non-ergodicity, scattered light of 

500 independent sample positions was recorded using an ALV cuvette rotation unit (CRTU) with a 

waiting time of 5 s before each measurement and an acquisition time of 30 s (45 °C), 60 s (35 °C), and 

90 s (25 °C). 

Static Light Scattering. To calculate absolute scattering ratios that are independent of setup param-

eters, the recorded sample scattering intensity is divided by the intensity of the incident laser beam. 

This ratio of each gel position was then normalized by the ratio of the standard toluene and multiplied 

with the Rayleigh ratio RR = 1.368  105 cm1. Each position-specific ratio is denoted as 〈ratio〉T, its 

mean value over all 500 positions corresponds to the ensemble average 〈ratio〉E. The scattered light of 

such non-ergodic systems consists of two contributions: a fluid component 〈ratio〉F that is mostly po-

sition- and angle-independent, and a time-independent excess ratio 〈ratio〉Exc, that is caused by frozen 

static heterogeneities. 〈ratio〉F is the lower limit of occurring scattering ratios and is obtained by fitting 

the intensity distribution probability histogram to an exponential decaying function: 

*(〈ratio〉T) = a ∙ H (〈ratio〉T  〈ratio〉F) ∙ exp(
〈ratio〉T  〈ratio〉F

〈ratio〉E  〈ratio〉F
)  (4) 

with the Heaviside step function H = 0 for (〈ratio〉T – 〈ratio〉F) < 0, and H = 1 for 

(〈ratio〉T – 〈ratio〉F) ≥ 0. 〈ratio〉Exc can then be calculated by applying 〈ratio〉Exc = 〈ratio〉E – 〈ratio〉F. 

If the excess scattering ratio exhibits an angular dependence, it is possible to calculate the static corre-

lation length Ξ that can be seen as a quantitative measure for gel heterogeneity. This is done using a 

Guinier-type function,18 where the structure factor SGuinier is approximated by an exponential decay: 

SGuinier ~ exp( q 2 ∙ Ξ2)  (5) 

The slope of a Guinier plot (ln(〈ratio〉Exc) vs. q 2) then equals Ξ2. 

Dynamic Light Scattering. Due to gel non-ergodicity (ensemble-averaged scattering ratio ≠ time-

averaged scattering ratio), partial heterodyne data analysis is chosen to treat the recorded autocorrela-

tion functions.19,20 A sum of an unstretched and a stretched exponential decay captures both relaxation 

processes: 

g �2��q,τ�  1 = X 2∙(g �1��q,τ�)
2
+2X ∙ �1  X � ∙ g �1��q,τ�  (6) 
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with 

g �1��q,τ� = A + bfast ∙ exp  τ

τfast
� + bslow ∙ exp((

τ

τKWW
)

α
)  (7) 

with the homodyne scattering contribution X = 
〈ratio〉F

〈ratio〉T
 , the baseline offset A, the amplitudes bfast and 

bslow, the characteristic relaxation times τfast and τKWW and the stretch factor α. The stretched Kohl-

rausch-Williams-Watts function is chosen to adequately capture the broad distribution of relaxation 

times (α < 1). The average slow relaxation time τslow is calculated as 

τslow = τKWW

α
 ∙ Γ(

1

α
)  (8) 

with the γ function Γ. 

The obtained gel diffusion coefficients DGel,fast = (q 2τfast)
1

 exhibit a sample position dependence of 

the form 

DPHD = �2  X � ∙ DGel,fast  (9) 

and the collective diffusion coefficient DPHD is then calculated by a linearized expression of equation 

(8):20–22 

〈ratio〉T

DGel,fast
 = 2

DPHD
 ∙ 〈ratio〉T  〈ratio〉F

DPHD
  (10) 

with the specific speckle ratio 〈ratio〉T and the fluid ratio 〈ratio〉F. As reported earlier,21 a weighing fac-

tor 〈ratio〉T
1 is used during the linear fitting procedure. The hydrodynamic correlation length ξH that 

can be interpreted as a network mesh size, is calculated via Stokes-Einstein equation (11): 

ξH = kBT

6πηDPHD
  (11) 

with the Boltzmann constant kB, the temperature T, and the solvent viscosity η. 

 

4.3.4 Results and Discussion 

Two sets of tetra-arm PEG-terpyridine macroprecursors with different molar masses 

(10,000 g mol1 and 20,000 g mol1, referred to as 10k and 20k gels when crosslinked in solution) that 

are transiently connected to percolated networks through complexation with zinc ions, are chosen as 

the supramolecular material base for our investigations. The samples are probed from molecular (UV 

spectroscopy), microscopic (light scattering and forced Rayleigh scattering), and macroscopic (rheol-

ogy) perspectives. 
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Rheology 

Rheology measurements provide insights into the macroscopic material properties manifesting 

themselves in time-dependent relaxation processes or elastic and viscous contributions of the mechan-

ical response under an external applied stress. A polymer concentration of 10% (wt/v) is chosen for 

the 10k gels to assure a concentration well below the entanglement limit, but above the chain overlap 

concentration (c * for 10k system has been determined to be 9.4% (wt/v)).17 For the 20k gels, a con-

centration of 20% (wt/v) is chosen to assure an equal sticker concentration when compared to the 10k 

gels. Figure 1 shows the rheological spectra of the 10k and 20k gels. As expected and also shown by 

several other works,23,24 the gels exhibit one single Maxwellian relaxation due to the monodisperse pol-

ymer building blocks and the distinct dissociation rates of a zinc-terpyridine complex. The frequency-

dependent storage and loss modulus (G ’ and G ’’) are fitted to a Maxwell-type model that takes into 

account a distribution of relaxation times.24 The model contains a set of relaxation equations (12 – 14) 

that include a log-normal distribution H (τ) with its maximum at the characteristic relaxation time τR, 

the amplitude A, and the standard deviation σ2 (Fit, Residual and exemplary distribution in SI, Figure 

S2). 

G '(ω) = + H (τ)
ω2τ2

1 + ω2τ2  dln(τ)
  ∞

-∞
  (12) 

G '' (ω)= + H (τ)
ωτ

1 + ω2τ2  dln(τ)
  ∞

-∞
  (13) 

H (τ)= A ∙ exp ( (ln(τ)  ln(τR))2

2σ2 )  (14) 

Figure 1. Frequency-dependent rheological spectra of the 10k ((A), Mw = 10,000 g mol1, 10% (wt/v)) and 20k ((B), 

Mw = 20,000 g mol1, 20% (wt/v)) gels at the temperatures of 10 °C, 15 °C, 25 °C, and 35 °C. Fits are shown as straight 
lines. 
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In general, all 20k gels exhibit slightly higher plateau moduli GP than the 10k gels. A higher total poly-

mer concentration enhances the probability of interchain bonding instead of elastically inactive intra-

chain bonding as it might be the case in the 10k gels. Despite different arm lengths, both gel types show 

nearly the same cross-over frequencies between G ’ and G ’’ at the same temperatures, and, as expected, 

an Arrhenius type temperature dependence if ln(τR
1 = kR) is plotted vs. T 1 (inset of Figure 2). From 

the slopes of such Arrhenius plots, activation energies are calculated to be (70.91  1.30) kJ mol1 

(10k) and (64.44  3.25) kJ mol1 (20k). As expected, the activation energies for both systems (10k 

and 20k) are nearly identical within the margins of error. This fact is expected since the gel concentra-

tions of both gels (10k and 20k) were chosen to be in the semi-dilute regime to avoid entanglements 

or other strong intramolecular interactions that could exert influence on the activation energies. In 

addition to the characteristic relaxation times τR, the model also provides the standard deviation σ2 as 

a quantitative measurement for the width of the relaxation time distribution. Comparison of the gels 

with different arm lengths shows slightly elevated σ2-values for the 20k gels and no significant temper-

ature-dependence (Figure S3). 

 

Dilute kinetics 

The network relaxation time in transiently connected polymer systems is mainly governed by the 

kinetics of their single associative junctions.7 In the tetra-arm PEG-terpyridine networks, the rate-de-

termining step of network rearrangement is the dissociation rate of a zinc terpyridine complex, and it 

can be investigated by UV-Vis based metal exchange experiments. For this purpose, we synthesized a 

low-molecular weight model compound (1) consisting of a terpyridine group and only two ethylene 

glycol units attached to it via an oxygen atom to assure similar electronic conditions as in the polymer 

macromolecules. Additionally, a molecule with a distinct low molecular weight was intentionally cho-

sen to avoid any polymer chain-related effects (e.g. chain concentration) that could lead to further 

interfering interactions. In our classic metal ion exchange experiment, zinc ions of the low molecular 

weight model compound-Zn(II)-complexes (1) are replaced by stronger binding Cu(II) ions that are 

present in a 20 fold excess. The terpyridine concentration is kept at 2  105 mol L1 in DMF, and the 

evolution of the characteristic metal ligand charge transfer (MLCT) band at 336 nm is observed. The 

time-dependent normalized absorbances at four different temperatures are shown in Figure 2.  
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Fitting these time traces to an exponential function provides the characteristic dissociation time τdilute 

of the zinc terpyridine complex in DMF. We obtain a lower activation energy of EA,di-

lute = (58.27  0.98) kJ mol1 compared to our rheology experiments with the 10k and 20k gels 

((70.91  1.30) kJ mol1 and (64.44  3.25) kJ mol1). This finding is explainable if we consider the 

activation energy obtained by rheology Ea,Rheology to consist of two additive contributions: the prior dis-

sociation of a zinc terpyridine complex EA,dilute and the subsequent relaxation of the polymer chain EA,pol-

ymer.17,25  

By means of rheology, Rossow et al.17 probed a semi-dilute solution of tetra-arm PEG-terpyridine 

macromolecules without addition of any metal ions to obtain the activation energy of flow Ea,flow that is 

purely induced by chain relaxation. Assuming additive contributions of chain relaxation and complex 

dissociation, they subtracted Ea,flow from the activation energy of gel relaxation Ea,Rheology to calculate the 

activation energy for the zinc-terpyridine complex dissociation (Ea,break = 57.4 kJ mol–1). Their value 

could experimentally be verified within the present work thereby strongly supporting the hypothesis 

of additive energy contributions. 

The inset of Figure 2 shows that the absolute relaxation rates kdilute = τdilute
1 (blue open circles) are 

nearly the same as the macroscopic relaxation rates kR = τR
1 measured by rheology (open green and 

purple diamonds). This finding stays in contrast to a study by Tang and Olsen, where the dilute relax-

ation time is faster by an order of magnitude compared to the macroscopic relaxation.7 Identical τdilute 

Figure 2. Normalized evolution of the Cu(II)-terpyridine complex MLCT band at 336 nm at different temperatures of 
10 °C (blue), 15 °C (green), 20 ° (yellow), and 25 °C (red) in DMF. Inset: Arrhenius plot with combination of UV-Vis 
kinetics of the low-molecular model compound (1) (blue circles) and the cross-over frequencies obtained by rheology 
(green diamonds (10k) and purple diamonds (20k)). 
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and τR values indicate an unexpected negligible effect of bond lifetime renormalization, and are pro-

posed in a model introduced by Stukalin and coworkers26 only if the associate bond strength (ex-

pressed by the activation energy EA,dilute) is significantly higher than the restoring energy of a dangling 

chain (consisting of N monomers) with 2 RT ln N. 9 Our UV-Vis experiments revealed a bond strength 

of EA,dilute = (58.27  0.98) kJ mol1, whereas the restoring energy of an arm (Mw,arm = 2,500 g mol1, 

T = 298 K, and N ≈ 56 for the 10k gel) can be calculated as 2 RT  ln N = 19.96 kJ mol1 (23.42 kJ mol1 

for 20k).  

Amin et. al.27 showed in a hybrid Monte Carlo / molecular dynamics simulation study that the frac-

tion of unbound stickers decreases to less than 1% if the bond energy ε exceeds ε ≥ 10 kBT. In our case, 

a bond energy of EA,dilute = (58.27  0.98) kJ mol1 corresponds to 24 kBT, such that the majority of ter-

pyridine complexes are assumed to be in the closed state. Besides the high fraction of closed complexes 

at these high bond energies, they also calculated a fraction of ineffective chains to be at 5% that do not 

contribute to network elasticity. 

 

Light Scattering 

Light scattering is a powerful non-invasive technique that is able to provide valuable insights not 

only into the gel microstructure (static correlation lengths), but also its dynamic processes and hydro-

dynamic correlation lengths. To complete the picture of hierarchical relaxation times within the supra-

molecular model networks, simultaneous static and dynamic light scattering experiments (SLS and 

DLS) on the 10k gel (10% (w/v)) at three different temperatures (25 °C, 35 °C, and 45 °C) are con-

ducted. 

 

Static light scattering 

At each temperature, the gel exhibits a typical intensity speckle pattern (Figure 3(A)) with sample-

position dependent intensities that compromise scattering contributions from frozen heterogeneities, 

as well as contributions caused by thermal fluctuations of the polymer chains that are restricted in their 

motion due to the crosslinks. The latter distinguish themselves by a specific lower cut-off scattering 

ratio that occurs with the highest probability and is referred to as the fluid ratio 〈ratio〉F. To decompose 

both scattering contributions, 〈ratio〉F is obtained by fitting the probability histogram of all measured 

ratios (Figure 3(B)) with an exponentially decaying function (see experimental part).  
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higher temperatures. In contrast to that, the overall scattering ratio 〈ratio〉E shows a distinct angular 

dependence, especially at lower angles (open circles in Figure 4(A)). The second scattering contrib-

utor is the additional excess scattering 〈ratio〉Exc and it is calculated by subtracting the fluid ratio from 

the ensemble ratio. According to the Guinier approach that treats the gel as a medium consisting of 

randomly distributed domains with different densities, we calculate temperature-independent static 

correlation lengths of Ξ25°C = (44  36) nm, Ξ35°C = (54  11) nm, and Ξ45°C = (39  22) nm (Figure 

3(C)). Values in a very similar order of magnitude are also reported for non-ideal permanently con-

nected tetra-PEG hydrogels.28 Even though this transiently connected tetra-arm PEG-terpyridine gel 

is considered as a dynamic model system with its dissociating and re-associating polymer building 

blocks, static heterogeneities with density disparities are clearly present. The light scattering results are 

summarized in Table 1. 

 

Dynamic light scattering 

At all measured temperatures, the gel exhibits two distinct relaxation modes. The intensity correla-

tion functions g (2)(τ) of three out of five hundred randomly chosen positions within the gel are de-

picted in Figure 5. Even though the gels can be considered as non-ergodic media as they exhibit large 

intensity speckle pattern, the recorded autocorrelation functions fully decay to the baseline. This find-

ing is puzzling and further systematic investigations need to be carried out in order to fully understand 

light scattering on reversible gels and other types of soft matter materials. 

Similar to earlier studies,29 the fast mode is assigned to the cooperative segmental relaxation of polymer 

blobs whereas the slow non-diffusive mode is mainly governed by the network relaxation time. On 

these short time scales, the diffusive fast chain motion is decoupled from the viscoelastic network re-

laxation. The diffusion coefficient DPHD of the fast mode that can be converted into the hydrodynamic 

correlation length ξH, is obtained by partial heterodyne analysis (equations (6) – (10)). Plotting 
DGel,fast

〈ratio〉T
 

vs. 〈ratio〉T yields a linear dependence with DPHD extracted from the resulting slope (see Figure S5). 

All calculated diffusion coefficients and hydrodynamic correlation lengths are summarized in Table 1.  

Figure 4(B) shows the obtained fast diffusion coefficients vs. scattering vector q 2. Only a slight de-

pendence at low angles is visible. As expected, the diffusion coefficients increase with increasing tem-

perature due to the faster polymer chain motion. 
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An even broader distribution with relaxation times ranging from 500 ms to 2 s is also found at 25 °C 

(Figure S7). Analogous to the stretch exponent, the distribution significantly broadens with increasing 

temperature and as expected, the relaxation time decreases due to faster thermally activated zinc-ter-

pyridine complex exchange. The broad relaxation time distribution that is only detectable in our light 

scattering experiments could originate from the former found spatial heterogeneities with their signif-

icant differences in polymer density. The position-dependent local network relaxation times are 

strongly affected by the micro-environment of the zinc-terpyridine complexes and the concentration 

of open stickers in close vicinity to bind to. Further, additional slower diffusive modes with small am-

plitudes that are not resolvable on the experimental time scales, might influence the slow relaxation 

time although fitting to a tri-exponential decay does not yield in rational results. Figure 4(D) summa-

rizes the slow relaxation times depending on q 2 and the temperature. We decide to depict the relaxa-

tion times with the greatest frequency, because averaging over such a broad distribution is unsubstan-

tiated. Due to this broad distribution, an activation energy of EA,DLS = (48.37  3.60) kJ mol1 with a 

relatively large uncertainty is calculated. Combination of our static and dynamic light scattering results 

reveals that the spatial density distribution within the polymer gel exhibits a non-negligible impact on 

the network dynamics, thereby leading to an unusual broad distribution of relaxation times. To exam-

ine the reliability of our slow relaxation time determination, we introduce a second method to analyze 

the position-dependent intensity correlation functions. In a first step, we have grouped the recorded 

500 correlation functions into five 100-packs and accordingly calculated five average correlation func-

tions. These average functions were then fitted to equations (6)  (8) yielding five τslow values. By doing 

so, the statistical error of τslow could drastically be reduced and a deviant activation energy of 

EA,group = (66.57  3.35) kJ mol1 is obtained. Applying the fitting of all single 500 functions at lower 

temperatures (25 °C and 35 °C), few very high τslow-values (that might result from incompletely re-

solved correlation functions due to the short experimental correlation time) shift the total average 

value to apparent higher values. In contrast to that, at the highest temperatures (45 °C), both analysis 

methods result in nearly the same <τslow> because the slow mode is well resolved in all correlation func-

tions. This fact mainly affects the slope of the Arrhenius plot and therefore also the activation energy. 

This new activation energy EA,group = (66.57  3.35) kJ mol1 is the same as the one obtained for the 10k 

gel by our FRS experiments. 

Exemplary average correlation functions of different temperatures and a comparison of the slow-mode 

Arrhenius plots of both analysis methods (single vs. group) are shown in the SI (Figure S8). 
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Self-diffusion by FRS 

Forced Rayleigh scattering is chosen as a method to investigate the self-diffusivities of fluorescence-

labeled tetra-arm PEG-terpyridine macromole-

cules through the network on length scales of 

0.5–24 m. The relaxation times are obtained 

by monitoring the Bragg-diffracted beam inten-

sity created by a vanishing sinusoidal dye con-

centration profile. Similar to previously investi-

gated protein-based P4-coils11,15 and linear 

acrylamide chains with nickel–histidine coordi-

nation bonds,12 a phenomenological superdiffu-

sive regime with <τ> ≈ d 2α (α < 1) is found in a 

range of d 2 = 0.3–200 m2 in the 10k gels. Be-

yond this range, terminal Fickian diffusion is ob-

served in all tetra-arm PEG-terpyridine net-

works at various temperatures (Figure 6(A)). 

As reported earlier,11,13 the d 2-dependent re-

laxation times <τ> are fitted to an empirical two-

state model that is based on a set of reaction-dif-

fusion equations. The two-state model assumes 

the polymer to be present in two states: an im-

mobile associated state (A, where its transient 

junctions are connected to the network) and a 

molecular state (M, where it is free to diffuse). 

The molecules interconvert between the two 

states via first-order kinetics that are characterized by the interconversion rates kon and koff.  

M kon⇌
koff

 A  (15) 

Both states are characterized by their diffusivities DA and DM and the concentration changes CM and 

CA over time are described by the following equations: 

∂CM

∂t
 = DM

∂2CM

∂x2   konCM + koffCA  (16) 

Figure 6. <τ> vs. d 2 of a zinc tetra-arm PEG-terpyridine 

network ((A): Mw = 10,000 g mol1, 10% (w/v) and (B): 

Mw = 20,000 g mol1, 20% (w/v)) at the temperatures 
10 °C (blue), 15 °C (green), 25 °C (yellow), and 35 °C 
(red) with fits to the two-state model (dashed lines). Error 
bars depict standard deviations of three different gel posi-
tion measurements. 
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∂CA

∂t
 = DA

∂2CA

∂x2  + konCM  koffCA  (17) 

By fitting the model to the data, the three parameters koff, DM,eff = DM

(1 + Keq)
 with Keq = kon

koff
, and γKeq with 

γ = DA

DM
 are obtained. γKeq is anti-proportional to the width of the superdiffusive regime and can there-

fore be seen as a quantitative measure and is sometimes denoted as anomaly constant. DM,eff at large 

length scales denotes an effective reduced diffusivity reflecting a superposition of all relaxation modes 

(e. g. hopping, walking…). Despite its simplifications and the main assumption of only two existing 

states, the course of <τ> is captured by the two-state model throughout the whole d 2-range (Figure 6, 

dashed lines). Figure 7 shows the obtained temperature-dependent fit parameters koff (A), DM,eff (B), 

and γKeq (C) for the 10k and 20k gels. It should be noted that koff describes the interconversion rate 

from the stated phenomenological associated to the molecular state. As expected, koff is decreasing with 

decreasing temperature whereby the 20k gel has lower absolute koff values.  

In terms of the model, this finding implies that the interconversion between the molecular and the 

associated state is faster with decreasing arm length. 

Even though koff cannot be directly considered to be a physical constant because it is found to have 

significant concentration dependencies,11 we obtain the same activation energies of 

EA,10k = (62.07  4.82) kJ mol1 and EA,20k = (58.13  1.77) kJ mol1 as that obtained by UV-Vis meas-

urements. The activation energy can therefore be considered as independent of arm length and total 

polymer concentration. The width of the superdiffusive regime is increasing with decreasing tempera-

ture and the 20k gels exhibit a less wide superdiffusive regime as expressed by the higher anomaly con-

stant γKeq. The latter fact might result as an effect of the increased total polymer concentration in the 

20k gels and the consequentially decreased number of loops, as found earlier in the rheology section. 

Reduced loop formation would lead to fewer hopping events because more arms are attached to the 

Figure 7. Temperature-dependent two-state model fit parameters koff (A), DM,eff (B), and γKeq (C) of a 10k zinc tetra-
arm PEG-terpyridine (10% (w/v), blue symbols) and a 20k zinc tetra-arm PEG-terpyridine (20% (w/v), red symbols) 
network in DMF. 
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network, giving a narrower superdiffusive regime.14 In general, hopping describes the diffusive motion 

when a star-polymer detaches all four arms from the network and its center-of-mass travels an unex-

pected large distance. Rapp et al.30 showed that the equilibrium binding constant of a sticker is drasti-

cally reduced if other arms of the same molecule are already connected to the network. The chain con-

formation of an unattached arm is limited by the surrounding local network structure and binding is 

therefore entropically unfavoured. They also stated that with increasing chain length, the entropic pen-

alty for binding generally decreases as more chain conformations are possible. We support this finding 

with our 20k gels where the width of the superdiffusive regime is narrowed by an order of magnitude 

when compared to the 10k gels. 

Recent molecular simulations based on Brownian dynamics of star-shaped polymer networks pre-

dict a Fickian regime at low length scales d 2, followed by a caging regime, one (or more) apparent 

superdiffusive regimes and again, Fickian diffusion at large length scales with an effective diffusivity.14 

To combine our light scattering and FRS results, the reciprocal length scale q accessed by LS is con-

verted into real space via d = 2π/q. By doing so, we obtain a length scale range between 0.23 m and 

24 m. Figure 8(A) shows the jointed results. The fast mode obtained by light scattering exhibits a 

linear τfast ≈ d 2 dependency that is typical for diffusive motion (Figure 8(A), open diamonds). This 

cooperative chain motion is faster by seven orders of magnitude than the self-diffusion of a single as-

sociating star. We achieve an overlap of our FRS and DLS data in a length scale range of 

1  102  2  102 m2. At this intermediate length scale d, the center-of-mass diffusion of macromon-

omers, the collective segmental polymer relaxation, and the sticker dissociation is visible. The self-dif-

fusivities probed by FRS might not be visible in our DLS experiments as the experimental time window 

cannot adequately capture such a slow relaxation process.  

Finally, Figure 8(B) shows a combined Arrhenius plot of all inverse characteristic relaxation times 

obtained by UV-Vis, rheology, FRS and DLS. Those rate constants span a broad range of 15 orders of 

magnitude with the fastest rate being the relaxation of single polymer strands between the transiently 

connected stickers as probed by DLS. For this process, a comparably low activation energy of 

(11.62  1.12) kJ mol1 is calculated.  
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4.3.5 Conclusions 

A complex hierarchy of relaxation times is studied in telechelic model-type tetra-arm PEG gels that 

are percolated in solution through transient zinc-terpyridine complexes. In this work, various experi-

mental techniques such as FRS, SLS, DLS, UV-Vis, and rheology are chosen to access broad time and 

length scale ranges and to combine polymer self-diffusivities, single sticker dissociation times as well 

as mechanical stress response. In contrast to other linear polymer networks, the star-shaped polymer 

model network investigated in this study only exhibits a negligible effect of bond lifetime renormaliza-

tion. The diffusion properties are influenced by the appearance of an anomalous superdiffusive regime 

that is less pronounced if the polymer arm length is increased (at constant total sticker concentration). 

A thorough understanding of the supramolecular network dynamics is of major importance to connect 

the microscopic properties with the resulting macroscopic network performance such as self-healing 

or permeability. In addition to that, network dynamics are often influenced by the underlying network 

topology and strongly depend on temperature. Combination of our FRS and LS data shows a multi-

tude of relaxation processes, each with characteristic time and length scale dependencies. In general, 

these insights might be transferable to other associated polymer systems to help completing the picture 

of relaxation processes and mechanisms. Furthermore, we believe that this study can serve as an exper-

imental model basis for simulation works aiming to predict the hierarchy of network relaxation times. 
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Rheology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. (A) Exemplary frequency-depending storage (open circles) and loss (open squares) modulus of a tetra-arm 
PEG-terpyridine gel (DMF, 10 wt%) at 25 °C and fit to a Maxwell type relaxation model (black dashed line). The residual 
is depicted as light blue line. (B) Resulting relaxation time distribution H(τ) of the same gel. 
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Figure S3. Standard deviation σ2 of the relaxation time distribution of a 10k (10% (wt/v), red symbols) and a 20k 
(20% (wt/v), blue symbols) zinc tetra-arm PEG-terpyridine gel (DMF) depending on the temperature. Errorbars repre-
sent uncertainties within 95% confidence interval. 

Figure S4. Arrhenius plot (ln(k) vs. T–1) of the relaxation rates k = τ–1 obtained by oscillatory shear rheology of a 10k 
(green open diamonds) and a 20k (purple open squares) gel. 
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Light Scattering 

 

 

 

 

 

 

Figure S5. 
〈ratio〉

DGel,fast
 vs. <ratio> shows a linear dependence at three different temperatures 25 °C (A), 35 °C (B), and 45 °C 

(C). 
2

slope
 yields the partial heterodyne diffusion coefficient DPHD of the fast relaxation mode. 

Figure S6. Distribution of stretch exponents α of a zinc tetra-arm PEG-terpyridine gel (10% (wt/v), DMF) at 25 °C (A), 
35 °C (B), and 45 °C (C) at an angle of 30 °. α is decreasing with increasing temperature. 

Figure S7. Frequency distribution histogram of the slow relaxation times at (A) 25 °C, (B) 35 °C, and (C) 45 °C. With 
increasing temperature τ shifts to lower values and the distribution broadens. 
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Forced Rayleigh Scattering 

The d 2-spacing dependence of <τ> is fitted to a previously described two-state model.1,3–5 In sum-

mary, the model assumes the polymer to be present in two states: an immobile associated state (A, 

where its transient junctions are connected to the network) and a molecular state (M, where it is free 

to diffuse). Both states are characterized by their diffusivities DA and DM. Following pseudo-first order 

kinetics, the polymers transform between both states and the concentration changes CM and CA over 

time are described by the following equations: 

∂CM

∂t
 = DM

∂2CM

∂x2   konCM + koffCA  (2) 

∂CA

∂t
 = DA

∂2CA

∂x2  + konCM  koffCA  (3) 

kon and koff denote the reaction rates of the interconversion process. By fitting the model to the data, 

the three parameters koff, DM,eff = DM

(1 + Keq)
 with Keq = kon

koff
, and γKeq with γ = DA

DM
 are obtained. γKeq is 

antiproportional to the width of the superdiffusive regime and can therefore be seen as a quantitative 

measure. DM,eff at large length scales denotes an effective reduced diffusivity reflecting a superpositon 

of all relaxation modes (e. g. hopping, walking…).6 
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As explained in detail, supramolecular polymer networks exhibit complex structures with many in-

terwoven parameters (chemistry of polymers, kinetics of linking units, connectivity, etc.) that mutually 

influence the resulting mechanical properties. Creating model networks with simple variation in one 

single network parameter while keeping most other factors constant, remains a difficult goal if the es-

tablishment of generally applicable theories is the subject of interest. 

To overcome this limitation, a series of networks consisting of four-arm macromolecules that were 

gradually replaced by macromolecules with eight arms of the same arm molar mass provided insights 

into structural changes and diffusive properties. While the sticker concentration remains equal, these 

networks were considered as model networks, as only one parameter (e.g. connectivity) was varied. 

The combined results demonstrate a direct relation between an increased defect fraction (as found in 

DQ-NMR measurements), the consequent decrease of the macroscopic elastic network response 

(plateau modulus in rheology), and a strongly increased self-diffusivity (FRAP). Here, structure and 

dynamics are mutually dependent. This approach directly allows for the establishment of struc-

turepropertyrelationships that can further be used if material design with specific functionalities is 

targeted.  
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4.4.1 Abstract 

Hydrogels are polymer networks swollen in water; they are suitable materials for biomedical appli-

cations such as tissue engineering and drug delivery. In the latter, the controlled diffusion of small dif-

fusants inside the network is essential, as it determines the release mechanism of the drug. In general, 

the diffusion inside a polymer network is controlled by its mesh-size. Here, we actively control the 

diffusivity and also the softness of metallo-supramolecular hydrogels via the network mesh-topology 

by introducing connectivity defects. A model polymer network is realized based on a 4-arm poly(eth-

ylene glycol) (pEG) where each arm is capped with terpyridine moieties that are capable to form 

metallo-supramolecular complexes with zinc ions. In this model network, we insert 8-arm pEG macro-

molecules that are functionalized with terpyridine at different ratios to create connectivity defects. 

With an increasing amount of 8-arm pEG, the polymer network forms more loops, as quantified by 

double quantum-NMR. This doped network shows an enhanced self-diffusivity of the building block 

molecules within the network, as examined by fluorescence recovery after photobleaching, and a 

higher softness, as investigated by oscillatory shear rheology. With these findings, we show that it is 

possible to tune the diffusivity and softness of hydrogels with defects in a rational fashion. 

 

4.4.2 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 dis-

cipline, structural inhomogeneities affect the 

properties of polymer-network gels, specifi-

cally 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 exam-

ples for inhomogeneities are found in hydro-

gels, which are three-dimensional polymer 

networks swollen in water.5–7 These polymer 

Fig. 1 Defects in polymer networks created by interconnec-
tion of four-arm star supramolecular precursors on 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. 
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networks can be formed by connection of polymer strands either by supramolecular or covalent cross-

links. 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 evolu-

tion 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 pol-

ymer 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 ξ, as 

illustrated in Fig. 1. During network formation, different types of defects can form. Uneven distribu-

tion of the network crosslinks causes global spatial heterogeneities of some tens to hundreds of na-

nometers in space, and these defects are further pronounced when the polymer network is swollen.8  

Furthermore, irregularity in the local crosslinking-junction functionality results in local connectivity 

defects, which are in the magnitude of 110 nm, as shown Fig. 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 ex-

pected connectivity in a perfectly regular network consisting of only tetra-arm shaped telechelic poly-

mers 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 ap-

plications. 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.11 In drug delivery, by contrast, not only the stiffness or softness of the 
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tissue is important, but also the diffusive permeability, which is governed by the mesh size of the hy-

drogel.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 system-

atically 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 molecu-

lar 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 be-

tween 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-isopropylacryla-

mide) (pNIPAAm) 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 solution tem-

perature 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 mechan-

ical properties.19 Their findings show that with an increasing defect fraction, the Young modulus of the 

tetra-pEG networks decreased accordingly.19  

Targeted 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 viscoe-

lasticity. 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  
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4.4.3 Experimental 

Sample syntheses  

The list of raw materials used to prepare the polymer samples of this work and the synthesis proce-

dure can be found in the Electronic Supplementary Information. 

In short, the hydroxyl termini of commercially available star-shaped pEG polymers were converted to 

terpyridine units by a Williamson type ether synthesis (Figure SI1). 

 

Methods 

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 L1 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 L1).20 Another aque-

ous 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 ϕ8-arm being respec-

tively 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 

ω = 1 rad s–1 and an increasing amplitude of γ = 0.1–100%. Afterwards, the sample was allowed to 

equilibrate again and then frequency sweeps were obtained at 25 °C, at a constant shear rate of γ = 0.1% 

and a frequency range of ω = 0.01–100 rad s–1. 
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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 de-

scribed procedure21 and are visualized in Figure SI4. 

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–1, respectively) were prepared, as well as of the NBD-tagged fluo-

rescent 4-arm pEG-terpyridine (c = 14.7 g L–1) and the zinc nitrate hexahydrate (c = 7.28 g L–1). Final 

gels were prepared by mixing the polymer stock solutions (40 μL total volume: 0%; 25%, 38%, 50%, 

63%, 75%, and 100% 8-arm content), adding 10 μL of the dye-labelled polymer stock solution, fol-

lowed by the addition of 20 μL 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 poly-

mer concentration of 70 g L–1. 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 meas-

urement, 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 excita-

tion 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 disap-

pearance of the initial bleached spot.23,24 The bleached area vanishes due to the exchange and diffusive 
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motion of the dye-labelled supramolecular polymers throughout the system until its pre-bleached flu-

orescence intensity is fully recovered. 

 

1H DQ-NMR 

Low-field NMR experiments were performed on a Bruker MiniSpec mq20 with a magnetic field of 

B0 = 0.47 T. The pulse lengths were between 1.5 and 1.7 µs for 90 ° pulses and between 3.5 and 4.0 µs 

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 pro-

tocol presented in the rheology section and flame-sealed at about 5 cm height to prevent solvent evap-

oration during the experiments. For the DQ experiments, the Baum-Pines sequence25 with incre-

mented 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 T1,HDO = 12 s), while retaining >95% of the polymer signal (esti-

mation T1,poly = 0.5 s). This was validated by the first DQ-measurement of the sample consisting of only 

4-arm stars (ϕ8-arm = 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 T1-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 neg-

ligible 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 meas-

ured quantities, 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 IDQ(tDQ), which 

contains structural information about the sample in the form of residual dipolar coupling (RDC) val-

ues 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 IDQ(tDQ) 

curve. Thus, a second signal function, sometimes also called reference function Iref(tDQ) 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 (13) are used for the 

two signals: 
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IDQ	τDQ
 = ∑ ai ⋅ InDQ,i
 A  l  ⋅  exp [ τDQ

τi
�βi

]3
i = 1   (1) 

and 

IΣMQ	τDQ
 =  ∑ ai exp [ �τDQ

T2,i
�βi

]3 i = 1  + atail exp [
τDQ

T2,tail
]  (2) 

Here InDQ combines the Abragham-Like (A-l)-function that is defined as 

InDQ
 A  l	τDQ
 = 0.5 11  exp 2	0.378DresτDQ
1.53  × cos	0.583DresτDQ
4  (3) 

that was firstly derived in Ref 29. Both functions are fitted simultaneously to the IΣMQ and IDQ 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 ai 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 Iref, 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 ai to certain connectivities as, admittedly, the simply picture of three easily distinguish-

able types of connectivities is certainly a simplification in such a complex system. Instead, we only as-

sign the component a1 to the single link, as the single link can safely be assigned to the component with 

the highest RDC using the proportionality Dres ~ Mc
1 and the simple argument of an increased, appar-

ent 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 a2+a3 or the ratio between the ideal 

connectivities a1 and the sum a2+a3. 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. 

 

4.4.4 Results and Discussion 

Our material basis for systematically studying the effects of connectivity defects on the elastic re-

sponse 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 
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with zinc ions. To ensure the same number of terpyridine stickers in each sample, the 8-arm pEG was 

chosen with a twofold 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 ϕ8-arm. To investigate the influ-

ence 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 nanoscop-

ically by DQ-NMR. The combination of these three characterization techniques allows us to obtain 

information not only on the relaxation dynamics, but also on the structural properties of the system at 

multiple length scales.  

 

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-terpyri-

dine by 8-arm 40K polymers, thereby keeping the number of sticky terpyridine units constant, and an 

overall polymer concentration of 70 g L1. The volume fraction of 8-arm pEG-terpyridine ϕ8-arm 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 ele-

ment, as demonstrated in Fig. 3 (A) by the dashed lines. However, with increasing ϕ8-arm, a slight devi-

ation 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 vol-

ume fraction of 8-arm 40K polymers is shown in Fig. 3 (B). The pure 4-arm 20K sample exhibits the 

highest elastic modulus corresponding to GP,4-arm 20K = 13 kPa, whereas the lowest elastic modulus is 

obtained in the pure 8-arm 40K gel, corresponding to GP,8-arm 40K = 1 kPa. The plateau storage moduli 

of the samples at intermediate compositions systematically decrease with increasing the volume frac-

tion ϕ8-arm. 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 ν) is kept constant in all 

gels. In this model, the plateau modulus GN
 0  is given by 
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G N 0  = νRT  (4) 

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

the temperature. ν can be calculated from the molar concentration of pEG precursors and it corre-

sponds to 

ν = f μ
2

  (5) 

with f  the functionality of the precursor and μ the density of network crosslinks.31 Hence, the theoret-

ical plateau modulus for both pure 8-arm 40K and 4-arm 20K networks is calculated to be roughly 

G N0  = 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 (GP,4-arm 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 

Fig. 3 Frequency-dependent elastic and loss modulus of the hydrogels composed by different ratios of 4-arm pEG-ter-

pyridine (Mw = 20 kg mol1) and 8-arm pEG-terpyridine (Mw = 40 kg mol1) with zinc in water at a total polymer con-
centration of 70 g L–1 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 Gp 

(B) and on the relaxation time τR (cross-over frequency of G ’ and G ’’) (C). The lifetime * of an isolated zinc-terpyri-
dine 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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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 Alternative to the affine model, one could use the phantom model, which would con-

sider the functionality of the stars instead of the total number of strands. In this case, the plateau mod-

ulus of the 8-arm pEG is predicted to be higher than that of 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 ac-

count 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 concen-

tration used in this study (2c *), would fall at the boundary between these two models. However, the 

initial hypotheses of 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 con-

nectivity 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 en-

ergy. Therefore, going from 100% 4-arm pEG-terpyridine (ϕ8-arm = 0) to 100% 8-arm pEG-terpyridine 

(ϕ8-arm = 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 ϕ8-arm (Fig. 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-terpyri-

dine 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 in-

deed mediated by the relaxation of single chains.35,36 Moreover, as it can be seen from Fig. 3 (C), with 

increasing ϕ8-arm, the dissociation times of the gels approaches the dissociation time τ* of an isolated 
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zinc-terpyridine complex in dilute conditions (dotted grey line), taken from Ref. 37 as 1/kdiss. The mac-

roscopic 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 cross-

link. However, a direct comparison between both times should be considered carefully. First, the life-

time 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-pyridyl)pyridine) 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 pyridyl-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 influ-

ence 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 renormal-

ization vanishes with increased defect fraction. 

We further estimate the network mesh size ξ from the elastic modulus by 

ξ = (
RT

GPNA
)

1
35
  (6) 

with R the universal gas constant, T the temperature, Gp the plateau modulus, and NA the Avogadro 

number.39 According to these calculations, we find an increase in the mesh size with increasing ϕ8-arm 

in the network (Fig. 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 

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

nation 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 Fig. 4, where Fig. 4 (B) 

represents the pure 4-arm 20K network and Fig. 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 

nanoscale, we further study the diffusive permeability of the networks by FRAP, and the structural 

properties by DQ-NMR, as follows. 

 

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 at-

tached 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 application of 

any external shear forces such as those 

used during rheology experiments. The 

self-diffusion coefficients of the investi-

gated gels versus ϕ8-arm, are shown in 

Fig. 5.  

As a general trend, the diffusion coeffi-

cient increases by a factor of 5 from 

0.21 μm2 s–1 to 1.1 μm2 s–1 between the 

two composition extremes pure 4-arm 

20K and pure 8-arm 40K. This obser-

vation is in line with the rheology re-

sults, where less elastically active 

Fig. 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 (ctotal = 70 g L–1), obtained by 
FRAP. Errorbars represent standard deviations of measurements at 
three randomly chosen gel positions. 
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tional type of misconnectivity with non-vanishing anisotropic constraints. Although previous experi-

ments on tetra-pEG systems have already shown the necessity of three distinct components in the fit-

ting model, the two-component approach was still tried for the sake of completeness (see Fig. 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 a2 and a3 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.  

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 Fig. 6 (A) for exemplary tail fits). As already 

mentioned, this is a quantitative sum of protonated solvent and actual isotropic polymer material (de-

fects), 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 have the same polymer 

concentration and roughly the same overall volume. Therefore, we reasonably assume a comparable 

fraction of protonated D2O for all samples, being at maximum 1%, as the total isotropic fraction (sol-

vent + 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 Fig. 7 (A). 
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This conclusion is supported by the analysis of 

the corresponding RDC values. As described in 

the advised literature,10 the obtained RDC val-

ues are an abstract measure of the bulk-aver-

aged anisotropy of motion of the backbone seg-

ments under the assumption of fast orienta-

tional averaging of the segmental motion (T ≫ 

TG). Therefore, one can assume that in a net-

work with an increasing and equally distributed 

number of defects, the RDC values must de-

crease, as these increase the effective mesh size 

of the network. With the introduction of the 8-

arm stars, as it can be seen in Fig. 7 (B), a weak 

but significant drop of the RDC value of the a1 

component (the single links) from 47 Hz (ϕ8-

arm = 0) to 30 Hz (ϕ8-arm = 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 ϕ8-arm we now assume even further decreasing RDCs for 

the single links, while defects increase 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). 

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 asso-

ciations, therefore not or only barely contributing to the network. Thus, with increasing content of 8-

Fig. 7 (A) The fractions for each type of connectivities a1-3 
and atail as extracted from the fitting procedure are plotted 
vs. the respective samples. Here, ϕ8-arm indicates the volume 
fraction of 40K 8-arm pEG. A clear relationship between de-
fects and content of 40K 8-arm stars is found. (B) The cor-
responding residual dipolar coupling (RDC) values. Within 
the error bars, no significant change was observed, although 
the dilution effect induced by the 8-arm stars becomes visi-
ble when the weighted RDC is calculated (red star-shaped 
symbols; connection line as guide for the eye). 
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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 

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 concen-

tration of elastic chains. 

The comparison can be found in Fig. 8 and both curves show qualitatively the same behaviour, alt-

hough the data did not overlap within the resulting error bars for the averaged RDC (under the as-

sumption of Gaussian error propagation for ai and Dres,i). 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 mix-

ture of 4-arm stars and 8-arm stars may show more 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 con-

clusions 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, there-

fore leading to the stated dilution effect. 

Fig. 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. 
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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 Fig. 5 and Fig. 7). The trend of the curves is similar, but 

mirrored, since at high ϕ8-arm, more defects translate in a higher diffusion coefficient. 

The DQ-NMR experiments revealed a dilution effect induced by an increasing fraction of 8-arm poly-

mers that have a higher likelihood to form intra-molecular loops. Since loops do generally not contrib-

ute 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 size of the network increases 

with increasing ϕ8-arm, 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 coeffi-

cient of a 4-arm 20K macromolecule increases with increasing ϕ8-arm, as intra-molecular loops might 

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

 

4.4.5 Conclusions 

Hydrogels are appealing materials that, due to their high content of water, can be used for biomed-

ical applications such as in tissue engineering and drug delivery. However, due to the amorphous struc-

tures 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 on the softness and diffusive permeability of supramolecular pEG-terpyridine hydrogels, on 

multiple length scales by systematically introducing 8-arm pEG-terpyridine into a 4-arm pEG-terpyri-

dine 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 ϕ8-arm 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 rhe-

ology and FRAP. These results give a first insight on the effect of controlled connectivity defects on 
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elastic properties of supramolecular hydrogels and bring awareness when tailoring the diffusive prop-

erties 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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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 poly-

mer 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 SI4. In summary, 

hydroxy-terminated tetra-arm pEG-OH with a molar mass of 20 kg mol–1 was reacted with epicholor-

hydrin 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 fluo-

rescence-labelled tracer polymers were obtained. Unreacted excess dye was removed via size exclusion 

chromatography in methanol using a SephadexTM LH-20 column. The degree of terpyridine func-

tionalization was determined by NMR to be 89% (SI5). 
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5 CONCLUSIONS AND OUTLOOK 

In this thesis, the interplay of structure and dynamics in supramolecular model networks was sys-

tematically investigated. The functionalization of monodisperse tetra-arm PEG macromolecules with 

terpyridine ligands on each arm led to the formation of highly dynamic 3D networks once suitable 

transition metal cations were added. Percolated gels with many interesting properties such as self-heal-

ing were obtained by swelling of these networks in appropriate solvents. All contributions to network 

relaxation (e.g. segmental polymer chain relaxation or sticker kinetics, both additionally depending on 

the hierarchical network structure) were explored in detail using several experimental techniques, each 

with a characteristic time and length scale. During all investigations, a special focus was set on the net-

work / polymer characterization by means of static and dynamic light scattering, as this technique is a 

powerful tool to not only obtain information on the dynamic relaxation properties, but also on the 

underlying structure.  

In the first part, the origin of a low-frequency plateau in the storage modulus of unconnected semi-

dilute aqueous PEG solutions was investigated. After thorough sample purification, no slow modes 

were obtained in dynamic light scattering experiments such that the existence of aggregates or clusters 

as possible origin for a weak energy-storing sub-network was excluded. These results were confirmed 

by static light scattering, where no structures larger than the instrument resolution of 10 nm were de-

tected. DLS-microrheology with coated gold nanoparticles as probes completed the findings from a 

microscopic perspective. To summarize this study, the appearance of the low-frequency plateau in rhe-

ology was assigned to instrumental uncertainties that especially occur if either storage or loss modulus 

are dominating by several orders of magnitude. 

Having investigated the scattering behavior of the abovementioned semi-dilute PEG solutions, a 

comprehensive light scattering study of transient tetra-arm PEG-terpyridine networks connected 

through transition metal ions was presented in the second part of this thesis. Semi-dilute solutions of 

those unconnected macromolecules showed unexpected high hydrodynamic polymer radii possibly 

induced by aggregation of terpyridine end groups through hydrophobic interactions and therefore for-

mation of flower-like micelles. To avoid preparation-induced inhomogeneities due to an incomplete 

mass transport, a delayed gelation method was developed. This procedure allowed for real-time mon-

itoring of the scattering intensity and evolution of a second q-independent slow mode during gelation. 

Impacted by the different dissociation constants coming along with the use of either zinc, nickel or 
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cadmium cations, the investigated non-ergodic gels obtained distinct variations in their speckle pat-

terns, number and q-dependence of relaxation modes, and ensemble-averaged intensities. Partial het-

erodyne data analysis was applied for zinc and nickel gels, whereas pure homodyne scattering was ob-

tained in case of the cadmium gels. In agreement with the fluctuation-dissipation principle, the slow 

relaxation mode was assigned to the total network relaxation that corresponds to the terminal relaxa-

tion time obtained by oscillatory shear rheology measurements. 

The overall dynamics of transient networks are characterized by a complex interplay of sticker dis-

sociation and re-association that are pre-programmed by their chemical composition, the relaxational 

polymer Rouse modes depending on the chain length or concentration, and the structural features in-

cluding local defects and heterogeneities. To unravel these interdependences, the hierarchy of occur-

ring relaxation modes on multiple length and time scales was explored by several synergistic experi-

mental techniques such as DLS, SLS, FRS, rheology and UV-Vis. Temperature-dependent measure-

ments provided activation energies for collective polymer motion (small length and fast time scales), 

viscoelastic relaxation (intermediate time and length scales), and self-diffusivities (long time limit and 

large length scales). Structural inhomogeneities in the range of 3050 nm discovered by SLS were 

found to directly influence the emerging slow relaxation times resulting in an unusual broad position-

dependent distribution. 

In future soft matter engineering, the role of defects plays a crucial role to achieve smart materials 

with tailored properties. Controlling the incorporation of defects and their impact on resulting material 

properties requires a deep understanding of structurepropertyrelationships. For this purpose, a 

model system with intentionally implemented connectivity defects was investigated in the last part of 

this thesis. By increasing the fraction of structural irregularities as proven by MQ-NMR experiments, 

a decreasing elastic response and increasing self-diffusivities were obtained. These findings were as-

signed to an apparent dilution effect induced by an increased fraction of intramolecular inelastic loops 

that are invisible for further network relaxation and self-diffusion. 

The wide variety of possible applications in all areas of life underlines the need for further funda-

mental knowledge as every transient system exhibits a unique mutual interplay between structural and 

dynamic properties. General approaches towards predicting the final network performance become 

relevant to meet the more and more complex demands on future materials.  

 

 

  



Publications 

154  Publications with Peer Review Process 

6 PUBLICATIONS 

6.1 Publications with Peer Review Process 

[1] Koziol, M.; . Origin of the low-frequency plateau and the light-scattering 
slow mode in semidilute poly(ethylene glycol) solutions. Soft matter 2019, 15, 2666–2676. (DOI: 
10.1039/C8SM02263A) 

 

[2] Stengelin, E.;  
. Biotherapeutics: Bone Scaffolds Based on Degradable Vaterite/PEG‐Com-

posite Microgels (Adv. Healthcare Mater. 11/2020). Adv. Healthcare Mater. 2020, 9, 2070030. 
(DOI: 10.1002/adhm.201901820) 

 

[3] Koziol, M. F.;  Structural and Gelation Characteristics of Metallo-Supra-
molecular Polymer Model-Network Hydrogels Probed by Static and Dynamic Light Scattering. Mac-
romolecules 2021, 54, 4375–4386. (DOI: 10.1021/acs.macromol.1c00036) 

 

[4] .;* Koziol, M., F.;*  Defect-con-
trolled softness, diffusive permeability, and mesh-topology of metallo-supramolecular hydrogels, Soft 
Matter 2022 (accepted manuscript, DOI: 10.1039/D1SM01456K) 

 

[5] Koziol, M. F.; . Hierarchy of Relaxation Times 
in Supramolecular Polymer Model Networks (submitted and revised to Physical Chemistry Chemical 
Physics, 21.12.2021) 

 

[6] .; Koziol, M.;  
 A Fast and Sustainable Route to Bassanite Nanocrystals from Gypsum. (submitted 

and revised to Advanced Functional Materials, 20.11.2021) 
 

7 CONFERENCE CONTRIBUTIONS 

7.1 Oral Contribution 

Microrheology on weakly associated PEG chains in semidilute solution 

Martha Koziol and , 82nd Meeting on Macromolecules and 24th Polymer Networks 

Group Meeting, 2018, Prague, Czech Republic.  

 



Conference Contributions 

Poster Presentation  155 

7.2 Poster Presentation 

Impact of Clustering on the Dynamics and Relaxation Processes of Associative Metallo-Supramolecu-

lar Polymer Model Networks 

Martha Koziol, , European Polymer Congress 

(EPF), 2019, Crete, Greece. 




