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Abstract 

Hydrogels have emerged as a versatile class of polymer materials, addressing critical 

challenges across various disciplines and driving innovation in material science. 

Herein, the synthesis, characterization, and application of different hydrogels based on 

poly(vinylphosphonates) obtained via rare earth metal-mediated group-transfer 

polymerization is described. First, these innovative materials formed via photochemical 

cross-linking of polymers applying thiol-ene click chemistry are thoroughly 

characterized regarding their mechanical properties, water uptake, and 

biocompatibility, revealing tunable mechanical features and swelling behavior while 

supporting cell adhesion, allowing endothelialization and displaying antibacterial 

activities, hence suggesting significant biomedical application potential. Aiming at 

increased water absorption values, partial polymer-analogous hydrolysis of the 

poly(vinylphosphonates) introduces vinylphosphonic acid units in the polymers, 

yielding superabsorbent networks upon cross-linking. Thin films of these hydrogels 

tethered to the gold surfaces of sensors of a quartz crystal microbalance with 

dissipation monitoring (QCM-D) display strongly pH-dependent swelling behavior and 

high film stabilities on the surfaces, as confirmed by in-depth film and surface 

characterization, allowing gravimetric pH-sensing via QCM-D. Besides this, the 

photochemical cross-linking of poly(vinylphosphonates) is applied to structurally 

reinforce natural nanofibrillated cellulose/alginate inks in direct ink writing (DIW), 

enabling the printing of sophisticated structures with high shape fidelities and excellent 

resolution through layer-by-layer deposition with intermediate cross-linking. In this 

context, the synthetic polymers dictate the printed objects' swelling behavior and 

mechanical properties. Cytotoxicity testing reveals that the pristine inks display only 

slight cytotoxicities toward different cell types, therefore serving as a sound foundation 

for further research on tissue engineering applications. Finally, targeting more dynamic 

hydrogel systems applicable in direct ink writing is achieved by introducing dynamic 

covalent chemistry into poly(vinylphosphonates). The corresponding materials are 

obtained by functionalizing the polymers with diols, followed by complexation with 

boronic acid derivatives. This yields DIW inks with tunable viscoelastic properties and 

shear-thinning behavior, allowing self-healing and displaying pH-responsiveness. 
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Kurzzusammenfassung 

Hydrogele haben sich als eine vielseitige Klasse von Polymermaterialien etabliert, die 

wesentliche Problemstellungen in verschiedenen Fachrichtungen adressieren und zu 

Innovationen in der Materialwissenschaft beitragen. In dieser Arbeit werden die 

Synthese, Charakterisierung und Anwendung verschiedener Hydrogele auf Basis von 

Poly(vinylphosphonaten), die durch Seltenerdmetall-mediierte Gruppentransfer-

polymerisation hergestellt werden, beschrieben. Zunächst werden diese neuartigen 

Materialien, die durch photochemische Vernetzung der Polymere mittels Thiol-En 

Klickreaktionen gebildet werden, hinsichtlich ihrer mechanischen Eigenschaften, 

Wasseraufnahme und Biokompatibilität charakterisiert. Dabei zeigen sich anpassbare 

mechanische Merkmale und Quellverhalten, während sie gleichzeitig die Zelladhäsion 

unterstützen, Endothelisierung ermöglichen und antibakterielle Aktivitäten zeigen. 

Dies lässt auf ein erhebliches biomedizinisches Anwendungspotenzial schließen. Um 

die Wasserabsorption zu erhöhen, werden durch eine partielle polymeranaloge 

Hydrolyse der Poly(vinylphosphonate) Vinylphosphonsäure-Einheiten in die Polymere 

eingeführt, wodurch bei der Vernetzung superabsorbierende Netzwerke entstehen. 

Dünne Filme dieser Hydrogele, die auf die Goldoberflächen von Sensoren einer 

Quarzkristall-Mikrowaage mit Dissipationsmessung (QCM-D) aufgebracht sind, zeigen 

ein stark pH-abhängiges Quellverhalten und eine hohe Filmstabilität auf diesen 

Oberflächen, wie durch eine vielseitige Film- und Oberflächencharakterisierung 

bestätigt wurde, sodass eine gravimetrische pH-Messung mittels QCM-D möglich ist. 

Darüber hinaus wird die photochemische Vernetzung von Poly(vinylphosphonaten) 

eingesetzt, um natürliche, nanofibrillierte Cellulose/Alginat-Tinten beim Direct-Ink-

Writing (DIW) strukturell zu verstärken, was den Druck anspruchsvoller Strukturen mit 

hoher Formstabilität und hervorragender Auflösung durch schichtweises Drucken mit 

intermediärer Vernetzung ermöglicht. In diesem Zusammenhang bestimmen die 

synthetischen Polymere das Quellverhalten und die mechanischen Eigenschaften der 

gedruckten Objekte. Zytotoxizitätstests zeigen, dass die unbehandelten Tinten 

gegenüber verschiedenen Zelltypen nur geringe Zytotoxizitäten aufweisen und 

weshalb diese eine solide Grundlage für weitere Forschungen hinsichtlich des 

künstlichen Anzüchtens von Geweben darstellen. Schließlich wird durch die 
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Einführung dynamischer kovalenter Chemie in Poly(vinylphosphonate) die 

Entwicklung dynamischerer Hydrogelsysteme für das Direct Ink Writing erreicht. Die 

entsprechenden Materialien werden durch Funktionalisierung der Polymere mit Diolen 

und anschließende Komplexierung mit Boronsäurederivaten erhalten. Dadurch 

entstehen DIW-Tinten mit einstellbaren viskoelastischen Eigenschaften und 

scherverdünnendem Verhalten, welche Selbstheilung ermöglichen und pH-responsiv 

sind. 
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1 Advanced polymer materials for future challenges 

Research into innovative materials capable of addressing modern and future scientific 

and societal issues has long moved beyond investigating commodity polymers such 

as polyolefins or polyesters. Instead, there is an increasing demand for advanced 

polymeric materials with tailored properties and multifunctionality to address critical 

challenges in the fields of healthcare, agriculture, biomedicine, construction, and 

energy conversion, to name only some examples.1 Among these emerging materials, 

hydrogels obtained a prominent role due to their unique ability to combine high water 

content with a three-dimensional polymeric network, mimicking biological systems, 

responding to external stimuli (pH, light, temperature, electric fields), and exhibiting 

widely tunable material properties through sophisticated structural design.2–4 In the 

fabrication of hydrogels, precision polymer synthesis is a key factor in developing 

innovative systems, as it enables the modulation of the molecular architecture and 

microstructure of polymers, precisely tuning their macroscopic properties.5 In this 

context, rare earth metal-mediated group-transfer polymerization (REM-GTP) provides 

an advanced synthetic method toward well-defined, high-performance polymers, 

offering excellent control over polymer molecular weights, copolymer compositions, 

and functionality while maintaining narrow dispersities.6–8 Leveraging REM-GTP for 

hydrogel synthesis holds the promise of precisely adjusting network properties through 

tailored polymer synthesis, introducing functionality and stimuli-responsiveness into 

the materials, and, ultimately, generating a new generation of ‘smart’ materials with 

considerable application potential across various fields. After more than 10 years of 

research focusing on understanding the catalysis, expanding monomer and catalyst 

scope, and seeking applications for (co)polymers obtained via REM-GTP, this thesis 

explores the potential of cross-linked poly(vinylphosphonates) by applying these 

previous findings. It represents a holistic approach to material development, starting 

with the fundamental synthesis and characterization of a material, putting the material 

properties into perspective, and understanding the substantial structure-property 

relationships before transferring them to applications. 
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2 Development of polymer materials for functional applications 

2.1 Rare earth metal-mediated group-transfer polymerization 

2.1.1 General aspects of group-transfer polymerization 

Living-type polymerization 

The term ‘living’ polymerization was first mentioned by Michael Szwarc, who described 

the controlled anionic copolymerization of styrene and isoprene initiated by sodium 

naphthalenide.9 The authors of these early studies assigned characteristics of 

biological life, such as birth, growth by the metabolism of monomers, and death, to 

chemical reactions and concluded that polymerizations should be immortal if 

termination reactions are nonexistent.10 In the polymerization experiments, sodium 

naphthalenide, an efficient electron-transfer agent, initiated the polymerization by 

reducing the styrene monomer, which subsequently could undergo dimerization, 

generating a dianionic species.11,12 By choice of tetrahydrofuran (THF) as a polar, 

aprotic solvent, termination reactions by the abstraction of protons by the growing 

anionic chains were suppressed, yielding anionic, dormant species as shown in Figure 

1.9–11  

 

Figure 1: Sodium napthalenide-initiated anionic ‘living’ polymerization of styrene.9,10 

The authors demonstrated that the dormant species, which they termed ‘living 

polymer’, could polymerize either a second batch of styrene or a block of isoprene 
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when thoroughly excluding terminating agents such as oxygen, moisture, and carbon 

dioxide.9,10,13 The virtual absence of a termination reaction in this polymerization 

process allows control over the degree of polymerization (Xn) by the monomer-to-

initiator ratio, simultaneously resulting in narrow polydispersities.14 This aligned with 

previous studies of Flory, who investigated the living polymerization of ethylene oxide 

(EO) and proposed that the concurrent growth of all chains with the same rate enables 

control of Xn and leads to Poisson molecular weight distributions.15,16 In general, ideal 

living polymerizations are characterized by a linear growth of the polymer molecular 

weight with conversion. In contrast, in other polymerization types, high molecular 

weight polymer is formed towards the end of polymerization (step-growth 

polymerization) or already at low monomer conversions (free radical polymerization), 

as shown in Figure 2.17 

 

Figure 2: Degree of polymerization with monomer conversion for different polymerization types. Free radical 
polymerization (dotted line), living-type polymerization (solid line), and step-growth polymerization (dashed line). 

At this point, it must be noted that the term ‘living’ polymerization represents an 

idealized image in different polymerization approaches, assuming the total absence of 

side reactions, such as chain transfer, chain breaking, or termination. In real systems, 

however, these processes can play significant roles. In this context, achieving high 

relative ratios of propagation rate to any side reaction is important to maintain 
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maximum control over the polymerization. Processes in which the propagation step 

prevails over termination or chain transfer are often termed ‘controlled’ polymerization 

rather than ‘living polymerization’.18–21 In the further course of this thesis, systems 

meeting these requirements will be designated as ‘living-type’ or ‘controlled’ 

polymerizations. The presence of dormant species as resting states in living-type 

polymerizations is a powerful tool for developing tailored, functional polymers. In this 

context, sequential monomer addition gives access to block copolymers, and 

quenching of the active chain ends with appropriate, functional substrates enables 

end-capping of polymer chains. The discovery of living polymerization, thus, laid the 

foundation for the precise design of macromolecular structures with well-defined 

morphologies and specific topologies.11,17,18,22,23 Such mechanisms have been realized 

in various polymerization types, each differing from the others in terms of initiation, 

propagation, and potential terminating steps. Anionic living-type polymerizations like 

the abovementioned example involve monomers like styrene, butadiene, 

methacrylates, or ethylene oxide. In these cases, metalorganic compounds often 

initiate the polymerization, and the corresponding metal ions stabilize the active chain 

ends.24,25 In contrast, electron-rich vinyl monomers, such as vinyl ethers, isobutene, 

and (substituted) styrenes, can be polymerized in a highly controlled cationic fashion 

by applying more sophisticated initiating systems, mostly involving Lewis acids.26,27 

Another big class of living-type polymerization methods is presented by controlled 

radical polymerizations (CRPs). Unlike free radical polymerization (FRP), the precise 

synthesis of polymers via CRP proceeds via a fast initiation process and the 

suppression of termination reactions by maintaining low concentrations of radicals. 

This is commonly achieved by establishing a dynamic equilibrium between an active 

propagating radical species and a dormant species, termed reversible-deactivation 

radical polymerization.18 A famous example of CRP includes atom transfer radical 

polymerization (ATRP), which involves a transition metal catalyst capable of 

oxidation/reduction, thereby reversibly cleaving an alkyl halide bond by abstraction of 

the halide ligand and, thus, generating a radical species.28,29 Another well-studied 

example of CRP is given through reversible addition-fragmentation chain transfer 

(RAFT) polymerization, which affords controlled polymerization in terms of molecular 

weight and polydispersity by employing thiocarbonylthio compounds as chain transfer 
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agents leading to low radical concentrations.30,31 The monomer scope of CRP methods 

is wide, ranging from ‘classical’ monomers like styrene derivatives to N-vinyl 

monomers and functional building blocks like substituted (meth)acrylates and 

acrylamides.32–34 The final approach that will be considered in this general overview of 

living-type polymerizations is coordinative polymerization. Similarly to anionic 

polymerizations, metal-catalyzed, coordinative approaches proceed in a living fashion 

with a stabilization of the active chain ends by coordination to a metal center. One 

famous example of this type of polymerization includes the ‘immortal’ ring-opening 

polymerizations (iROP) of lactones like β-butyrolactone (BBL) or ε-caprolactone (CL) 

utilizing aluminum, zinc, or rare earth metal catalysts.17,35,36 Another living-type 

polymerization involving transition metal catalysts based on, e.g., titanium, tungsten, 

or ruthenium, is ring-opening metathesis polymerization (ROMP), which is applicable 

to a broad range of cyclic olefins such as (substituted) norbornene or 

cyclooctatetraene.37–39 Linear α-olefins, in turn, are polymerizable via a coordination-

insertion mechanism using homogenous metallocene catalysts of group 4 metals 

(M = Ti, Zr, Hf) or heterogeneous systems combined with appropriate cocatalysts.40–42 

A significant contribution to the precision polymerization of polar monomers was made 

by the discovery of group-transfer polymerization (GTP) by Owen W. Webster at 

DuPont in 1983.43 In the following sections, different types of GTP, which have been 

developed over the last 40 years will be presented. 

Silyl ketene acetal group-transfer polymerization 

The first report of group-transfer polymerization dates back to 1983. This year, Owen 

W. Webster and colleagues from DuPont reported a fundamentally new polymerization 

method for acrylic monomers using silyl ketene acetals (SKA) as initiators combined 

with nucleophilic catalysts. In their initial study, the authors described methyl 

methacrylate (MMA) polymerization with dimethylketene methyl trimethylsilyl acetal as 

initiator and a nucleophilic catalyst (HF2
-) at 80 °C, allowing unprecedented control of 

the polymerization process as evidenced by narrow polydispersities and molecular 

weights up to 20 kg/mol.43 Besides this initial system for SKA-GTP, other silyl ketene 

acetals were employed with several nucleophilic catalysts (e.g. HF2
-, CN-, N3

-, 

bibenzoates) to polymerize a broad range of methacrylate monomers in a living-type 

fashion, in which the molecular weight was controlled by the ratio of monomer to 



Development of polymer materials for functional applications 
 

 

 
 

9 
 

initiator while maintaining narrow polydispersities.43–45 Regarding the mechanism of 

SKA-GTP, two mechanistic models were proposed. In the associative pathway, the 

SKA group reacts with the nucleophile, forming a complex, which can subsequently 

transfer a silyl group to an incoming monomer. The silyl group remains on the same 

polymer chain throughout the polymerization until it reversibly undergoes silyl end 

group exchange to liberate the catalyst nucleophile. In the dissociative mechanism, the 

first step also involves catalyst complexation. However, the formed complex of SKA 

and nucleophile can reversibly decompose, generating an enolate end for repeated 

conjugate 1,4-addition of MMA until the poly(methyl methacrylate) (PMMA) chains are 

capped by the silicon species, regenerating the SKA end group.44 Both mechanistic 

pathways for the polymerization of MMA via SKA-GTP are shown in Figure 3. 

 

Figure 3: Mechanistic pathways of the SKA-GTP of MMA.44 

After vigorous discussions about the mechanism of SKA-GTP, numerous studies 

suggested that a dissociative mechanism is likely to occur based on the observed 

retardation of the polymerization upon increasing the amount of SKA agent (indicating 

that the complex itself is not adding MMA), the long induction periods (required for 

dissociation and addition to the MMA double bond), and the decrease in the activity in 

the presence of excess catalyst (causing too high amounts of unstable bare 

enolate).46–50 Despite the absence of an actual group transfer, the notion of SKA-GTP 
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persists until today, and SKA compounds are often applied in the precise synthesis of 

complex polymeric architectures (co- and terpolymers, star-shaped structures) from 

different alkyl (meth)acrylates and acrylamides.51–55 

Frustrated Lewis pair group-transfer polymerization 

Another catalytic approach allows the highly controlled polymerization of α,β-

unsaturated monomers (1,4-Michael acceptors) by using frustrated Lewis pairs (FLPs) 

in group-transfer polymerization. The term ‘frustrated Lewis pair’ was originally 

introduced by Stephan et al. to describe combinations of sterically hindered Lewis 

acids and equally bulky Lewis bases.56 The first report on living-type polymerization 

utilizing FLPs described the polymerization of MMA and two methylene butyrolactones 

applying the strong Lewis acid Al(C6F5)3 combined with phosphine and N-heterocyclic 

carbene (NHC) Lewis bases.57 The polymerization of polar, Michael-type monomers 

with FLPs proceeds via repeated 1,4-conjugate addition in which the Lewis base 

initiates the polymerization and the Lewis acid stabilizes the negative charge at the 

acceptor-heteroatom of the monomer. Mechanistic experiments combined with 

computational studies suggested that the propagation involves a bimetallic step in 

which the aluminum-stabilized active species adds a Lewis-acid activated monomer, 

as shown in Figure 4.58 The monomers for FLP-GTP contain the structural motif of a 

double bond in conjugation to a heteroatom. Aside from MMA and a series of lactones, 

this polymerization method also enabled the synthesis of polymers from the polar vinyl-

monomers 2-isoprenyl-2-oxazoline (iPOx) and 2-vinylpyridine (2-VP).59 The monomer 

scope was significantly broadened by Rieger et al. in 2016, reporting the 

polymerization of different methacrylate monomers, diethyl vinylphosphonate (DEVP), 

N,N-dimethyl acrylamide (DMAA), and the 1,6-Michael system 4-vinylpyridine (4-VP) 

utilizing different combinations of highly interacting Lewis pairs (HIPs) with fewer 

sterical demand than FLPs.60 Transferring this concept to another extended Michael 

system allowed the controlled polymerization of 4-vinyl-4′-methyl-2,2′-bipyridine 

(VBpy) with HIPs, which gave access to macromolecular catalysts with high activities 

in the photocatalytic reduction of CO2 to CO.61 A general overview of the Lewis acids 

and bases, the propagation step, and the monomer scope of the controlled 

polymerization of α,β-unsaturated monomers with FLPs or HIPs is given in Figure 4. 
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Figure 4: Overview of exemplary Lewis acids, Lewis bases, propagation step, and monomers of group-transfer 
polymerization with frustrated and highly interacting Lewis pairs.57,59–61 

Rare earth metal-mediated group-transfer polymerization 

Following the discovery of SKA-GTP, two independent research groups reported the 

living-type polymerization of MMA by group-transfer polymerization. In 1992, Collins 

and Ward applied cationic zirconocenes [Cp2ZrMe2]/[Cp2ZrMe(THF)]+[BPh4]- (Cp = 

C5H5
-) to polymerize MMA by a bimetallic GTP mechanism, yielding syndiotactically-

enriched PMMA with polydispersities (Ɖ) below 1.40 and molecular weights up to 160 

kg/mol.62 In contrast, Yasuda and coworkers utilized organolanthanide complexes to 

obtain high molecular weight PMMA (Mn > 550 kg/mol) with exceptionally low 

polydispersities (Ɖ < 1.05). With their seminal work on MMA polymerization with 

binuclear samarocene complexes of the type [Cp*
2SmH]2 (Cp* = C5Me5

-), Yasuda et al. 

laid the foundation for all further developments of REM-GTP. Based on polymerization 

experiments and X-ray structural data, an eight-membered transition state of the 

polymerization was postulated, involving the coordination of one MMA unit in the 

enolate form, whereas a second monomer binds to the Sm center via the carbonyl 

functionality. Initiation was proposed to proceed via a hydride transfer of the catalyst 

to a monomer. The initiation of MMA GTP with [Cp*
2SmH]2 and the transition state of 

the polymerization are shown in Figure 5.63 More insights into the polymerization 

mechanism, catalysts, and monomers, as well as the application of REM-GTP for 

synthesizing functional polymer materials, will be discussed in the following chapters.  
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Figure 5: Mechanism of initiation and propagation of the polymerization of MMA via REM-GTP with [Cp*
2SmH]2.

63 

2.1.2 Mechanistic aspects and catalyst scope 

The first step of polymerizing polar monomers like vinyl phosphonates via REM-GTP 

involves initiating the chain growth of monomers by forming an active chain end. In 

controlled polymerizations, this occurs by a transfer of an initiating ligand of the catalyst 

onto the first monomer unit, as shown for the hydride ligand in Figure 5. In the first 

study on living-type DEVP polymerization, reporting the synthesis of high molecular 

weight poly(vinylphosphonates) (Mw up to 103 kg/mol), σ-donor chloro and methyl 

ligands were applied in Cp2YbX complexes (X = initiating ligand).64 However, several 

other initiation pathways besides a ligand transfer have been identified in REM-GTP 

of trivalent lanthanocenes, depending on the nature of the initiating ligand.65 The 

initiation mechanism of REM-GTP with non-metallocene catalysts proceeds 

similarly.6,7,66–69 Since the potential initiation pathways of REM-GTP are best studied 

for metallocenes of the type Cp2LnX (Ln = rare earth metal center), the focus will be 

on these in the following. Depending on the precursor catalyst, the first step of the 

initiation reaction either involves the dissociation of a bimetallic metal complex by 

coordination of a monomer or a displacement of a weakly bound ligand such as THF 

by an incoming monomer, as illustrated in Figure 6, which displays an overview of 

initiation pathways for REM-GTP of dialkyl vinylphosphonates (DAVP) with 

Cp2LnX(THF) and binuclear [Cp2LnX]2.65 Notably, the coordination strength of 

binuclear catalysts must be low enough to allow fast intercalation of monomers. If this 

is not the case and the dimeric structure is opened only slowly, the consequent 

initiation delay causes a broadening of the dispersity and a loss of control over the 

polymerization.6 Both cases for initial monomer coordination yield a catalyst species 

with a monomer and X bound to the metal center. Starting from this, three different 

pathways have been identified, presented in Figure 6. 
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Figure 6: Possible initiation pathways of DAVP polymerization with Cp2LnX(THF) or [Cp2LnX]2 catalysts via REM-
GTP.65 

The first initiation pathway occurs by a ligand exchange reaction and was confirmed 

via 1H- and 31P nuclear magnetic resonance (NMR) spectroscopic experiments with 

the non-polymerizable, DEVP-related substrate diethyl ethylphosphonate (DEEP). 

Treating Cp2LnX(THF) complexes with DEEP resulted in the formation of 

Cp3Ln(DEEP) and CpLnX2(DEEP) in equilibrium, which was confirmed by single-

crystal X-ray crystallography. This exchange reaction is induced by donor ligands like 

alkoxides and chloro ligands in Cp2LnX(THF).65 The trivalent cyclopentadienyl 

lanthanide complex formed upon ligand exchange is a well-known catalyst for 

vinylphosphonate polymerization, initiating the polymerization by transferring a Cp 

ligand onto the first DAVP monomer.70 Secondly, strongly basic initiators such as 

methyl, hydride, and CH2TMS ligands, commonly applied for the polymerization of 

MMA, were found to initiate the polymerization of DAVP by deprotonation.62–65,71,72 

Electrospray ionization mass spectrometry (ESI-MS) confirmed the initiation of the 

DEVP polymerization with CH2TMS initiators by the slow deprotonation of the acidic α-

CH of the monomer, yielding the allenylic phosphonate intermediate shown in Figure 

6.6,65 The final initiation pathway of REM-GTP with rare earth metallocenes involves 

the nucleophilic transfer of X (X = Cp, thiolates) by the 6-electron mechanism already 

proposed for MMA GTP (Figure 5), which is presented at the bottom of Figure 6.6,63,70 

Besides the three initiation pathways presented above, other studies on REM-GTP 

with metallocene catalysts reported an initiation by redox reactions, which will not be 

addressed in this chapter.73,74 The presence of different initiation mechanisms in REM-
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GTP of vinylphosphonates and their extent and rates depending on the nature of the 

initiating ligand X causes broad dispersities and a loss of control over the 

polymerization.6,65 An efficient initiation of DAVP polymerization was possible by 

thiolato complexes. However, the resulting end group was prone to elimination, and 

these complexes were unsuitable for other monomers like iPOx and 2-VP.65,75 To 

ensure fast and efficient initiation without side reactions, initiators simulating the active 

propagating species by an 8-electron initiation pathway were developed. In this 

context, rare earth metal alkyl complexes can be functionalized with pyridines and 

other substrates via σ-bond metathesis.76,77 The σ-bond metathesis mechanistically 

proceeds as a concerted [2+2]-cycloaddition reaction with a kitelike transition state, 

leading to an exchange of a metal-ligand σ-bond with one of an incoming substrate.78,79 

Applying the CH-bond activation of CH-acidic substrates by yttrium complexes to REM-

GTP allows the introduction of distinct end groups into the polymers.80,81 CH-bond 

activation of 2,4,6-trimethylpyridine (sym-collidine = sym-col) with Cp2YCH2TMS(THF) 

led to the in situ formation of Cp2Y(sym-col), as shown in Figure 7.  

 

Figure 7: CH-bond activation of 2,4,6-trimethylpyridine with Cp2YCH2TMS(THF) generating Cp2Y(sym-col) in situ 
and transition state of the σ-bond metathesis reaction. Subsequent addition of DEVP initiates polymerization via 
the indicated transition state. 

The structure of this complex was also isolated and confirmed by crystallographic data. 

When applying it to REM-GTP of DEVP, the complex exhibited high activities and led 

to a living-type polymerization, resulting in high molecular weight polymers with narrow 

polydispersities. ESI-MS measurements of oligomers revealed exclusive incorporation 

of sym-col as chain ends and, thus, nucleophilic transfer as the dominant initiation 

pathway, which also explained the high initiator efficiencies and can be attributed to 

the lower basicity of sym-col compared to CH2TMS or other alkyl initiating groups.82 
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Similarly, CH-bond activation of 2,3,5,6-tetramethylpyrazine (TMPy) can be applied to 

yield bimetallic catalysts, as shown in studies of Rieger et al. and Mashima et al..81,83 

Incorporating sym-col as a distinct end group into the growing polymer chain is a 

beneficial feature of this approach, allowing for the precise introduction of functional 

motifs into polymers obtained via REM-GTP, which will be addressed later in this work. 

After initiation of DAVP polymerization by transferring a ligand from the catalyst onto 

the first monomer unit, the monomer is bound to the catalyst in its enolate form, and 

another incoming DAVP molecule can coordinate to the rare earth metal center via the 

keto form. Following that, the monomer coordinated via the enolate form attacks the 

keto-coordinated monomer in an eight-membered transition state according to the 

monometallic Yasuda-type propagation mechanism presented for MMA polymerization 

in Figure 5. This 1,4-conjugate addition results in the eight-membered resting state of 

the polymerization, with the last two monomers added to the chain coordinated to the 

catalyst shown in Figure 8.  

 

Figure 8: Yasuda-type, monometallic propagation mechanism of REM-GTP of vinylphosphonate monomers with 
key intermediates and transition states.65 

For subsequent monomer insertions, this intermediate must be opened by an SN2-type 

associative displacement of the polymer chain before the new monomer can 
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coordinate via the electronegative acceptor atom. Mechanistically, this intercalation 

presents the rate-determining step (r.d.s.) for the polymerization reaction and 

presumably occurs via a pentacoordinated intermediate, as shown above.65 Overall, 

the propagation of vinylphosphonate polymerization by REM-GTP proceeds by 

repeated 1,4-conjugate addition of the monomers, maintaining coordination to the 

catalytically active metal center. This ensures the narrow polydispersities and living-

type behavior observed in many studies.8,63,67,68,72 Upon consumption of the monomer, 

the polymerization remains in the eight-membered resting state presented in Figure 8 

until a subsequent monomer is added or the workup with a protic solvent leads to 

termination of the polymerization.65 

The abovementioned propagation mechanism is generally applicable to different 

Michael-type monomers. However, the polymerization activity significantly depends on 

the catalyst applied for REM-GTP. In REM-GTP, three major catalyst classes can be 

identified. Besides the large group of metallocene complexes of the type Cp2LnX, 

originally introduced by Yasuda et al. in their report on MMA polymerization with 

[Cp*
2SmH]2, numerous other examples of efficient rare earth metal-based catalyst 

systems have been reported.6,67,70,72,82 In addition to metallocenes, half-metallocene 

complexes have been investigated for REM-GTP of vinylphosphonate and acrylate 

monomers. In these compounds, only one Cp ligand is bound to the metal center, while 

the second ligand is a different donor, e.g., a chelating amidinate ligand.84,85 Among 

the half-metallocenes for REM-GTP, a subclass is presented by constrained geometry 

catalysts (CGCs) in which a bridge to another ligand (e.g. amido ligand) is introduced 

into a cyclopentadienyl-derived ligand. While the constrained geometry limits the 

flexibility of the Cp-analogous ligand, the resulting complexes exhibit higher steric 

accessibility due to the smaller second ligands and differ in their electronic 

configuration compared to their metallocene counterparts. These features of half-

metallocene complexes bear great potential in the stereospecific polymerization of 

polar monomers.86 A final class of REM-GTP catalysts are the non-metallocene 

catalysts. In these systems, there is a large scope of chelating ligands, like 

bis(phenolate) ethers, bis(phosphinimino)methanide and bis(pyrrolylaldiminato) 

ligands, ene-diamido motifs and numerous other structures coordinated to the metal 

centers and exhibiting polymerization activity for different Michael-type monomers.66–
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69,81,83,87–90 An overview of exemplary catalysts from each class presented above is 

given in Figure 9. 

 

Figure 9: Overview of different catalyst classes for REM-GTP with exemplary structures for each group: 
Metallocenes, half-metallocenes, and non-metallocene catalysts.65,66,68–71,77,81,84–90 

For the widely applied class of metallocene catalysts, the catalyst activity in REM-GTP 

significantly depends on several parameters. Firstly, the radii of the rare earth metal 

centers tremendously impact catalyst performance. In contrast to previous studies on 

MMA polymerization by Yasuda et al.,91,92 the activity of two structurally identical 

catalysts increases with decreasing ionic radius of the metal center for the 

polymerization of vinylphosphonates. Studies of the Rieger group on the 

polymerization of DEVP with rare earth metal complexes revealed an activity increase 

with decreasing ionic radii (r (Sm) > r (Y) > r (Yb) > r (Lu)). In-depth thermodynamic 

considerations attributed this effect to entropic reasons rather than enthalpy 

changes.65 Further, the propagation rate for vinylphosphonate REM-GTP mainly 

depends on the steric demand of the growing polymer chain rather than that of the 

incoming monomer.93,94 Another kinetic aspect of REM-GTP affected by the 

metallocene structure is the effect of the ligand sphere on the catalyst activity. Different 

studies demonstrated that introducing sterically more demanding ligands accelerates 

polymerization.72,95 In this context, the incorporation of TMS and methyl groups into Cp 
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ligands of structurally identical complexes with the same central metal significantly 

decreased the polymerization time for DEVP polymerization and rendered even early 

lanthanocenes active.95 One drawback of the metallocene catalysts is their relatively 

poor activity toward the N-containing monomers such as iPOx and 2-VP, hampering 

the synthesis of high molecular weight polymers and (block) copolymers.75 This was 

solved by applying the abovementioned non-metallocene catalysts for their 

polymerization, giving access to high catalyst activities and enabling copolymerization 

with vinylphosphonates.68,75,81 A more detailed overview of the monomer scope for 

REM-GTP and the copolymerization of Michael-type monomers will be given in the 

next chapter. 

2.1.3 Monomer scope and copolymerization 

The general monomer structure for GTP is a Michael acceptor motif (α,β-unsaturated 

monomers), with a double bond in conjugation to a heteroatom for catalyst 

coordination, thus allowing for repetitive 1,4-conjugate addition as shown in the general 

polymerization scheme in Figure 10. Electronically, the monomers applied in REM-

GTP require the overlap of p-orbitals in the α- and β-position of the heteroatoms to 

ensure an efficient conjugation of both double bonds. Therefore, the steric demand of 

substituents bound to the Michael-acceptor motif determines whether a monomer is 

polymerizable according to a GTP mechanism. Consequently, monomers like methyl 

acrylate (MA), MMA, and DMAA are accessible via (REM-)GTP (MA cannot be 

polymerized by REM-GTP, but is accessible with SKA-GTP). In turn, the distortion of 

the C-C bond of dimethyl methacrylamide (DMMA) due to a steric repulsion of the 

methyl substituents of the amide and in the α-position causes an insufficient overlap of 

said orbitals, hindering GTP (Figure 10).67 The versatility of REM-GTP is, among 

others, founded on its broad monomer scope. Generally, the monomers are divided 

into N-coordinating and O-coordinating monomers. Structures that can be polymerized 

with rare earth metallocenes include a variety of (meth)acrylates, different N-containing 

vinylpyridine monomers, vinylphosphonates, acrylamides, and oxazolines as 

presented in the overview given in Figure 10.7,8,66–69,96,97 Despite applying a different 

catalyst system, Rieger et al. showed that also ‘extended’ Michael-type monomers 

could be polymerized via 1,6-conjugate addition following a GTP pathway.60,61 
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Figure 10: General reaction scheme of GTP and steric configurations of different Michael-type monomers (top). 
General resonance structure of α,β-unsaturated monomers for REM-GTP and examples of different Michael 

acceptor monomers (bottom). 

A notable feature of poly(vinylphosphonates) is their thermoresponsive behavior. 

Aqueous solutions of DEVP homopolymers exhibit a lower critical solution temperature 

(LCST) and undergo reversible coil-globule transition within the physiological 

temperature range.64,70 A precise adjustment of the LCST in the range between 5 and 

92 °C is possible upon copolymerizing different types of DAVPs and varying the ionic 

strength by adding NaCl. The statistical copolymerization of different alkyl-substituted 

vinylphosphonate monomers was confirmed via analysis of the copolymerization 

parameters (r1, r2 ≈ 1), enabling a modification of the cloud points of DEVP upon 

copolymerizing varying amounts of either dimethyl vinylphosphonate (DMVP) or the 

propyl-substituted analog (DPVP).93 Besides LCST behavior, poly(vinylphosphonates) 

were found to be promising candidates for flame retardants due to their excellent 

thermal stability.98 Other appealing application areas of poly(vinylphosphonates) and 

Michael-type monomers, in general, become accessible upon copolymerization of 

different monomer classes. As REM-GTP remains in the eight-membered resting state 

presented in Figure 8 upon complete conversion of a monomer, block copolymerization 

with a second monomer is feasible by sequentially adding monomers to the catalyst. 
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Here, the coordination strength of the monomer to the catalyst metal center plays a 

crucial role. The sequential polymerization of monomers to yield block structures is 

only possible if the order of monomer addition corresponds to the coordination strength 

since weaker coordinating monomers cannot displace stronger coordinating 

monomers. Consequently, if the coordination strength of the first added monomer 

exceeds the coordination strength of the second monomer, only homopolymerization 

occurs. Detailed studies on block copolymerization of different Michael-type monomers 

via REM-GTP found the order presented in Figure 11.6,64,93,99 

 

Figure 11: Coordination strength of different Michael-type monomers to the catalyst metal center. 

A well-studied example of copolymerization involves combining 2-VP and DEVP, 

yielding amphiphilic AB-type P(2-VP-b-DEVP) block copolymers with both 

thermoresponsive and pH-responsive properties.100 These copolymers involve 

hydrophobic, pH-responsive P(2-VP) blocks together with hydrophilic, 

thermoresponsive P(DEVP) blocks and, thus, can form micelles that respond to 

different stimuli, which makes them attractive polymers for diverse biomedical 

applications.7,83,100 By copolymerizing 2-VP as a first block, DEVP as a second block, 

diallyl vinylphosphonate (DAlVP) as the third monomer, and applying bifunctional 

pyrazine initiators yielding B’BABB’-type polymers, Rieger et al. realized the synthesis 

of dual-responsive nanoparticles with a cross-linkable shell bearing great potential for 

nanomedicine.101 In this context, similar studies utilized copolymers of 2-VP and 

vinylphosphonates as efficient nanocarriers for the anti-cancer drug doxorubicin or the 

delivery of small interfering RNA (siRNA).102,103 Considering a biomedical application 

area, these unique features of P(2-VP-b-DEVP) block copolymers are complemented 

by the high cytocompatibility of poly(vinylphosphonates), which has been subject to 

numerous studies.104,105 A final example of utilizing the amphiphilic character of this 

class of copolymers is the application to form photocatalytically active micelles for the 

reduction of CO2. By introducing ortho-methylated bipyridines as initiators into a 2-
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methoxyethylamino-bis(phenolate) yttrium catalyst via CH-bond activation and 

sequential monomer addition, the authors obtained multi-stimuli-responsive micelles 

with binding sites for a rhenium catalyst, which, in turn, could convert CO2 to CO with 

moderate turnover frequencies.106 In another study, the same synthetic approach could 

also be applied to the synthesis of responsive, ruthenium-containing micelles capable 

of reducing biomass-derived aldehydes.107 Besides their stimuli-responsiveness, 

different synthetic polymer functionalization approaches exist to incorporate 

functionality into poly(vinylphosphonates), which will be discussed in the next chapter. 

2.1.4 Polymer functionalization approaches for poly(vinylphosphonates) 

End-group functionalization 

CH-bond activation of 2,6-dimethyl pyridine motifs, as shown in Figure 7, emerged as 

an efficient tool to selectively incorporate distinct end-groups into polymers obtained 

via REM-GTP. In this context, a series of initiators that can be used in their native form 

and are preserved in the final polymer structure were introduced by Rieger et al. 

Besides classic sym-col applied in initial studies on the CH-bond activation of 2,6-

dimethyl pyridines with rare earth metal catalysts, TMPy is a simple derivative that 

yields bimetallic catalysts. These binuclear species are of great interest as they enable 

the synthesis of BAB-type block copolymers from 2-VP and DEVP, successfully 

applied as multi-stimuli-responsive nanocarriers for the targeted delivery of doxorubicin 

to cancer cells.83 Similarly, the application of 2-methyl bipyridine structures enabled 

copolymerization toward P(2-VP-b-DEVP), incorporating rhenium or ruthenium 

anchoring sites as end-groups in the polymers and thus giving access to catalytically 

active micelles.106,107 Next to these initiators, two ready-to-use sym-col derivatives 

susceptible to post-polymerization functionalization via click chemistry were presented. 

On the one hand, an azide-containing moiety enabled the polymerization of DEVP, 

which could be attached to multi-walled carbon nanotubes (MWCNT) via nitrene [2+1] 

cycloaddition in a graft-to approach, successfully stabilizing aqueous suspensions of 

MWCNT against coagulation.108 On the other hand, a vinyl group-containing sym-col 

derivative was successfully attached to PDEVP following the general in situ catalyst 

generation and polymerization pathway. The corresponding polymer allowed the site-

selective introduction of biologically active substrates such as thiocholesterol via thiol-
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ene click chemistry.109 Finally, a macroinitiator prepared via hydrosilylation enabled the 

polymerization of various monomers by either REM-GTP or ROP, yielding hybrid 

materials with an intermediate poly(dimethylsiloxane) block, demonstrating the high 

versatility of CH bond activation.110 Since REM-GTP does not tolerate acidic protons, 

initiators designed to introduce hydroxyl, amine, and thiol groups must be protected to 

facilitate polymerization via REM-GTP. These functionalities could be successfully 

introduced into poly(vinylphosphonates) by applying appropriate protecting groups, as 

shown in Figure 12. Subsequent deprotection under suitable conditions for each 

protecting group liberates the free functional end-groups of the polymers, making them 

accessible for further polymer-analogous transformations.111,112 Analogously, DEVP 

could successfully be polymerized with yttrium catalysts bearing a TMS-protected 

alkyne group, which was deprotected with K2CO3 to generate a motif for azide-alkyne 

click chemistry to decorate gold nanoparticles with PDEVP chains.113 Since only one 

motif of the initiator is present per chain, the tert-butyldimethylsilyl (TBDMS)-protected 

hydroxyl derivative could potentially be applied to estimate copolymer compositions 

via 1H NMR spectroscopy due to the distinct TBDMS-signals in the proton spectrum. 

Overall, the distinct position of the 2,6-dimethyl pyridine derivatives in the isolated 

polymers is an ideal site for end-group functionalization to introduce functionality into 

REM-GTP-originated polymers or to tether them to existing materials to modify their 

properties. An overview of different 2,6-dimethyl pyridine derivatives that were applied 

in REM-GTP of poly(vinylphosphonates) is given in Figure 12. 

 

Figure 12: Overview of different 2,6-dimethyl pyridine derivatives introduced as initiators into rare earth metal 
complexes via CH-bond activation: Native initiators without the necessity for post-polymerization modification and 
protected initiators requiring end-group deprotection under appropriate conditions.83,106–112 
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Next to end-group functionalization, various synthetic approaches for developing 

innovative polymer materials for functional applications exist to specifically target the 

side chains of poly(vinylphosphonates). An overview of these methods will be provided 

in the next section. 

Side chain functionalization  

Living-type polymerization techniques such as REM-GTP allow the precise control of 

molecular weights, compositions, and architectures while maintaining narrow 

polydispersities. Nevertheless, many controlled polymerization techniques are 

severely limited in their scope of functional monomers as functional groups often 

interfere with the living-type character or cause side reactions, leading to a loss of 

reaction control.114 In REM-GTP, the catalysts’ sensitivity to any protic motifs excludes 

numerous functional groups, wherefore suitable protecting group strategies were 

developed.111 An elegant approach to circumvent these limitations is introducing 

functionality via post-polymerization functionalization of monomers with inert side 

chains that allow living-type polymerization.114 For poly(vinylphosphonates), the 

groundwork for this was laid by the introduction of diallyl vinylphosphonate (DAlVP) as 

a ‘disguised’ functional monomer, which can be statistically or block copolymerized 

with DEVP and is susceptible to polymer-analogous transformations via thiol-ene click 

chemistry.96,101,102 Other functionalization approaches of the DAlVP side chains 

explored the bromination and epoxidation of the double bonds. While this partially 

succeeded, these procedures were discarded due to low functionalization degrees and 

solubility issues of the functionalized polymers.96 For allyl group-containing 

poly(vinylphosphonates), the thiol-ene click reaction is the method of choice since it is 

highly efficient and reliable, outperforming other approaches. Thiol-ene click reactions 

proceed with high rate, selectivity, and conversion under mild conditions, yielding little 

to no side products. Furthermore, the reaction tolerates a broad range of functional 

groups among the substrate scope of thiols and is relatively robust toward moisture 

and oxygen. Additionally, it can be photoinitiated, allowing a high spatiotemporal 

control over the initiation. Finally, thiol-ene click reactions are orthogonal to other 

common organic reaction types, making it a highly suitable and efficient tool for 

incorporating functional motifs into vinyl group-containing polymers.115–119 

Mechanistically, the thiol-ene reaction involves a thiol and an ‘ene’, referring to a 
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double bond, to form a thioether. Depending on the alkene substrate, the reaction 

proceeds base or nucleophile-initiated as a thiol-Michael addition for electron-deficient, 

acceptor-substituted alkenes (A = ester, amide, nitrile, Figure 13) or according to a 

radical mechanism for all other alkenes. For the more common radical processes, the 

mechanism includes initiation, propagation, chain transfer, and different termination 

reactions. Initiation is achieved thermally or photochemically by applying appropriate 

initiators, e.g., azobis(isobutyronitrile) (AIBN) or 2,2-dimethoxy-2-phenylacetophenone 

(DMPA) and leading to the formation of thiyl radicals by hydrogen abstraction. These 

react with the double bonds to yield the C-S bond and a carbon radical in the 

propagation step, resulting in the anti-Markovnikov product. The catalytic cycle is 

completed by a chain transfer presenting the rate-determining step in most cases, in 

which the carbon-centered radical abstracts a proton of another thiol substrate and 

sustains the reaction. As for most radical processes, different termination reactions by 

the combination of two radicals can take place, as shown in Figure 13.116,119–121 

 

Figure 13: Mechanisms of the thiol-ene click reaction: Anionic thiol-Michael addition, free-radical mechanism and 
termination reactions. 

For poly(vinylphosphonates), thiol-ene click chemistry was widely applied to transform 

vinyl group-containing end groups introduced via the initiator or side chains of DAlVP-

containing co- and terpolymers. In this context, different biologically active substrates 

like thiocholesterol (targeting the cell walls) or folic acid (growth factor) in a two-step 

approach involving a click reaction with cysteamine and subsequent amide formation 
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were attached to the end or side groups of allyl group-containing 

poly(vinylphosphonates).109 Elaborate studies focused on incorporating these motifs 

into the same polymer in a modular, highly precise fashion. This was possible by 

integrating di(trimethylsilyl)propargyl vinylphosphonate (DPrTMSVP) as a third block 

into P(DEVP-b-DAlVP) block copolymers, allowing the incorporation of thiocholesterol 

by thiol-ene click chemistry preserving the propargyl groups for a following azide-

alkyne cycloaddition to introduce the folic acid structure. Ultimately, this resulted in the 

synthesis of functional polymer materials with biomedical application potential due to 

cytocompatibility.104 Other innovative approaches for applying 

poly(vinylphosphonates) in biological settings involved synthesizing dual-responsive 

ABB’ triblock terpolymers P(2-VP-b-DEVP-b-DAlVP) to form micelles with a cross-

linkable shell. These cross-linked nanoparticles showed attractive material properties 

exhibiting pH-responsiveness inherent to the 2-VP units and LCST behavior caused 

by the poly(vinylphosphonates).101 Similar uncross-linked systems allowed the efficient 

delivery of the anti-cancer drug doxorubicin to cancer cells with these carefully 

designed, non-cytotoxic nanocarriers, revealing the large potential of such high-

precision nanoobjects.83 Based on these studies and the possibility of statistical DEVP 

and DAlVP copolymerization to P(DEVP-stat-DAlVP), the thiol-ene click reaction is an 

elegant approach to cross-link poly(vinylphosphonates) covalently with appropriate 

dithiols. Such cross-linked polymer materials exhibit vast application potential, which 

will be discussed in later chapters.  

An alternative method for the post-polymerization modification of side chains already 

reported in fundamental studies on vinylphosphonate REM-GTP was the polymer-

analogous hydrolysis of poly(vinylphosphonates) toward poly(vinylphosphonic acid) 

(PVPA).70 This well-established procedure involves the reaction of polymers with 

trimethylsilyl bromide (TMSBr) under elevated temperature, leading to a side chain 

dealkylation of the phosphonates, as shown in Figure 14.122 

 

Figure 14: Polymer-analogous hydrolysis of poly(vinylphosphonates) to poly(vinylphosphonic acid).70,122 
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One application of this synthetic approach is the quantitative hydrolysis of PDEVP 

toward PVPA, yielding a polyelectrolyte for complex coacervation, a field of research 

particularly interesting for understanding fundamental processes related to the origin 

of life. In this context, mixtures of oppositely charged polyelectrolytes undergo liquid-

liquid phase separation, forming a polyelectrolyte-rich phase (coacervate) and a 

polyelectrolyte-dilute phase (supernatant). Thus, combining PVPA with polycationic 

peptides, which could be activated and deactivated by an esterification/hydrolysis cycle 

with chemical fuel, reversibly removing and adding charges, led to the formation of 

highly dynamic coacervate droplets.123–125 

2.2 Cross-linked polymer materials 

Cross-linked polymer materials comprise a large class of materials, ranging from stiff 

and robust materials like epoxy resins or cross-linked polyurethanes to flexible 

materials like silicone rubbers to soft, tissue-like materials like hydrogels, to name only 

some examples.3,126–128 They can, among others, be classified according to their cross-

linking mechanism (chemically cross-linked, physically cross-linked, dynamic covalent 

bonds), structural characteristics (thermosets, elastomers, hydrogels), chemical 

composition (natural polymers, synthetic polymers) or according to their application 

area.129–138 Hydrogels are a subclass of cross-linked materials that can retain 

significant amounts of water within their three-dimensional, cross-linked structures 

without dissolving.139 Hydrogels exhibit a broad range of attractive material properties, 

including high water absorption, mechanical stability, biocompatibility, stimuli-

responsiveness, and degradability, making them appealing candidates for a large 

spectrum of applications.140–145 The polymers commonly utilized for hydrogel formation 

are divided into natural and synthetic polymers depending on their origin. Famous 

examples of natural polymers include alginate,146 chitosan,147 agarose,148 hyaluronic 

acid,149 or cellulose derivatives.150 In contrast, synthetic networks are often formed 

from hydrophilic polymers like poly(ethylene glycol) (PEG),151,152 poly(vinyl alcohol) 

(PVA),153,154 poly(acrylic acid) (PAA),155,156 or poly(N-isopropyl acrylamide) 

(PNIPAAm),157,158 among many more. An overview of these examples is given in 

Figure 15. 
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Figure 15: Overview of selected examples of natural and synthetic polymers for hydrogel synthesis. 

2.2.1 Classification of cross-linking mechanisms 

Several cross-linking mechanisms exist to form hydrogels from precursor polymers. 

Different cross-linking types have been defined depending on the nature of the cross-

links to induce network formation. The following overview introduces various cross-

linking mechanisms and highlights their advantages and drawbacks. 

Chemical cross-linking 

Chemically cross-linked hydrogels are classified as three-dimensional networks held 

together by covalent linkages between the polymer chains. For such covalently cross-

linked hydrogels, numerous cross-linking chemistries have been reported with specific 

advantages inherent to the reaction conditions of each cross-linking reaction. In 

general, since its introduction by Sharpless and co-workers in 2001, click chemistry 

emerged as an efficient tool for such cross-linking processes since it ensures high 

yields and selectivities, non-toxic side-products, and mild reaction conditions.159 A 

significant advantage of these reactions, which simply ‘click’ (high reaction rates, 

yields, and selectivities) and do not require elaborate reaction protocols, is that they 

open up the field of hydrogels for many applications since this chemistry is 

implementable by researchers across diverse fields who are not chemical experts.160 
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Examples of such click chemistries for hydrogel formation involve thiol-ene click 

reactions161–163 or copper-catalyzed azide-alkyne cycloaddition.164,165 Besides this, 

traditional radical polymerization methods with polar monomers yield hydrophilic, 

cross-linked materials by copolymerization with multifunctional monomers, resulting in 

chain growth in different dimensions and the one-pot synthesis of cross-linked 

networks. In this context, synthetic hydrogels are often obtained from various 

(meth)acrylate or acrylamide derivatives as well as different PEG-based 

monomers.166–169 Chemical cross-linking often involves auxiliary reagents capable of 

undergoing irreversible reactions with pendant polymer side chains. These cross-

linking reagents incorporate reactive groups like aldehydes, halides, or epoxides, 

which readily react when combined with polymers with nucleophilic groups like 

alcohols or amines. Well-researched representatives of such cross-linking reagents 

are epichlorohydrin and glutaraldehyde, widely used to form poly(saccharide)- or PVA-

derived hydrogels170–173 In case the cross-linkers cannot react with the polymers 

directly, either of the compounds may be activated by appropriate chemical 

transformations such as conversion into active esters using N-hydroxysuccinimide 

(NHS).174,175 A final approach toward covalent cross-linking of (bio)macromolecules 

utilizes enzymes such as transglutaminase, peroxidases, lactamases, or 

phosphatases to cross-link appropriate substrates with high selectivity by either 

activating the substrates or catalyzing covalent bond formation.176–178 Regardless of 

the synthetic approaches toward covalently cross-linked hydrogels, chemical cross-

linking of polymer chains offers several advantages from an application perspective. 

Covalently cross-linked polymer networks generally offer a relatively high mechanical 

strength as the covalent bond is the strongest among the intramolecular interactions. 

Consequently, materials formed upon chemical cross-linking can be very tough and 

resilient, showing no fatigue and high fracture energies due to efficient energy 

dissipation caused by the rigidity of covalent bonds. This is crucial for applications with 

high mechanical stress, such as wearable devices or tissue engineering.179,180 The 

mechanical strength is also linked to exceptional durability, resistance to degradation, 

and thermal and chemical stability, which must be ensured for several (bio)medical 

applications to guarantee longevity and reliability.181–184 Another advantage is that 

macromolecular bond engineering to form covalently cross-linked materials can be 
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applied to form tailored network architectures. In this regard, synthetic, covalently 

cross-linked polymers often allow a precise adjustment of the cross-linking density, 

which controls water uptake, mechanical properties, and pore sizes and provides a 

good reproducibility of hydrogel synthesis.185,186 Finally, these tailored architectures 

enable the incorporation of specific properties into the cross-linked materials by, e.g., 

functionalizing the cross-linker with cleavable groups and creating specific release 

profiles by controlling network degradation.187–189  

Nevertheless, these permanent, static cross-links suffer from certain drawbacks. As 

the covalent cross-links are formed irreversibly, damage to the materials can cause a 

loss of material properties as these materials cannot self-heal. Furthermore, chemical 

cross-linking often relies on complex synthetic procedures, which cannot only be 

tedious but might also suffer from the use of toxic chemicals. Such hydrogels can only 

be employed in biological settings if potentially cytotoxic compounds such as cross-

linking agents or initiators are carefully removed upon purification of the materials.176 

Inspired by nature, covalent cross-links are often complemented by physical cross-

links to overcome some of these issues. The next section will explain these 

supramolecular interactions in more detail. The advantages and drawbacks of 

chemical cross-linking are summarized in Figure 16. 

 

Figure 16: Advantages and drawbacks of chemically cross-linked hydrogels. 
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Physical cross-linking 

Contrasting the chemically cross-linked hydrogels discussed above, physical cross-

linking involves supramolecular interactions between the polymer chains in a network 

rather than covalent chemical bonds. To form hydrogels, numerous physical 

interactions have been reported. These include hydrogen bonding,190,191 ionic 

interactions,192,193 Van der Waals forces,194 hydrophobic interactions,195,196 host-guest 

chemistry,197,198 and physical entanglements,199,200 or combinations of multiple 

supramolecular interactions.201,202 Supramolecular networks are often formed on the 

base of natural polymers, causing intrinsically higher biocompatibilities of these 

networks compared to their synthetic analogs, which is attractive for applications in a 

biomedical context.203,204 Another notable feature of hydrogels formed upon physical 

cross-linking is their ability to self-heal due to the high reversibility of non-covalent 

cross-links. Unlike covalently cross-linked materials, supramolecular networks retain 

their original properties after structural damage by reforming the physical cross-

links.205,206 Accompanied by these highly dynamic bonds, physical hydrogels reveal 

shear-thinning behavior, rendering them applicable as injectable drug delivery 

platforms. This feature is often complemented by the stimuli-responsiveness of the 

polymers applied in supramolecular hydrogels, leading to a vast potential for 

application in targeted drug delivery.207,208 In the context of drug delivery, physical 

cross-linking allows precisely tuning the hydrogel degradation kinetics, ensuring a site-

specific release of encapsulated drugs with the desired release profile.209,210 This is 

facilitated by the high water contents in physically cross-linked networks through 

extensive swelling, mimicking the extracellular matrix, and reducing the toxicity of 

potentially harmful substances.211,212 A final advantage of physical hydrogels worth 

mentioning is their excellent recyclability, as the high reversibility of supramolecular 

interactions allows the reuse and reprocessing of the materials.213,214 These 

advantages are summarized in Figure 17 and compared to chemically cross-linked 

hydrogels. 
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Figure 17: Advantages of physically cross-linked hydrogels compared to the advantages of chemically cross-linked 

hydrogels. 

Nevertheless, physically cross-linked systems also suffer from certain drawbacks that, 

in some cases, restrict an even broader application potential. In this context, their low 

mechanical stability, load-bearing capacity, and limited long-term stability sometimes 

make them unsuitable for, e.g., cartilage replacements or bone repair.215,216 

Furthermore, as many systems are based on natural polymers, functionality is harder 

to introduce than in synthetic, covalently cross-linked analogs.217 Additionally, 

extensive swelling can lead to a loss of the structural integrity of the hydrogels, which 

is required for some purposes and might also lead to the undesired leaching of 

substances from the networks.218 To overcome these drawbacks while maintaining the 

beneficial properties of physically cross-linked hydrogels, materials based on dynamic 

covalent interactions were developed, which will be presented in the next section.  

Dynamic covalent chemistry 

Dynamic covalent chemistry emerged as a promising synthetic platform for developing 

materials that combine the beneficial properties of chemically and physically cross-

linked networks. Dynamic covalent cross-links blend the strength of covalent bonds 

with the reversibility of supramolecular interactions, thereby creating remarkable 

properties of the resulting materials.219 The corresponding materials, often referred to 

as dynamic covalent networks (DCNs), exhibit shear-thinning behavior, enabling 

extrusion and facilitating injectability, and allow self-healing through reversible covalent 
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bond formation, which, in addition, enables processing via molding.220–223 Similarly to 

the supramolecular hydrogels in the section above, these systems are widely applied 

in targeted drug delivery. Here, DCNs are highly relevant candidates as they can serve 

as injectable drug carriers, and the reversibility of the dynamic covalent bonds causes 

hydrogel formation and dissociation in response to triggers such as temperature, pH 

value, or the presence of specific chemical motifs.224–227 Additionally, materials formed 

through dynamic covalent chemistries are highly adaptable and reconfigurable, 

resulting in excellent recyclability due to the highly dynamic bond character while at 

the same time enabling a facile adjustment of the mechanical properties by varying the 

cross-linking density.228,229 As these hydrogels combine the properties of chemically 

and physically cross-linked networks, their durability is increased compared to the 

supramolecular compounds.230 Combining all of the properties mentioned above 

allows applications of DCNs in advanced research fields such as drug delivery, smart 

coatings, optics, and electronics.225–227,230–232 Despite the numerous advantages of 

DCNs facilitated by the high network dynamics, it must be noted that the development 

of innovative materials based on dynamic covalent bonds requires careful 

consideration of the trade-off between the mechanical strength and the dynamics 

(responsible for self-healing, reconfiguration, etc.).229 

Various dynamic covalent chemistries have been reported, including Diels-Alder 

reactions,233,234 Schiff base equilibria,235 transesterifications,236 disulfide bond 

formation,237,238 and dynamic boronic ester complexation.221,222,225 An overview of 

different dynamic covalent interactions is presented in Figure 18. One example of 

interest for this thesis are DCNs formed upon boronic ester complexation. In this 

context, boronic acids tend to undergo cyclization reactions with 1,2- and 1,3-diols, 

forming stable five- or six-membered rings (Figure 18, bottom).239 The condensation 

reaction occurs at high rates without a catalyst, with reaction rates influenced by the 

specific boronic acid and diol substrates, resulting in product formation governed by 

thermodynamic control.135,222,240,241 This binding specificity renders DCNs based on 

boronic ester complexation applicable as probes for, e.g., sugar sensing, and the 

highly dynamic bond character gives access to biocompatible, injectable hydrogels 

appropriate for drug delivery.221,225,242,243  
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Figure 18: Overview of different dynamic covalent chemistries. 

Generally, tailoring the material properties toward the requirements of a particular 

application demands an in-depth analysis of newly developed materials to obtain a 

profound understanding of the structure-property relationships governing their 

macroscopic properties. The next chapter will elucidate such structure-property 

relationships and aims to generalize some structural features and their corresponding 

effects on the hydrogel properties to introduce some design principles for developing 

materials for functional applications. 

2.2.2 Structure-property relationships in cross-linked materials 

Mechanical properties 

The mechanical properties of hydrogels strongly depend on various factors. First and 

foremost, as discussed in the previous chapter, the hydrogels' mechanical strength 

and toughness are strongly affected by the type of interactions forming the cross-links. 

Whereas covalent bonds tend to form more robust hydrogels, physical interactions 

result in softer materials due to the intrinsic bond strength of the respective interaction. 

Nevertheless, numerous structural parameters are available to precisely tune the 

mechanical properties to the targeted application. Cross-linking density plays a crucial 

role in modulating hydrogels' mechanical features, with highly cross-linked gels often 

exhibiting higher stiffness and strength at the cost of reduced elasticity and swelling 

capacity.244,245 Similarly, the cross-linker contributes to the overall mechanical 

performance by controlling the material properties depending on its concentration, 
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rigidity, and architecture.245,246 Another essential criterion of hydrogel structures 

impacting the resilience of cross-linked materials is network homogeneity, which must 

be ensured to guarantee a uniform load-bearing capacity.247,248 The mechanical 

properties can also be steered by applying synthetic polymer chemistry to control the 

hydrophilicity and structures of monomers, which can, e.g., induce secondary 

supramolecular interactions in the hydrogel structures, inducing additional mechanical 

strength.249 In this context, combinations of different cross-linking approaches in 

double networks can yield strong and stiff structures with primary structures formed 

upon covalent cross-linking and supramolecular secondary structures, combining the 

advantages of different hydrogels.250 Similar synergistic effects were also achieved by 

combining only physical cross-linking methods, whereas this additionally provided 

advantages like shape memory or self-healing.201,202 Lastly, controlling the mechanical 

features of hydrogels is possible through composite or hybrid structures. In this 

context, nanofillers such as nanofibers or nanoparticles are embedded as additives in 

the hydrogels, modulating the mechanical properties of the materials.251,252 

Water uptake 

In analogy to the mechanical properties, the water uptake of hydrogels is intricately 

linked to their molecular structure, chemical composition, and interactions with the 

environment. The water absorption capacity inversely correlates with the cross-linking 

density as it is strongly associated with the chain mobility of the polymers required for 

hydration.253 As with the mechanical features, the homogeneity of the networks 

enables uniform and even swelling, which is desired in most cases.254 Another 

structural feature attributed to the water uptake is the pore size and pore size 

distribution in the hydrogels. In this context, hydrogels with larger pores reveal faster 

swelling kinetics as they accommodate more water within their structures.255 Beyond 

structural considerations, the hydrogels' chemical composition is crucial concerning 

water uptake. Hydrophilic polymers containing hydroxyl, amine, or carboxylic acid 

groups, often found in naturally occurring biopolymers, lead to high water 

uptakes.143,146,149,150 Additionally, introducing ionic or charged groups such as 

sulfonates or carboxylates tremendously increases the water uptake by electrostatic 

interactions (solvation of ionic species) and through osmotic effects, causing water 

diffusion into the networks. This effect is the base of superabsorbent hydrogels used 
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in diapers and other fields.256,257 Synthetic polymer chemistry allows the selective 

introduction of ionic species like sulfonates into the networks, significantly increasing 

the water absorption values.258 An indirect factor in this respect concerns acid- or base-

responsive moieties in the polymers. Hydrogels incorporating carboxylic acid units, 

such as carboxymethylcellulose-derived hydrogels or amines like chitosan-based 

hydrogels, exhibit pH-responsive swelling. Consequently, such functional groups in the 

hydrogel microstructure affect their water absorption behavior.259,260 Overall, this 

section demonstrates the delicate interplay between polymer structural features, cross-

linking density, and other factors governing the water uptake, which must be 

considered when tailoring the water uptakes of certain materials to specific 

applications. 

Biocompatibility 

A crucial feature of hydrogels for applications in a biomedical context is their 

biocompatibility, which is governed by different factors, some of which should be 

discussed in the following. These include the presence of specific functional groups 

and bioactive domains, the application of natural polymers, and different structural 

features such as porosity and surface roughness. Firstly, hydrophilic functional groups 

like hydroxyl, amine, sulfonate, or carboxylic acid moieties positively impact 

biocompatibility since these groups tend to enhance the water affinity, thereby 

minimizing unspecific protein adsorption and decreasing inflammatory response. 

Furthermore, these hydrophilic motifs can improve the immobilization of cells. The high 

water contents of such hydrophilic polymer networks mimic the extracellular 

environment and allow cell proliferation.261–264 Biocompatibility can be further 

enhanced by incorporating biologically active domains, such as RGD (arginine-glycine-

aspartate) motifs, or adding anti-oxidant motifs to reduce the oxidative stress, thereby 

increasing the resemblance of the hydrogels to the extracellular matrix.265,266 When 

targeting biomedical applications, natural polymers like alginate or hyaluronic acid are 

often preferred over synthetic polymers since biopolymers show high 

biocompatibility.146,149 Nevertheless, numerous examples of synthetic, biocompatible 

hydrogel materials originate from PEG, PVA, or other polymers.151,267,268 Two final 

aspects that should be considered regarding biocompatibility are the morphology and 

the surface topography of hydrogels for biomedical applications. For designing 
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biocompatible materials, porous structures could aid in embedding cells, facilitating 

nutrient and oxygen transport, thus supporting cell viability and proliferation.269 

Considering the correlation between hydrogel topography and cell behavior, the effect 

highly depends on the cell type and cross-linked material. Although there is no clear 

correlation between surface topography/roughness and biocompatibility, it is essential 

to remember that this factor can strongly affect the cell adhesion to hydrogel 

surfaces.270 Many other aspects affect biocompatibility; however, this overview 

demonstrates the complexity of designing new materials for biomedical applications 

and provides some design considerations for biocompatible hydrogels.  

Functionality 

Hydrogel structures can be specifically tailored to inherit a particular function. Firstly, 

functional, stimuli-responsive, cross-linked materials are highly relevant as there is a 

high demand for materials that can react to a specific trigger, e.g., temperature or pH 

value, as the next chapter on applications will demonstrate. To introduce thermo-

responsiveness, polymers with LCST behavior are applied for hydrogel synthesis. The 

most prominent representatives of these materials are hydrogels based on cross-

linked PNIPAAm, allowing a precise adjustment of the LCST, resulting in the collapse 

of the network above that temperature.271 For pH-responsive hydrogels, incorporating 

polymers owing acidic or basic units results in pH-dependent swelling or deswelling of 

the gels. Famous examples of polymers exhibiting these properties are the 

biopolymers chitosan or carboxymethylcellulose.259,260 Furthermore, the functionality 

of hydrogels in a biological setting may be increased by introducing cross-linkers with 

specific degradation profiles, enabling the sustained release of a drug.272 Hydrogel 

degradation can also be achieved by incorporating light-responsive moieties into the 

networks, allowing selective photocleavage upon irradiation. Similarly, light-responsive 

precursors enable the light-induced assembly toward supramolecular hydrogels, and 

photo-cross-linkable mixtures of monomers with appropriate cross-linkers and 

initiators facilitate photochemical cross-linking with high spatiotemporal 

control.152,163,273,274 Additionally, numerous studies focus on catalytically active 

hydrogels formed upon peptide assembly and capable of selectively catalyzing 

reactions of organic substrates such as ester hydrolysis.275 In a similar approach, 

catalytic activity could be introduced in peptide-containing hydrogels by incorporating 
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Cu(I) metal complexes, enabling copper-catalyzed azide-alkyne click reactions of 

various substrates within the materials.276 Finally, for electrochemical applications, the 

addition of conductive fillers, polymerization of conductive monomers within an existing 

hydrogel matrix or the cross-linking of conductive polymers by dopant molecules might 

be of interest to obtain electrically conductive hydrogels which exhibit significant 

potential for responsive systems, artificial skins, batteries, solar cells or 

supercapacitors.277 These selected examples show the widespread application 

potential of hydrogel materials and underline the facile introduction of functionality into 

such materials. The key findings of this chapter on structure-property relationships in 

hydrogels are summarized in Figure 19. 

 

Figure 19: Summary of structure-property relationships in hydrogels providing design considerations for developing 
innovative materials. 
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2.2.3 Application areas of hydrogels 

Stimuli-responsive materials 

The importance of stimuli-responsiveness has been highlighted numerous times 

throughout this theoretical overview of hydrogels. This section will introduce different, 

highly elaborate applications of cross-linked materials reacting to a specific external 

stimulus (pH, temperature, light, etc.). Firstly, such hydrogels are highly important 

candidates for sensing applications. In this context, pH-responsive materials exhibit 

highly pH-dependent swelling and collapse, allowing monitoring of the pH value by 

investigating the swelling state. An appropriate analytical technique to obtain insights 

into the swelling dynamics of hydrogels is a quartz crystal microbalance with 

dissipation monitoring (QCM-D), widely applied to study the swelling behavior and 

viscoelastic properties of thin hydrogel films. QCM-D correlates the frequency 

decrease of resonating quartz electrodes upon mass deposition to the mass on the 

sensors, simultaneously determining the energy dissipation as a measure of the 

viscoelastic properties of the film.259 The schematic operating principle of QCM-D is 

presented in Figure 20. 

 

Figure 20: Operating principle of QCM-D. 

Applying QCM-D with appropriate, pH-responsive hydrogels allows for the utilization 

of this analytical technique to obtain gravimetric pH-sensors.259,278,279 Another class of 
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hydrogels for sensing applications involves DCNs formed upon boronic ester 

complexation. In this context, the binding affinity of different diols to boronic acid 

derivatives enables diol-sensing and the creation of glucose-responsive hydrogels, 

which are highly relevant for treating chronic diseases like diabetes.226,227,243,280 

Furthermore, the group of light-responsive hydrogels incorporating photo-sensitive 

motifs in their networks is highly interesting for controlled drug delivery by selective 

network degradation.273,274 Besides this, irradiation of hydrogels with photo-

isomerizable azobenzene cross-linkers allows the ultraviolet (UV) light-mediated 

modulation of the hydrogels’ mechanical properties. This, in turn, is crucial to studying 

the behavior of cells on surfaces in response to surface-stiffening, providing a profound 

understanding of mechanosignaling in cells.281,282 Applying photo-cross-linkable 

mixtures capable of forming hydrogels on surfaces further enables photolithographic 

micropatterning, which is interesting for cell culture in tissue engineering and 

microelectronics.283–285 An emerging field of research involving stimuli-responsive 

materials is actuators and soft robotics. In this field, highly elaborate hydrogel hybrid 

materials are developed. Actuation with hydrogels describes inducing a mechanical 

motion of a material upon application of an external stimulus. These stimuli, e.g., 

temperature, pH value, light, or electrical fields, trigger changes in the network 

structure, leading to swelling, shrinking, or bending. Motion is induced in the hydrogel 

materials by carefully designing systems with inhomogeneous swelling properties 

following the external stimulus.4 In this context, homogeneous materials undergo 

deformation by applying inhomogeneous triggers such as a gradient electrical field.286 

In contrast, combining different hydrogels toward inhomogeneous hybrid materials like 

bi-layered hydrogels allows directed motion by applying a homogeneous stimulus like 

a temperature change.287,288 Following these design guidelines for actuators, various 

actuators and soft robots for different applications were developed based on pH-,289,290 

light-,291,292 and thermo-responsiveness.287,293–295 
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Biomedical applications 

Hydrogels are commonly applied in biological settings, as they can be derived from 

biocompatible, non-cytotoxic natural or synthetic polymers, and their soft, water-

swollen structures resemble biological tissues and the extracellular matrix. Further, as 

discussed in the previous chapter, hydrogel structures can be tailored to meet the 

specific application requirements by modification of the pore size, degradation profiles, 

and stimuli-responsiveness.261–263,269 Therefore, hydrogels represent a broad platform 

for drug delivery, allowing the controlled release of active pharmaceutical ingredients 

and targeted therapies for chronic diseases.203,210,225,296 Next to this, hydrogels are 

often applied in regenerative medicine and tissue engineering, serving as scaffolds for 

the regeneration of skin, cartilage, and bone.148,180,297–299 Furthermore, they support 

wound healing by serving as moisture-retaining components in wound dressings with 

the ability to deliver growth factors and antimicrobial agents.300,301 Hydrogels with 

antibacterial properties are appealing candidates for functional coatings of materials 

applied in biomedical contexts, e.g., biosensors or other implantable devices.268,302 

Finally, hydrogels are implemented in medical products such as soft contact lenses, 

enabling oxygen permeability and extended wear.303,304 In biomedical contexts, 

additive manufacturing emerged as an efficient processing method for fabricating 

tailored hydrogel structures in a highly precise manner, which is inevitable for these 

sensitive applications and will, therefore, be discussed in more detail in the next 

section. 

Additive manufacturing 

Tissue engineering emerged as a highly interdisciplinary field in medicine, enabling the 

regeneration of lost tissue and organs after disease.297,305 In addition, in vitro and in 

vivo modeling of disease-related processes contribute to a better understanding of 

pathological conditions and aid in simulating the complex pathways related to the 

biological development of malignant tissue.306 Direct ink writing (DIW) is a key 3D 

printing technique enabling the creation of intricate models from materials with suitable 

flow properties, allowing ink extrusion through nozzles and layer-by-layer 

deposition.307,308 A highly abundant natural polymer meeting the requirements of DIW 

is nanofibrillated cellulose (NFC), exhibiting good mechanical strength and stiffness 

due to a high aspect (length/diameter) ratio.309–311 NFC is either produced by bacteria 
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or obtained in a less defined form by mechanical and chemical treatment of cellulose 

fibers.312–314 The shear-force alignment of NFC upon extrusion is responsible for the 

shear-thinning behavior, facilitating DIW.315–317 Additional modification of the ink 

rheology by adding the biopolymer sodium alginate (Alg), obtained from brown algae, 

as a thickener further improved the mechanical ink properties by increasing the 

viscosity and allowing for ionic cross-linking of printed objects with Ca2+ ions.318–320 

With these NFC/Alg inks, the printing of highly sophisticated, cytocompatible structures 

with gradual mechanical properties and even materials with anisotropic mechanical 

features (imitating the biophysical properties of blood vessels) was possible, 

showcasing the great potential of DIW of biopolymers for tissue engineering.321–323 

Other applications 

Hydrogels are versatile materials with numerous additional applications to the ones 

presented in previous sections. In wastewater purification, hydrogels are, for example, 

applied to remove pollutants such as heavy metal ions or dyes due to their excellent 

absorption properties.324,325 In agriculture, superabsorbent hydrogels are implemented 

to improve soil water retention and supply nutrients loaded into the networks to the 

plants.256 Furthermore, their superabsorbent properties are implemented in hygiene 

products such as baby diapers and band-aids, providing good water absorption.257,326 

In the food industry, hydrogels serve as thickening agents, stabilizers, and 

encapsulation systems for flavors, nutrients, or probiotics, ensuring controlled release 

and improved shelf life, or can play a role in smart packaging applications.327–329 

Finally, hydrogels are even integral parts of lab-on-a-chip applications, where they can 

serve as thermo- and pH-responsive valves.330 The broad application scope of 

hydrogels presented in this chapter demonstrates the high versatility of this class of 

materials and emphasizes the necessity to research new materials to expand the 

range of functional hydrogels. 
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3 Aim of the thesis 

3.1 Development and fundamental characterization of cross-linked materials 

For more than 10 years, the group of Rieger et al. focused on understanding the 

catalysis of vinylphosphonate REM-GTP, expanding the monomer and catalyst scope, 

and searching for applications of (co)polymers obtained by this catalytic 

polymerization.6–8 However, no efforts have been made to investigate cross-linked 

materials from this polymer class, even though it is well-known that different DAVPs 

are statistically copolymerizable and that functionalization of allyl group-containing 

polymers via thiol-ene click chemistry with appropriate (di)thiols is possible.93,96,104 

Hence, the first goal of this thesis is to develop and characterize three-dimensional 

hydrogel materials based on the photochemical cross-linking of 

poly(vinylphosphonates) applying thiol-ene click chemistry with a PEG-based model 

cross-linker. By employing the excellent control over polymer microstructure and 

dispersity offered by REM-GTP, synthesizing different statistical copolymers 

containing DEVP and DAlVP allows studies on the best conditions for cross-linking and 

yields polymers with different amounts of cross-linkable DAlVP units. Further, another 

objective is to explore how the highly precise polymer synthesis can be applied to steer 

the material properties relevant to the application of hydrogels. This mainly includes 

studying correlations between the copolymer composition, mechanical properties, and 

swelling behavior of the corresponding hydrogels. Finally, understanding the 

biocompatibility and antibacterial properties is desirable for a fundamental study of 

hydrogels since they are often applied in biomedical contexts. Therefore, biological 

tests are intended in the first phase of this project to investigate the leakage of cytotoxic 

compounds from the materials and to examine cell growth and proliferation. For in vivo 

applications, further aspects worth considering include testing the immune response 

toward these materials and inspecting bacterial growth on the surfaces. After 

fundamentally exploring all the material properties of poly(vinylphosphonate)-based 

hydrogels mentioned above, the insights gained from these studies will guide the 
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direction of subsequent research and shape the project's next steps. An overview of 

the workflow of the first project within this thesis is presented in Figure 21. 

 

Figure 21: Workflow for the synthesis and characterization of hydrogel materials obtained by photochemical cross-

linking of poly(vinylphosphonates) applying thiol-ene click chemistry. 

3.2 Synthesis of hydrophilic, pH-responsive hydrogels 

A well-established post-polymerization modification of poly(vinylphosphonates) is the 

polymer-analogous hydrolysis toward poly(vinylphosphonic acid).70,123 Combining this 

synthetic step with the photochemical cross-linking of poly(vinylphosphonates) 

explored in the first work package of this thesis holds the potential of leading to 

networks with significantly increased hydrophilicity, resembling the polyelectrolyte 

structures commonly applied in superabsorbers.256,258,326,328 Additionally, introducing 

VPA units aims to introduce stimuli-responsiveness into the cross-linked polymer 

materials, as the VPA assumes different extents of deprotonation depending on the 

pH value of the swelling medium. This, in turn, is a prerequisite for numerous hydrogel 

applications in biosensors, actuators, and soft robotics.4,279,289,290 Therefore, one main 

objective of this part of the thesis is to achieve the synthesis of such materials, with the 

subsequent goal of establishing an effective method for characterizing the pH-

responsiveness as this provides key insights into the behavior of this functional 

material in different environments, which is the foundation for potential applications. 

One possibility to obtain insights into hydrogels' pH-responsiveness and swelling 
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dynamics involves a quartz crystal microbalance with dissipation monitoring (QCM-D), 

widely applied to study the pH-dependent swelling and viscoelastic properties of thin 

hydrogel films. Consequently, this part of the thesis focuses on the processing of cross-

linkable mixtures containing poly(vinylphosphonates) into homogenous, thin films, 

which is usually monitored and confirmed by numerous analytical techniques such as 

atomic force microscopy (AFM), profilometry, light microscopy, X-ray photoelectron 

spectroscopy (XPS), and time-of-flight secondary ion mass spectrometry (ToF-SIMS). 

The comprehensive characterization of thin films is equally critical for accurately 

interpreting QCM measurements and translating the resulting insights into advanced 

applications, such as piezoelectric sensors and actuators. An overview of the two-step 

synthetic approach for developing highly hydrophilic cross-linked materials and the 

necessity of understanding thin-film behavior and macroscopic swelling is summarized 

in Figure 22. 

Figure 22: Two-step synthetic procedure toward highly hydrophilic, VPA-containing hydrogels with application 

potential as stimuli-responsive materials and superabsorbers. 
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3.3 Application of photochemical cross-linking in additive manufacturing 

Additive manufacturing plays a crucial role in processing polymeric materials for 

tailored applications. Among the various techniques, direct ink writing (DIW) of natural 

polymers emerged as a promising approach, particularly for biomedical applications 

like tissue engineering. In this context, nanofibrillated cellulose (NFC) introduces 

significant strength and stiffness into the objects due to a high aspect (length/diameter) 

ratio, simultaneously enabling extrusion-based printing through shear-force alignment 

of the fibers. To modify the rheology and incorporate sites for cationic cross-linking, 

sodium alginate (Alg) is a common natural additive obtained from brown algae.315–

318,322,323 Nevertheless, NFC/Alg inks face some challenges, such as poor dimensional 

stability due to uncontrolled swelling upon cross-linking in Ca2+ ion-containing 

solutions. Reversely, the leaching of ions upon long-time storage of the objects is 

problematic, causing a collapse of the printed structures.331,332 One way of overcoming 

these drawbacks is the covalent reinforcement of supramolecular hydrogels.333,334 

Similarly, this chapter of the thesis aims to apply photochemical cross-linking of 

poly(vinylphosphonates) to solve these problems. An overview of the workflow for this 

project is given in Figure 23. 

Figure 23: Combination of photochemical cross-linking of poly(vinylphosphonates) with DIW of NFC/Alg inks to 
access printed objects with high dimensional stability upon swelling. 
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3.4 Dynamic covalent networks 

DCNs are appealing candidates for different (biomedical) applications as they combine 

the mechanical strength of covalently cross-linked materials with the high dynamics 

and, consequently, beneficial features of supramolecular networks. The corresponding 

materials exhibit shear-thinning behavior, enabling extrusion and rendering them 

injectable. Further, DCNs allow self-healing facilitated by the high reversibility of these 

dynamic bonds. This additionally enables the processing of the networks via molding 

and often yields recyclable materials.219–223 Considering the attractive material 

properties of DCNs, combining them with the beneficial properties of 

poly(vinylphosphonates) obtained by high-precision polymerization via REM-GTP like 

excellent control over molecular weight and polymer microstructure, narrow 

dispersities, cytocompatibility, promises great potential in creating innovative, 

functional hydrogel materials. One way of incorporating dynamic covalent interactions 

worth exploring is the introduction of the dynamic boronic ester chemistry shown in 

Figure 24 into poly(vinylphosphonates) since it proceeds under mild conditions and at 

high rates without catalysts.222,240,241 A facile approach toward achieving this goal 

investigated in this chapter of the thesis intends to utilize poly(vinylphosphonate) 

functionalizations via thiol-ene click chemistry to establish DCNs formed by boronic 

ester complexation. Upon successful synthesis, the versatile properties of these 

networks, like the self-healing illustrated in Figure 24, will provide valuable insights into 

their application potential. 

 

Figure 24: Self-healing of hydrogel materials facilitated by dynamic boronic ester complexation. 
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4 Synthesis and characterization of photochemically cross-linked 

poly(vinylphosphonates) 
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4.2 Table of content graphic 

 

Figure 25: Table of content graphic for the manuscript entitled “Cytocompatible Hydrogels with Tunable Mechanical 
Strength and Adjustable Swelling Properties through Photo-Cross-Linking of Poly(vinylphosphonates)”. 
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4.3 Content 

This study introduces hydrogel materials based on the photochemical cross-linking of 

poly(vinylphosphonates) applying thiol-ene click chemistry. First, different statistical 

copolymers composed of DEVP and DAlVP are synthesized by applying the yttrium 

catalyst Cp2YCH2TMS(THF), demonstrating a precise control over polymer chain 

length and copolymer composition along with narrow dispersities (Ɖ ≤ 1.34). After 

elaborating on the best conditions, the P(DEVP-stat-DAlVP) polymers are cross-linked 

under photochemical reaction conditions with 3,6-dioxa-1,8-octanedithiol as a cross-

linker and DMPA as the photoinitiator. Oscillatory rheology reveals high reaction rates 

(t < 3 s), further enabling online monitoring of the cross-linking reaction based on the 

storage and loss moduli. Furthermore, comparing the equilibrium storage moduli of 

different systems demonstrates increasing elastic portions upon increasing the cross-

linking density by incorporating higher amounts of DAlVP into the polymers and 

applying more rigid cross-linkers. These findings are complemented by 

nanoindentation experiments, showcasing an increase in the (surface) mechanical 

properties of the hydrogels with increasing cross-linking density and a drastic decrease 

in the hardness upon swelling in water. Similarly to the mechanical properties, the 

water uptake is governed by the cross-linking density, thus decreasing with increasing 

DAlVP contents. To increase the hydrophilicity of P(DEVP-stat-DAlVP) copolymers, a 

functionalization-cross-linking approach is presented, in which the copolymers are first 

partially functionalized with 3-mercaptopropane-1-sulfonate, followed by cross-linking 

under thiol-ene conditions. This remarkably increases the water uptakes up to 54 ± 1 

g (H2O)/g (hydrogel). Finally, the materials introduced in this study are purified via 

Soxhlet extraction, resulting in the leakage of significant amounts of excess cross-

linker and photoinitiator species. The purified hydrogels are subjected to thorough 

biological characterization. Here, the cross-linked poly(vinylphosphonate) networks 

enable the growth and proliferation of human umbilical artery smooth muscle cells and 

the formation of an endothelial layer, both crucial prerequisites for tissue engineering 

applications. Beyond this, the hydrogels do not trigger a pro-inflammatory immune 

response as evaluated by cytokine expression, which is crucial for in vivo applications 

and exhibit antibacterial properties against E. Coli and S. Aureus. 
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ABSTRACT: Herein, the synthesis, characterization, and appli-
cation of a novel synthetic hydrogel based on the photoinitiated
cross-linking of poly(vinylphosphonates) is presented. First,
statistical copolymers with adjustable ratios of the monomers
diallyl vinylphosphonate (DAlVP) and diethyl vinylphosphonate
(DEVP), as well as different molecular weights, were obtained via
rare earth metal-mediated group-transfer polymerization (REM-
GTP) while maintaining narrow polydispersities. The copolymers
were cross-linked by applying photoinitiated thiol−ene click
chemistry (λ = 365 nm). The network formation was monitored
via oscillatory rheology coupled with UV-irradiation, revealing the
high spatiotemporal control of the reaction. Moreover, the equilibrium storage moduli of poly(vinylphosphonate)-based hydrogels
increased with a growing number of DAlVP units and upon application of a different cross-linker, which was additionally confirmed
by nanoindentation experiments. In contrast, the water uptake of hydrogels decreased with higher DAlVP amounts in the
corresponding hydrogels due to lower chain mobility and an overall increase in the hydrophobicity of the samples. Upon successful
functionalization of P(DEVP-stat-DAlVP) copolymers with sodium 3-mercaptopropane-1-sulfonate, as indicated via 1H DOSY
NMR, the respective cross-linked materials displayed a remarkable increase in the water uptake; thus, presenting highly hydrophilic
gels with an apparent interplay between water uptake, cross-linking density, and functionalization degree. Finally, the purified
hydrogels showed cytocompatibility and enabled cell adhesion of human umbilical artery smooth muscle cells (HUASMCs) after
direct seeding. The materials further allowed the adhesion and growth of an endothelial layer, triggered no pro-inflammatory
response as evidenced by cytokine release of M0 macrophages, and exhibited antibacterial properties toward S. aureus and E. coli.
KEYWORDS: catalytic polymerization, thiol−ene click reaction, hydrogel, oscillatory rheology, cytocompatibility

■ INTRODUCTION
Hydrogels are a class of materials based on natural or synthetic
polymers with the ability to retain significant amounts of water
within their cross-linked, three-dimensional network without
dissolution.1 Depending on the mechanism of network
formation, these materials are typically classified as supra-
molecular hydrogels or chemically cross-linked hydrogels. In
supramolecular materials, cross-linking occurs through non-
covalent interactions, e.g., ionic or van der Waals interactions,
host−guest chemistry, or hydrogen bonding. In contrast,
hydrogels are categorized as chemically cross-linked if covalent
bonds connect the polymer chains.2−5 The outstanding
physicochemical properties of hydrogels, such as high water
absorption, mechanical stability, biocompatibility, and bio-
degradability, render them appealing candidates for various
biomedical applications.6−10 In this context, cross-linked
polymer materials are highly relevant in drug delivery,11−13

tissue engineering,14,15 wound healing,16,17 and as antimicro-
bial coatings.8,18,19 Beyond biomedicine, hydrogels have gained
significant importance in various other fields, inter alia, in

wastewater purification20,21 or smart devices like actuators and
sensors employing the stimuli-responsiveness (pH, temper-
ature, light) of certain materials.22−28 The tunability of the
stimuli-responsive properties of hydrogels is one reason why
synthetic polymers have emerged as promising candidates for
tailored hydrogel applications. Additionally, synthetic polymers
allow a facile adjustment of mechanical properties, and swelling
behavior and guarantee the reproducibility of hydrogel
synthesis. Commonly applied polymers for non-natural
hydrogels comprise water-soluble and biocompatible macro-
molecular compounds, such as poly(ethylene glycol),29,30

poly(vinyl alcohol),31,32 and poly(acrylate)/poly(acrylamide)
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derivatives.33,34 Another class of synthetic polymers exhibiting
good water solubility, high biocompatibility, as well as a lower
cr i t ica l solut ion temperature (LCST) are poly-
(vinylphosphonates) obtained via rare earth metal-mediated
group-transfer polymerization (REM-GTP).35−37 Polymer
synthesis through REM-GTP, enabling the polymerization of
Michael-type monomers through repeated 1,4-conjugate
addition, is particularly interesting for biomedical applications.
The reason for this is the precise control over the polymer
microstructure while maintaining narrow polydispersities,
resulting in highly defined polymeric structures.38,39 This is
due to the continuous coordination of the growing polymer
chain to the catalyst center, leading to the simultaneous growth
of polymer chains at the active catalyst molecules.
Furthermore, this propagation mechanism enables the syn-
thesis of block copolymers from various types of α,β-
unsaturated monomers in accordance with their coordination
strength to the catalyst.40,41 In contrast, the synthesis of
statistical copolymers from various structurally related dialkyl
vinylphosphonates is mainly dependent on the steric demand
of the growing chain rather than the coordination strength to
the catalyst center.37 In this respect, the copolymerization of a
mixture of diallyl vinylphosphonate (DAlVP) and diethyl
vinylphosphonate (DEVP) to statistical copolymers is possible
and yields water-soluble polymers susceptible to postpolyme-
rization functionalization of the allyl side groups with a variety
of synthetic methods.42,43 One common approach for
functionalizing allylic and vinylic motifs in polymers with,
e.g., biologically active substrates involves the application of
thiol−ene click chemistry.44−46 The thiol−ene reaction is

known for its high reaction rates under mild reaction
conditions, high yields, and low to no side products. Moreover,
thiol−ene click reactions are very robust, tolerating moisture
and oxygen, and are often photoinitiated, allowing high
temporal and spatial control over the photochemical
initiation.47 Finally, thiol−ene click chemistry exhibits high
compatibility with a variety of functional groups as well as
orthogonality with other common organic reaction types,
making it a very versatile tool for introducing functional motifs
into vinyl group-containing polymers.47−50 Since the beginning
of the century, thiol−ene click chemistry has been widely
explored in hydrogel synthesis, as it allows the in situ and in
vivo formation of soft, tissue-like materials under physiological
conditions upon UV-light irradiation. In this context, often
biocompatible, PEG- or poly(acrylate)-based polymers with
pending vinyl groups are employed in combination with di- or
multifunctional thiols for the formation of biodegradable,
cross-linked networks with a considerable potential for
applications in tissue engineering and drug delivery with
specific requirements to the release profile.19,30,51−55 In the
present study, this concept is transferred to statistical
copolymers obtained from DEVP and DAlVP obtained via
rare earth metal-mediated group-transfer polymerization
(REM-GTP), enabling the synthesis of noncytotoxic hydrogels
with tunable mechanical strength. Further, we demonstrate an
adjustment of the swelling ratio by control of the cross-linking
density and through functionalization of P(DEVP-stat-DAlVP)
copolymers with sodium 3-mercaptopropane-1-sulfonate via
click chemistry prior to cross-linking.

Scheme 1. Statistical Copolymerization of DEVP and DAlVP with the CH-Bond Activated Species of Cp2YCH2TMS(thf)

Table 1. Results of the Copolymerization of DEVP and DAlVP with the CH-Bond Activated Species of Cp2YCH2TMS(thf)

entry DEVP/DAlVP/Cat.a targeted DAlVP content [%] X [%]b DAlVP content [%]c Mn,NMR
d IEe Đf

1 180/20/1 10 >99 9.0 39 86 1.08
2 270/30/1 10 >99 9.0 82 61 1.09
3 360/40/1 10 >99 8.8 107 56 1.09
4 450/50/1 10 >99 12.3 173 45 1.24
5 300/100/1 25 >99 23.9 162 37 1.34
6 320/80/1 20 >99 19.7 148 41 1.06
7 340/60/1 15 >99 13.9 200 29 1.06
8 380/20/1 5 >99 5.8 213 29 1.06

aReactant ratio desired. bConversion determined via 31P NMR spectroscopy in MeOD. cDetermined via 1H NMR spectroscopy by comparison of
the CH2 signals of DEVP (4.18 ppm, m = I/4) and DAlVP (4.63 ppm, n = I/4).

dCalculated via 1H NMR spectroscopy by comparison of the −
OTBDMS signals of the initiator at 0.14 ppm (I = 6H) and the CH2 signals of DEVP (4.18 ppm, m = I/4) and DAlVP (4.63 ppm, n = I/4).

eIE =
Mn,calc/Mn,NMR, with Mn,NMR = 327.54 g/mol + m × 164.14 g/mol + n × 188.16 g/mol. fPolydispersity determined via size-exclusion
chromatography multiangle light scattering (SEC-MALS) in THF:H2O (1:1) with 340 mg/L 2,6-di-tert-butyl-4-methylphenol (BHT) and 9 g/L
tetra-n-butylammonium bromide (TBAB).
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■ RESULTS AND DISCUSSION
Copolymerization of Diethyl Vinylphosphonate

(DEVP) and Diallyl Vinylphosphonate (DAlVP). Prior to
the copolymerization of DEVP and DAlVP, in situ CH-bond
activation via σ-bond metathesis with equimolar amounts of 4-
(4-(((tert-butyldimethylsilyl)oxy)methyl)phenyl)-2,6-dime-
thylpyridine and the catalyst precursor Cp2YCH2TMS(thf) is
conducted to form the initiating complex for subsequent
polymerization (Scheme 1).56−58 The introduction of the
2,4,6-trimethylpyridine-derivative yields an initiating ligand
with lower basicity, thus suppressing undesired deprotonation
reactions of the monomers, and further incorporates an end-
group into the copolymers, exhibiting distinct OTBDMS-
signals in the 1H NMR spectrum. This enables the facile
estimation of the molecular weight of the respective
copolymers via 1H NMR spectroscopy, since the determination
of the absolute molecular weights of the copolymers using size-
exclusion chromatography multiangle light scattering (SEC-
MALS) requires the determination of the refractive index
increment for each copolymer composition. After quantitative
CH-bond activation via 1H NMR spectroscopy in C6D6 is
confirmed by the absence of the CH2-group signal (doublet, δ
= −0.66 ppm) of Cp2YCH2TMS(thf) (Figure S1), a mixture of
the monomers DEVP and DAlVP is added quickly to ensure
simultaneous initiation of the copolymerization at all catalyst
centers. Conversion of the monomers is monitored via 31P
NMR spectroscopy in MeOD. Upon quantitative conversion,
the polymerization is stopped by the addition of 0.5 mL of
undried methanol, and the copolymers are purified (for
experimental details, see the Supporting Information).
Polymerization experiments yielded copolymers with a

tunable composition by adjusting the monomer feed ratio
while maintaining narrow polydispersities (Table 1 and Figures
S5−S12). The results in Table 1 demonstrate excellent control
over polymer microstructure and chain length.
Entries 1−4 (Table 1) display a variation of the polymer

chain length while targeting the same proportion of cross-
linkable DAlVP units in the copolymers. In all cases, the
targeted percentage of DAlVP in the copolymers is met with
relatively high precision compared with the values derived
from the 1H NMR spectra. Further, switching toward higher
monomer/catalyst ratios, an increase in the molecular weight
of the polymers as determined via 1H NMR spectroscopy is
observed, with only a slight decrease in the initiator efficiency
and a minor increase in the polydispersity. However, note that
the initiator efficiencies given in Table 1 do not rely on
absolute molecular weight determinations. Therefore, the
significance of those values is rather low, as molecular weight
determination via 1H NMR spectroscopy (Figure S2) is prone
to errors. Overall, these results demonstrate a straightforward
adjustment of the molecular weight of the P(DEVP-stat-
DAlVP) copolymers by a variation of the monomer/catalyst
ratio. Comparing entry 3 to entries 5−8, the results in Table 1
illustrate a tunable copolymer composition by alteration of the
monomer feed ratio. This gives access to different polymer
microstructures with varying amounts of cross-linking sites. In
all cases, successful copolymer formation was confirmed via 31P
NMR and 1H DOSY NMR spectroscopy (Figures S3 and S4).
To reduce catalyst depletion and facilitate handling of the
polymers (short-chain polymers exhibit higher tack), we
decided to proceed with higher molecular weight polymers
(Table 1, entries 3 and 5−8) for the hydrogel synthesis. In

addition to these results, the thermal properties of these novel
copolymers were thoroughly investigated to obtain a more
de t a i l ed unde r s t and ing o f th i s t ype o f po l y -
(vinylphosphonates). In accordance with previous reports,
the copolymers synthesized in this study exhibit fully reversible
lower critical solution temperature (LCST) behavior within
the physiological temperature range. In this context, an
aqueous solution of polymer 1 undergoes coil−globule
transition at 36 °C, which was detected by measuring the
transmittance of the solution as shown in Figure S13.37

Further, thermogravimetric analysis of entry 3 yielded a
thermal decomposition onset of 313 °C (Figure S14),
matching the values found in studies on the thermal behavior
of poly(vinylphosphonates) very well.59 Finally, the differential
scanning calorimetry (DSC) results presented in Figure S15
revealed the absence of a melting point in P(DEVP-stat-
DAlVP), confirming that the statistical copolymerization of
DEVP and DAlVP with Cp2YCH2TMS(thf) proceeds in a
stereoirregular fashion, yielding atactic, amorphous polymers.60

Hydrogel Formation and Rheological Characteriza-
tion. To explore hydrogel formation originating from
P(DEVP-stat-DAlVP) copolymers upon application of the
thiol−ene click reaction, commercially available, PEG-based
3,6-dioxa-1,8-octanedithiol was selected as a model cross-linker
for initial experiments. Those experiments involved testing
different solvents, reaction conditions, polymer concentrations,
and a variation of the curing procedure (Table S1).
Concerning the solvent, a mixture of tetrahydrofuran and
methanol was selected for the first experiments following
reports from Rieger et al.42 Additionally, water and 1,4-dioxane
were tested in the cross-linking reaction, leading to successful
hydrogel formation under photochemical reaction conditions
with 2,2-dimethoxy-2-phenylacetophenone (DMPA) as an
initiator even in the presence of oxygen. This demonstrates
the broad applicability and robustness of the thiol−ene click
reaction, as already discussed in the introduction.47−50

Considering the choice of solvent for the hydrogel syntheses
presented in Table S1, water was not selected due to the
surface-active properties of the P(DEVP-stat-DAlVP) poly-
mers, causing foaming upon polymer dissolution and leading
to inclusions of air bubbles in the cross-linked materials. As
this caused poor reproducibility of the synthesis and decreased
structural integrity, more focus was placed on the THF/
MeOH-mixture and 1,4-dioxane. Both dissolved the polymers
equally well, leading to homogeneous solutions and,
accordingly, smooth hydrogels. To facilitate experimentation
and avoid toxic MeOH, 1,4-dioxane was selected as a solvent
instead of the mixture. Further, different polymer concen-
trations were tested for the cross-linking reaction. Despite
successful hydrogel synthesis among all tested concentrations,
high polymer concentrations were selected for the standardized
synthesis procedure, as this should ideally favor the desired
intermolecular cross-linking reaction over intramolecular
thiol−ene click reactions of the allyl group-containing
poly(vinylphosphonates). Finally, a thermally initiated thiol−
ene click reaction with azobis(isobutyronitrile) (AIBN) was
compared to the photochemical process applying DMPA.
While both reactions resulted in hydrogel formation, the
photochemical reaction was preferred because it allows a more
detailed study of the sol−gel transition (gelation process) via
oscillatory rheology, enabling a high spatial and temporal
control over the click reaction by selectively switching on UV-
light irradiation (Scheme 2 and Figure 1).47
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To obtain a profound understanding of the gelation process,
the limits of the linear viscoelastic region (LVR), in which
nondestructive rheological testing due to proportionality of the
shear strain and the shear stress is guaranteed, are determined
by a series of rheological experiments. Further, the application
of oscillatory rheology within the LVR ensures comparability

of the results obtained for different samples by applying the
same measurement frequency and amplitude. The preliminary
experiments for evaluating the limits of the LVR consist of four
steps:61 (1) a time sweep with arbitrary frequency and
amplitude to determine the rate of gel formation, (2) a
deformation sweep on a fully gelled sample with arbitrary

Scheme 2. (A) Schematic Representation of the Cross-Linking of P(DEVP-stat-DAlVP) Copolymers via Photoinitiated Thiol−
ene Click Reaction, Applying 2,2-Dimethoxy-2-phenylacetophenone (DMPA) as the Photoinitiator and 3,6-Dioxa-1,8-
octanedithiol (blue) as Cross-Linker; (B) Underlying Reaction Mechanism of the Thiol−ene Click Reaction

Figure 1. (A) Cross-linking reaction of P(DEVP-stat-DAlVP) with 3,6-dioxa-1,8-octanedithiol using UV-light (λ = 365 nm) initiated thiol−ene
click chemistry and 2,2-dimethoxy-2-phenylacetophenone (DMPA) as the photoinitiator. (i) and (iv): Samples in liquid state; (ii) and (v): Cross-
linked samples; and (iii): Comparison of solution and gel. (B) Rheological investigation of gelation process: time sweep with the experimentally
determined values for the deformation and frequency (γ = 1%, f = 5 Hz), demonstrating the kinetics of the thiol−ene-mediated cross-linking
reaction of P(DEVP-stat-DAlVP).
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frequency to determine the LVR region with regard to the
strain, (3) a frequency sweep with the determined amplitude
from (2) on a cross-linked sample to evaluate the linear
equilibrium modulus plateau of the hydrogel, and (4) a time
sweep to obtain the gelation kinetics and the equilibrium
moduli with the previously obtained values for amplitude and
frequency (Figure 1B). Step (1), however, was not carried out
as a rheological experiment, as the initial experiments on
hydrogel formation already indicated immediate hydrogel
formation upon irradiation. Consequently, the deformation
sweep (Figure S18) and subsequent frequency sweep (Figure
S19), both performed on fully cross-linked samples, were
conducted after irradiation of the polymer solution for 5 min.
For rheological experiments, the hydrogels were formed

between the rheometer plates in situ. Therefore, a polymer
solution containing photoinitiator and cross-linker was applied
onto a glass plate at the rheometer, and the upper plate was
lowered, leading to a quantitative filling of the gap.
Subsequently, gelation was initiated at the desired time by
irradiating the sample through the transparent glass plate at
365 nm from below (for experimental details, see the
Supporting Information). The deformation sweep illustrated
in Figure S18 indicated linear behavior of the storage modulus

G′ and the loss modulus G′′ for deformations between 0.1%
and 1%. Thus, an amplitude of 1% was selected for the
subsequent frequency sweep (Figure S19), in which a low-
frequency plateau of the values for G′ and G′′ appeared
between 0.1 and 10 Hz. For conducting time-resolved small-
amplitude oscillatory shear experiments, the testing frequency
must be within this window.61 Therefore, a frequency of 5 Hz
along with the deformation of 1% was applied in a time-
resolved rheological experiment, in which gelation was initiated
by irradiation after five min (Figure 1B). As evidenced by the
results, the samples exhibited liquid-like behavior before
irradiation (G′ < G′′), whereas immediate cross-linking (t <
3 s) was observed (G′ > G′′) after activating the light source
with an intensity of 150 mW cm−2 (Figures 1B and S20). This
demonstrates the excellent control over the thiol−ene click
reaction and its high reaction rates as previously reported.47−50

Studying the kinetics of the thiol−ene reaction by monitoring
the storage moduli revealed a correlation between the gelation
rate and light power intensity (Figure S20). However, we
believe the short gelation times obtained in this study are
mainly attributed to the high polymer concentrations (333 mg
mL−1) and the excess cross-linker used. Considering the
behavior of the moduli in Figure 1B upon UV-irradiation, G′

Figure 2. Rheological investigation of the mechanical properties of corresponding hydrogels for different copolymer compositions (Table 1, entries
3 and 5−8) (A) and different cross-linkers (B) at standardized measurement conditions of 5 Hz frequency and 1% deformation. Mechanical
properties were obtained through nanoindentation of various samples: Hardness of dried samples compared to a swollen hydrogel sample (C) and
indentation moduli of different dry samples (D) with respect to the amount of cross-linkable DAlVP units in the corresponding polymers (Table 1,
entries 3, 7, and 6).
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undergoes a stepwise transition, whereas G′′ exhibits a
maximum, suggesting a rapid transition of the viscous liquid
into a glassy state. This behavior is described as vitrification
(transition into a glassy state) and is accompanied by a
simultaneous peak in the loss factor tan δ (ratio between G′′
and G′) illustrated in Figure S21.62,63 As the measurement
proceeded, G′′ and tan δ decreased toward nearly constant
plateau values, indicating a decrease in the viscous portion of
the complex modulus G*. Regarding the radical reaction
mechanism presented in Scheme 2B, this behavior is likely
attributed to the ongoing radical reaction causing a postcuring
after initiation until a constant, quantitative cross-linking
degree is reached, indicated by the stable G′′ and tan δ values.
Control experiments without irradiation and without the
addition of an initiator revealed no gel formation (Figures S23
and S24), whereas the cross-linking process in the absence of a
cross-linker led to the slow formation of a weak gel (Figure
S25). Therefore, only a minor contribution of the formation of
C−C bonds via olefin coupling is proposed, as the kinetic
curve presented in Figure 1B in the presence of cross-linker not
only exhibits significantly higher reaction rates of the C−S
coupling but also results in the formation of a stronger gel as
indicated by the values of G′. Figure 1B also demonstrates
excellent reproducibility of the experiments, as indicated by the
small error bars, justifying the previously determined frequency
and amplitude. Furthermore, the experiments shown by the
rheological results in Figure 1B serve as proof of concept for
hydrogel synthesis via cross-linking of P(DEVP-stat-DAlVP)
with 3,6-dioxa-1,8-octanedithiol. In addition to the findings
presented in Figure 1, a comparison of the infrared spectra of
the cross-linker, a polymer (Table 1, Entry 1), and the
corresponding hydrogel indicated a successful photochemical
cross-linking of poly(vinylphosphonates) with dithiols. This
was confirmed in the hydrogel spectrum by the absence of
characteristic thiol stretching bands (2550 cm−1) and the
appearance of CH2−O−CH2 asymmetric stretching bands
(1180−1060 cm−1) inherent to the PEG-chain of the cross-
linker (Figure S16).64 Thermogravimetric analysis of water-
swollen hydrogels displayed dehydration, as shown in Figure
S17, followed by the transitions already observed for the
polymers (Figure S14).

Tuning of Mechanical Strength. After the successful
application of oscillatory rheology to characterize the gelation
kinetics, it was further selected as a tool for evaluating the
mechanical strength of hydrogels. The mechanical properties
of hydrogels are mainly affected by the cross-linking density,
which in turn can be influenced by various factors, such as type
of cross-linker or ion concentrations.65,66 We selected two
approaches for the variation of viscoelastic properties, both
aiming at an alteration of the cross-linking density or the mesh
size, respectively. First, the effect of the copolymer
composition on the rheological results of the corresponding
hydrogels was investigated. In this context, copolymers with
similar molecular weights but different amounts of cross-
linkable DAlVP units (see Table 1, entries 3 and 5−8) were
compared when cross-linked with the model cross-linker 3,6-
dioxa-1,8-octanedithiol. Oscillatory rheology was conducted
under the previously determined, standardized measurement
conditions with a frequency of 5 Hz and a deformation of 1%
(Figures 1B, S18, and S19). Further, identical ratios of cross-
linker and photoinitiator with respect to the number of cross-
linkable units in the copolymers were applied to ensure
comparability of the results. Measurements were performed at

least in triplicate, and the plateau values of the storage modulus
for each kinetic curve were used as a measure of the
mechanical strength (for the kinetic curves of each copolymer
composition, see the Supporting Information, Figure S22).
Figure 2A displays an increase in the mechanical strength of
the hydrogels with an increasing number of DAlVP units in the
copolymers. This reflects the expected trend, as only DAlVP
can undergo a thiol−ene click reaction with the cross-linker.
Switching to higher amounts of cross-linkable units (Table 1,
entry 5), premature gelation was observed with high
reproducibility (Figure S22). This was attributed to the
initiation of the cross-linking process by incident light or
oxygen diradicals, which is more pronounced if a higher
number of cross-linking sites is available and, therefore, is
reflected in the increase of moduli during rheological
measurements despite light exclusion. However, these results
demonstrate tunability of the mechanical properties of the
corresponding hydrogels upon adjustment of the monomer
feed ratio during polymerization, only limited by premature
gelation and decreasing copolymer solubility in polar solvents
with increasing DAlVP contents. As a second approach for
adjusting the mechanical properties of these novel materials,
the cross-linker applied during hydrogel synthesis is easily
exchangeable with an impact on the resulting material
characteristics. This was demonstrated by performing time-
resolved rheological measurements with the same polymer
(Table 1, entry 3) but testing different cross-linkers. Figure 2B
shows a comparison of the rheological data obtained for the
model cross-linker 3,6-dioxa-1,8-octanedithiol (blue curve)
and pentaerythritol-tetrakis(3-mercaptopropionate) (orange
curve) upon application of equimolar amounts of SH-groups.
In other words, only half of the concentration of the 4-armed
linker was applied compared to the dithiol to assess the effect
of the linker structure exclusively. These measurement results
reveal that besides the number of cross-linking sites in the
polymer, also the functionality of the linker plays a crucial role
with respect to the resulting mechanical properties of the gels.
Whereas the model cross-linker is only bifunctional (two thiol
groups), the four-armed linker allows for the formation of a
more densely cross-linked network, which is reflected in higher
values of G′ and G′′ and corresponds to a higher mechanical
strength. Thus, the choice of cross-linker allows for an
adjustment of the mechanical properties of materials cross-
linked via thiol−ene click reactions. In addition to the
rheological characterization of hydrogels, nanoindentation
was applied to determine the (surface) mechanical properties
of the cross-linked materials. In this context, different dried
samples originating from polymers with a rising number of
DAlVP units (Table 1, entries 3, 7, and 6) and an increasing
cross-linking density were investigated. Regarding the hardness
of each sample, higher numbers of DAlVP units in the
copolymers resulted in an increased hardness of the cross-
linked materials (Figure 2C). Additionally, we observed similar
trends regarding the indentation modulus of the samples.
Whereas the covalent networks of polymers with 10% and 15%
DAlVP units exhibited similar indentation moduli, the sample
with the highest cross-linking degree (20% DAlVP) revealed a
significantly higher stiffness (Figure 2D). Comparing the
water-swollen state of the hydrogels to their dry state,
nanoindentation of an exemplary hydrogel revealed a
drastically decreased sample hardness after swelling in water.
Considering the apparent structure−property relationships
between the copolymer structure and the hydrogel properties
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found for the swelling behavior (discussed in the next section),
the mechanical properties determined via rheology (Figure
2A), and the dry sample hardness (Figure 2C), the trend in the
mechanical properties is likely to persist in the swollen
hydrogels.

Water Uptake. The wate r uptake o f po ly -
(vinylphosphonate)-based hydrogels was investigated by
comparing the weight of hydrogels after drying in vacuo
overnight with the weight after immersing the samples in water
for 6 h, ensuring equal equilibrium swelling states of all
hydrogels as demonstrated by the kinetic curves presented in
Figure S26. The ability of hydrogels to absorb water is usually
described by the swelling ratio Q, which is given by eq 1 and
defines the weight percentage of water in each sample.67,68 In
this context, Ms denotes the weight of the fully swollen sample,
whereas Md expresses the weight of the dry state.

Q
M M

M
s d

d
=

(1)

As with the mechanical properties of poly(vinylphosphonate)-
based hydrogels, a correlation was found between initial
copolymer composition and water uptake of the cross-linked
material (Figure 3).

Unlike the mechanical properties, the swelling ratio
decreases with an increasing number of DAlVP units and,
therefore, cross-links in the material. This can be attributed to
reduced chain mobility in more cross-linked networks
hindering the solvation of the chains as well as the higher
hydrophobicity of the DAlVP compared to the more
hydrophilic DEVP monomer. The highest water absorption
of 2.22 g of water per gram of dry hydrogel was achieved for a
DAlVP content of 5.7%. Further, studying the hydrolytic
stability of these novel materials under physiological conditions
in phosphate-buffered saline solution (pH = 7.4) at 37 °C
revealed no significant degradation over 8 days (Figure S27).
To increase the water uptake, the copolymers (Table 1, entry 3
and entries 6−8) were functionalized by performing a click
reaction with sodium 3-mercaptopropane-1-sulfonate prior to
cross-linking as illustrated in Scheme 3.
The modified polymers were purified via dialysis against

water (MWCO = 8 kDa), and successful functionalization was

confirmed via 1H DOSY NMR spectroscopy (Figure S28).
Unfortunately, a comparison of the 1H NMR spectra of each
copolymer before and after functionalization with the sulfonate
could not afford the degree of functionalization due to the lack
of a reference signal in both spectra (Figure S29). However, 1H
NMR spectroscopy gave access to the composition of
unfunctionalized polymers, whereas elemental analysis of the
functionalized polymers (Table S2) led to the compositions
displayed in Table 2. Subsequently, the purified samples were
successfully subjected to hydrogel formation applying thiol−
ene click chemistry (for experimental details, see the
Supporting Information). The resulting hydrogels were dried
in vacuo, and their water uptake was investigated in the same
manner as that described above. In this context, each hydrogel
synthesis and water absorption experiment was performed in
triplicate. The water uptake regarding the polymer composi-
tion and a description of the mechanical properties of the
swollen hydrogels are provided in Table 2.
As reflected by the compositions in Table 2, starting with

P(DEVP-stat-DAlVP) copolymers with an increasing number
of DAlVP units (Table 1, entries 3 and 6−8) results in
different degrees of functionalization upon application of the
thiol−ene reaction with sulfonate. In general, the values for the
water uptake presented in Table 2 reveal an extraordinary
increase in the water uptake of these novel materials. More
specifically, hydrogels originating from the functionalized
polymers exhibited a roughly 25-fold increase in water uptake
up to more than 50 g of water per gram of material (Table 2)
compared to the initially applied polymers (Figure 3). This
renders these materials applicable as superabsorbers and can be
attributed to a significant increase in the hydrophilicity of the
polymers used in hydrogel synthesis. Upon introduction of the
sulfonate side chains, ionic moieties are introduced into the
hydrogel networks. Similarly to acrylic acid−based super-
absorbers, introducing sodium salts of deprotonated acids
causes a significant increase in water absorption due to the
solvation of both anions and cations.69 When correlating the
polymer composition to the water uptake, a significant increase
in the water uptake at lower DAlVP contents is obtained,
which, as explained above, is due to a lower cross-linking
density. Notably, the amount of functionalized monomer units
increased along with the DAlVP content from entries 9 to 12.
Therefore, the hydrophilicity-enhancing effect of sulfonate side
chains appears to be compensated by a higher number of cross-
links in entry 12, for example. This is evidenced by analyzing
entries 11 and 12, which exhibited similar amounts of
sulfonate-functionalized monomers. Neglecting the differences
in the DEVP amounts, the significantly reduced water uptake
of hydrogels synthesized from polymer 12 can be attributed to
the higher DAlVP ratio. Comparing entries 9 and 10, hydrogels
corresponding to the presented terpolymer compositions
revealed almost identical swelling ratios. This could potentially
demonstrate the interplay between a decreasing number of
cross-links (entry 9) and an increasing number of hydrophilic
side groups (entry 10). The mechanical properties of the
swollen hydrogels were dominated by the amount of DAlVP
units available for cross-linking, as denoted in Table 2, which
can also be seen in the images of the corresponding swollen
networks presented in Figure S30. The correlation between the
polymer composition and the mechanical properties of the
respective hydrogel is in good accordance with the findings
presented earlier in this work. The findings were further
complemented by oscillatory frequency sweeps, revealing

Figure 3. Equilibrium swelling ratio of different hydrogels with
respect to the corresponding amounts of DAlVP in the P(DEVP-stat-
DAlVP) copolymers (Table 1, entries 3 and entries 6−8).
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increasing storage moduli of dilute, fully cross-linked solutions
of entries 9 to 12, aligning well with the increasing DAlVP
content in these samples (Figure S31). To conclude, the

combination of functionalizing P(DEVP-stat-DAlVP) via
thiol−ene click chemistry, followed by cross-linking to
hydrogels, demonstrated by this example, could be expanded

Scheme 3. Functionalization of P(DEVP-stat-DAlVP) with Sodium 3-Mercaptopropane-1-sulfonate Prior to Hydrogel
Synthesis through Photoinitiated Thiol−ene Click Chemistry

Table 2. Calculated Compositions of P(DEVP-stat-DAlVP) Copolymers Functionalized with Sodium 3-Mercaptopropane-1-
sulfonate, Water Uptake of the Corresponding Hydrogels, and Description of the Mechanical Properties of the Water-Swollen
Hydrogel Samples

entry DEVP [%]a DAlVP [%]a functionalized [%]a water uptake Q [g(H2O)/g(sample)]
b description of mechanical properties

9 96.2 3.11 0.69 50 ± 5 no structural integrity
10 90.1 7.82 2.08 54 ± 1 no structural integrity
11 84.7 11.4 3.90 39 ± 3 soft and brittle
12 79.4 16.5 4.10 15 ± 0 soft and brittle

aPolymer composition of functionalized samples after purification, as determined from 1H NMR spectroscopy and elemental analysis. bWater
uptake of corresponding hydrogels with standard deviation. Q = (Ms − Md)/Md.

Figure 4. (A) Cytotoxicity test of human umbilical artery smooth muscle cells (HUASMCs) based on the extract test, according to ISO 10993. The
cell viability is shown relative to the negative control (NC: untreated medium) upon incubation of the cells with the eluates of Hydrogels 1−5
(Table S3) at 37 °C for 72 h. The eluate of a latex glove served as a positive cytotoxic control (PC). Samples demonstrating cell viability higher
than the threshold of 70% are considered noncytotoxic according to ISO 10993. (B) Cell adhesion of human umbilical artery smooth muscle cells
(HUASMCs) on poly(vinylphosphonate)-based hydrogels after incubation for 3 days. Scale bar = 100 μm, nuclei are stained in blue and actin in
green. (C) Cell viability of smooth muscle cells 3 days after seeding directly on two poly(vinylphosphonate)-based hydrogel samples (HG1 and
HG2) relative to the viability on the well plate surface as a control.
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toward introducing other functionalities into the final materials
such as catalytic motifs or biologically active substrates.

Hydrogel Purification and Biocompatibility Studies.
Finally, cytotoxicity investigations were conducted to explore
these novel materials’ potential in biomedical applications.
Initial cytotoxicity tests based on the extract test performed
according to ISO 10993 with the unpurified, dried samples
revealed relatively low cell viabilities (40−60%) relative to the
control (untreated medium) upon incubation of human
umbilical artery smooth muscle cells (HUASMCs) with the
eluates of the hydrogels at 37 °C for 72 h. Therefore, an
additional purification step was introduced after the hydrogel
synthesis. In this context, different hydrogel samples were
subjected to Soxhlet extraction with either ethanol followed by
water or water exclusively. In all cases, this resulted in a
significant weight loss of the samples and hinted toward the
leakage of potentially cytotoxic compounds as indicated by the
ratios of extractable compounds and gel calculated for different
hydrogels (Table S3). Further, a 1H NMR spectrum of the
extractable fraction after solvent removal gave evidence of
cross-linker, initiator, and its’ decomposition products, which
were removed from the sample upon Soxhlet extraction
(Figure S32). With the purified hydrogels, the cytotoxicity test
based on the extract test described above was repeated. The
purified hydrogel samples, in which we screened different
copolymers, cross-linkers, and purification methods (Table S3)
exhibited cell viabilities relative to the control above the 70%
threshold defined by the ISO 10993, and were therefore
declared noncytotoxic (Figures 4A and S33). Finally, the
purified hydrogels were tested for cell adhesion to be evaluated
as potential scaffold materials for tissue engineering. Figure 4B
shows the cell adhesion to and distribution on the hydrogel
surface after incubation with smooth muscle cells for 3 days.

Further, an alignment of smooth muscle cells could be
detected, which could not be explained through any aspects of
sample preparation and is part of ongoing research. Figure 4C
shows the results of the cell adhesion test and demonstrates
the cell viability of smooth muscle cells 3 days after seeding
directly on the poly(vinylphosphonate)-based hydrogels
relative to that on the noncytotoxic surface of the well plate
(control surface). Considering this data, it becomes evident
that these novel, cytocompatible materials can already be
applied as scaffold materials for HUASMCs and be further
investigated based on their biological and mechanical proper-
ties for their potential in biomedical applications such as tissue
engineering. An investigation of the endothelialization of the
hydrogels was conducted with human umbilical vein
endothelial cells seeded on the surfaces of hydrogels HG1
and HG2. After a 24 h incubation step, the cells were stained,
and the layer formation was examined. Images show that both
hydrogels supported the adhesion, growth and layer formation
of endothelial cells, as shown by CD31 expression in Figure
S34. These results show the broad potential of the hydrogels as
they could support the endothelialization of tissue-engineered
cardiovascular constructs and thereby reduce the risk of
thrombosis and inflammation.
Additionally, the host immune response toward these novel

materials was tested and compared to the benchmark systems
fibrin and gelatin to further elucidate the potential of applying
these scaffolds in tissue engineering. In this context,
inflammation studies with purified P(DEVP-stat-DAlVP)-
based hydrogels were conducted in vitro by measuring the
cytokine release of THP-1 monocyte-derived M0 macrophages
seeded onto the hydrogels. The hydrogels denoted as HG1 and
HG2 consisted of cross-linked polymers with 15% and 20%
DAlVP units, respectively. To quantify the immune response,

Figure 5. Cytokine expression of THP-1 monocyte-derived M0 macrophages after cultivation on the hydrogel samples (HG1, HG2), tissue culture
polystyrene (Well), fibrin gel, and gelatin gel. Concentrations of anti-inflammatory cytokines interleukin-10 (IL-10) (A) and transforming growth
factor-beta (TGF-β) (B) and pro-inflammatory cytokines tumor necrosis factor-alpha (TNF-α) (C) and interleukin-6 (IL-6) (D) after a 72 h
incubation. Values represent mean ± standard deviation obtained from 5 independent samples. An unpaired t test was conducted to compare the
two sample groups.
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the release of the anti-inflammatory cytokines interleukin-10
(IL-10) and transforming growth factor-beta (TGF-β) and the
pro-inflammatory cytokines tumor necrosis factor-alpha (TNF-
α) and interleukin-6 (IL-6) were quantified. As shown in
Figure 5, the released cytokine concentrations of IL-6, TNF-α,
and the anti-inflammatory cytokine IL-10 show no significant
difference for the two hydrogel samples. Regarding the release
of TGF-β, HG1 exhibits higher values than HG2, potentially
attributed to differences in the composition (monomer ratios,
different amounts of incorporated PEG-based cross-linker,
etc.). In general, however, the results of these experiments
indicate that the novel poly(vinylphosphonate)-based hydro-
gels perform similarly to hydrogels commonly applied in tissue
engineering applications, underlining their great potential for
biomedical applications.
Lastly, the antibacterial properties of HG1 and HG2 were

explored by performing bacterial adhesion tests with Staph-
ylococcus aureus and Escherichia coli after seeding directly onto
the hydrogel surfaces and incubation at 37 °C for three hours.
Quantification of the adherent bacteria on the samples yielded
log reduction values between 3 and 4 for both bacterial strains,
corresponding to a 99.9−99.99% reduction of bacteria (Figure
6), which indicates the antibacterial properties of these
hydrogels.

■ CONCLUSION
To summarize, this study successfully demonstrated the
synthesis of hydrogels from statistical P(DEVP-stat-DAlVP)
copolymers upon application of photoinitiated thiol−ene click
chemistry. The copolymerization allows a facile adjustment of
chain length and copolymer composition through variation of
the monomer feed and monomer/catalyst ratio, while
maintaining narrow polydispersities. After a series of
preliminary experiments, the cross-linking process could be
visualized by time-resolved rheological experiments with
coupling to a UV lamp. Subsequently, oscillatory rheology
was applied to characterize the mechanical properties of the
various hydrogels. In this context, the mechanical strength of
cross-linked samples increased with higher amounts of allyl
group-containing DAlVP units in the copolymer as well as
upon application of linkers containing more than two thiol
functionalities. Mechanical characterization of different cross-
linked samples by nanoindentation revealed increasing sample
hardness and stiffness with higher cross-linking degrees and a
significantly reduced hardness in the water-swollen state of the
gels. Regarding the water uptake, more cross-linked hydrogels
exhibited lower water absorption, attributed to decreased chain
mobility and overall increased hydrophobicity of the samples.

However, a significant increase in the swelling ratio was
observed with the utilization of sulfonate-functionalized
polymers for hydrogel synthesis. Despite showing a 25-fold
increase in the water absorption capacity, which was assigned
to the increased hydrophilicity, the water uptake was seemingly
still governed by the cross-linking density. Finally, the
hydrogels exhibited cytocompatibility after a successful
purification via Soxhlet extraction. Further, smooth muscle
cells readily proliferated and adhered on the surfaces of
purified poly(vinylphosphonate)-based hydrogels 3 days after
direct seeding. Additional biocompatibility investigations
revealed the ability to support endothelialization, no pro-
inflammatory response toward these novel hydrogels, and
antibacterial properties based on a reduction of the adhesion of
S. aureus and E. coli on the sample surfaces. Overall, these
widely tunable material properties in terms of mechanical
performance and swelling behavior, in combination with low
cytotoxicity, render these hydrogels appealing candidates for
potential biomedical applications such as tissue engineering.
Additionally, the fundamental structure−property relationships
of polymer to hydrogel presented in this study offer a platform
for further research ambitions. In this context, a profound
understanding of the material properties of poly-
(vinylphosphonate)-based hydrogels can contribute to ongoing
studies on the application of this photochemical cross-linking
process in, e.g., additive manufacturing of these novel
materials.
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5.3 Content 

Intending to increase the water uptake of poly(vinylphosphonate)-based hydrogels, this 

study introduces a facile two-step synthesis route, combining the polymer-analogous 

hydrolysis of P(DEVP-stat-DAlVP) copolymers – introducing vinylphosphonic acid 

(VPA) units – with the photochemical cross-linking toward covalent networks. The 

resulting materials exhibit drastically increased water uptakes up to 

150 ± 27 g (H2O)/g (hydrogel) due to higher hydrophilicity and evident structure-

property relationships between polymer composition and hydrogel properties 

regarding water uptake and mechanical strength. Polymer solutions containing the 

partially dealkylated poly(vinylphosphonates), a photoinitiator, and the cross-linker are 

spin-coated onto different substrates, including silicon wafers and the gold surfaces of 

QCM-D sensors and subsequently cross-linked by UV irradiation (λ = 365 nm). These 

thin films are thoroughly characterized by profilometry, light microscopy, AFM, and dry-

film QCM-D, revealing a quantitative, homogeneous coverage of the substrates with a 

film thickness of 39.4 ± 2.33 nm. Subsequently, the hydrogel films are subjected to 

QCM-D measurements in different aqueous environments, demonstrating strongly pH-

dependent swelling behavior in response to the pH values of the environment (1, 6, 

10, 13). This is attributed to electrostatic repulsions within the networks caused by 

deprotonation and protonation of VPA, inducing a fully reversible swelling and 

deswelling of the hydrogel films. Consequently, spin-coating these hydrogel materials 

onto QCM-D electrodes creates gravimetric pH-sensors to discriminate between pH 

values by monitoring the network’s swelling states. The hydrogels exhibit excellent 

stability on the gold surfaces, with little to no erosion despite applying harsh conditions, 

suggesting an anchoring of the networks on the substrates through the dithiol cross-

linker via Au-S-interactions. This hypothesis is verified by an in-depth characterization 

of the films on the surfaces by a plethora of analytical methods. AFM, XPS, and ToF-

SIMS measurements confirm the expected film composition and unveil an increased 

S-related signal intensity at the polymer network/Au interface, thus supporting the 

proposed surface anchoring mechanism. 
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ABSTRACT: Herein, novel, superabsorbent, and pH-responsive hydrogels
obtained by the photochemical cross-linking of hydrophilic poly-
(vinylphosphonates) are introduced. First, statistical copolymers of diethyl
vinylphosphonate (DEVP) and diallyl vinylphosphonate (DAlVP) are synthesized
via rare earth metal-mediated group-transfer polymerization (REM-GTP) yielding
similar molecular weights (Mn,NMR = 127−142 kg/mol) and narrow poly-
dispersities (Đ < 1.12). Subsequently, polymer analogous transformations of
P(DEVP-stat-DAlVP) introduced vinylphosphonic acid (VPA) units into the
polymers. In this context, the partial dealkylation of the polymers revealed a
preference for DAlVP hydrolysis, which was observed via 1H NMR spectroscopy
and explained mechanistically. Furthermore, the P(DEVP-stat-DAlVP-stat-VPA)
polymers were cross-linked under photochemical reaction conditions (λ = 365
nm) via thiol−ene click chemistry, yielding superabsorbent hydrogels with water
uptakes up to 150 ± 27 g (H2O)/g (hydrogel). Regarding water absorption, evident structure−property relationships between cross-
linking density, polarity, and swelling behavior were found. Finally, the pH-responsiveness of thin films of these hydrogels was
investigated. In this regard, films with a thickness of 39.4 ± 2.33 nm determined via profilometry were spin-coated on sensors of a
quartz crystal microbalance with dissipation monitoring (QCM-D) and thoroughly characterized by atomic force microscopy
(AFM). QCM-D measurements exposing the hydrogel films to different aqueous media revealed different swelling states of the
hydrogels depending on the pH values (1, 6, 10, and 13) of the surrounding environment, as reflected by corresponding frequency
and dissipation values. The hydrogels exhibited fully reversible swelling and deswelling upon switching between pH 1 and 13 (three
cycles), sustaining the harsh conditions without erosion from the gold surface and thus acting as a gravimetric sensor discriminating
between the two pH values. The high stability of the films on the gold surfaces of QCM-D sensors was explained by anchoring of the
P(DEVP-stat-DAlVP-stat-VPA) networks through the dithiol cross-linker as confirmed by detailed X-ray photoelectron spectroscopy
(XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS) studies.
KEYWORDS: superabsorbent hydrogels, pH-responsiveness, hydrogel thin films, quartz crystal microbalance, pH sensor, reversible swelling,
rare earth metal-mediated group-transfer polymerization

■ INTRODUCTION
In recent years, stimuli-responsive hydrogels have emerged as a
promising area of research in biomedical fields such as
controlled drug delivery and tissue engineering due to their
high biocompatibility and resemblance to biological tissues.1−3

In this context, employing these materials enables the release
of an active pharmaceutical ingredient, such as a protein or a
drug, in a controlled manner through an external trigger or
changes in the surrounding conditions.4,5 Hydrogels in stimuli-
responsive applications often serve as scaffolds reacting to
environmental changes, e.g., differences in the pH value,6−8

temperature,9,10 light,11,12 electricity,13,14 and the presence of
biomolecules.15 Beyond biomedicine, several other areas
employ cross-linked materials with these properties. For
instance, in the field of actuators and soft robotics, these
components can undergo mechanical motion upon external

stimulation, or in the fabrication of sensors, hydrogels with the
ability to respond to variations in an ambient medium are up-
and-coming candidates.16−20 The swelling behavior and other
material characteristics of synthetic and natural hydrogels are
often influenced by the pH value of the surrounding medium,
affecting the charge of acidic or basic groups in the polymer
networks. Notable examples of pH-responsive moieties in
hydrogels include acrylic acid-containing networks, along with
chitosan and hyaluronic acid derivatives as representatives of
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biopolymers.19,21−23 The potential of certain materials reacting
to changes in the pH value is highlighted by their widespread
implementation in numerous areas of research and everyday
life. These include smart and antibacterial coatings,22,24−27

smart packaging,28 actuators and sensors,16,17,19,20 and lab-on-
a-chip applications,29 among others, therefore creating
incentives for further research toward the discovery of novel
materials with these properties. Before application, the pH-
dependent behavior of newly established hydrogels is typically
investigated by analyzing the water uptake of different samples
across a range of pH values. Additional insights into the
response of thin films of cross-linked, pH-sensitive networks
can be obtained through a quartz crystal microbalance with
dissipation monitoring (QCM-D), providing an online
measurement of the swelling state as well as the viscoelastic
properties of the sample.23,30−32 The water uptake of a
hydrogel is usually governed by several factors, including the
hydrophilicity of the polymers, the cross-linking density of the
network, chain mobility, and external factors like the ionic
strength of the medium used for swelling experiments.33−35

Further, the water uptake may be increased by introducing
sodium salts of deprotonated acids through increased hydro-
philicity and solvation of both anions and cations.36 In a recent
study, we introduced hydrogels obtained through photo-
chemical cross-linking of statistical copolymers consisting of
diethyl vinylphosphonate (DEVP) and diallyl vinylphospho-
nate (DAlVP) applying thiol−ene click chemistry with dithiols
as cross-linkers. The final materials exhibited widely tunable
properties in terms of water uptake and mechanical strength, as
well as good biocompatibility.37 The corresponding copoly-
mers were obtained with excellent control over the polymer
microstructure while maintaining narrow polydispersities by
applying yttrium-catalyzed rare earth metal-mediated group-
transfer polymerization (REM-GTP).38 This highly precise
polymerization technique gives access to well-defined poly-
meric structures in terms of molecular weight and polydisper-
sity through repeated 1,4-conjugate addition of Michael-type
monomers.39,40 Further, REM-GTP enables a straightforward
introduction of biologically active motifs and other substrates
into allyl group-containing poly(vinylphosphonates) under
mild conditions through postpolymerization thiol−ene click
chemistry.41,42 As demonstrated in the study mentioned above,
the functionalization of polymers with sodium salts of organic
acids prior to photochemical cross-linking toward hydrogels
was successfully applied, yielding materials with significantly
increased swelling ratios.36,37 Another approach for increasing
the water uptake worth exploring includes polymer mod-
ification rather than functionalization. In this context, the well-
established transformation of poly(vinylphosphonates) with
trimethylsilyl bromide (TMSBr) results in partial hydrolysis of
the polymer side chains toward poly(vinylphosphonic acid)
(PVPA). When applied to allyl-group containing poly-
(vinylphosphonates), this should generate cross-linkable
polymers with increased hydrophilicity, potentially inducing
pH-responsiveness into the final materials.43 In this study,
different P(DEVP-stat-DAlVP) copolymers obtained via REM-
GTP are subjected to polymer-analogous hydrolysis of the
monomers toward statistical P(DEVP-stat-DAlVP-stat-VPA)
terpolymers, which are cross-linked applying photoinitiated
thiol−ene click reactions with 3,6-dioxa-1,8-octanedithiol.
After being dried, the resulting hydrogels are thoroughly
analyzed regarding water uptake. Further, in-depth character-
ization of thin films of these novel materials and detailed

analyses of the pH-responsiveness through QCM-D measure-
ments contribute to a profound understanding of the high
application potential in actuators and sensors.

■ EXPERIMENTAL SECTION
Statistical Copolymerization of Diethyl Vinylphosphonate

(DEVP) and Diallyl Vinylphosphonate (DAlVP). The statistical
copolymerization of DEVP and DAlVP was performed according to
previously reported procedures.37,41 In a copolymerization experi-
ment, the calculated amount of catalyst Cp2YCH2TMS(thf) (1.00
equiv) was dissolved in dry toluene. The calculated amount of
initiator (1.10 equiv) was added to this solution, resulting in a yellow
coloration. After 2 h, quantitative conversion of the catalyst toward
the initiating species was confirmed via 1H NMR spectroscopy by
withdrawing an aliquot of the reaction mixture (0.1 mL of solution
+0.4 mL of C6D6), and a mixture of monomers in the desired ratio
was added in one motion. The polymerization was stirred at room
temperature for 2 h until a second aliquot (0.1 mL of solution + 0.4
mL of CD3OD) confirmed quantitative conversion via 31P NMR
spectroscopy. Then, polymerization was stopped by adding 0.5 mL of
undried MeOH, and the polymers precipitated from hexane. After
centrifugation, the residues were taken up in 1,4-dioxane and
subjected to lyophilization to yield the purified P(DEVP-stat-
DAlVP) polymers as white solids.

Partial Hydrolysis of P(DEVP-stat-DAlVP) toward Vinyl-
phosphonic Acid (VPA)-Containing Terpolymers. The poly-
mer-analogous hydrolysis of P(DEVP-stat-DAlVP) was performed
according to a well-established procedure applying trimethylsilyl
bromide (TMSBr).43 In an oven-dried Schlenk flask suitable for
elevated pressures, P(DEVP-stat-DAlVP) was dissolved in dry
CH2Cl2 (10 mL of solvent per 100 mg of polymer). Further, 0.30
equiv (or 0.15, as specified in the manuscript) of TMSBr was added,
and the reaction mixture was refluxed for 16 h. Then, the solvent was
removed in vacuo, and the residue was taken up in 20 mL of
methanol, and 5 mL of 1 M hydrochloric acid (aq) was added. The
resulting reaction mixture was stirred at room temperature for 2 h.
Finally, the solvent was removed under reduced pressure, and the
crude product was purified via dialysis against deionized water (8 kDa
MWCO). Lyophilization yielded the partially hydrolyzed P(DEVP-
stat-DAlVP-stat-VPA) polymers as white solids.

Synthesis of Hydrogels from VPA-Containing Terpolymers.
To obtain hydrogels from P(DEVP-stat-DAlVP-stat-VPA) terpol-
ymers, the reaction conditions reported in an initial study were
applied.37 In a typical experiment, 100 mg of polymer were dissolved
in 0.3 mL of dioxane. For some polymers, small amounts of water
were added to facilitate the solubilization of polymers. To this
solution, the calculated amounts of cross-linker 3,6-dioxa-1,8-
octanedithiol (2.50 equiv) and 0.40 equiv of the photoinitiator 2,2-
dimethoxy-2-phenylacetophenone (DMPA) were added. After
homogenization, the reaction mixture was cross-linked through UV
irradiation (λ = 365 nm) for 60 min and dried to weight constancy in
vacuo.

Thin-Film Preparation. Stock solutions of P(DEVP-stat-DAlVP-
stat-VPA) for spin-coating silicon wafers and QCM-D sensors were
freshly prepared before each experiment. In this context, 25 mg of
polymer was dissolved in 3 mL methanol and 0.5 mL distilled water,
resulting in a homogeneous, clear solution. Subsequently, the
calculated amounts of the cross-linker 3,6-dioxa-1,8-octanedithiol
with respect to the allyl groups in the polymer (2.50 equiv per allyl
group) and the photoinitiator 2,2-dimethoxy-2-phenylacetophenone
(DMPA) (0.40 equiv per allyl group) were added to the solution. To
prevent ambient light-induced cross-linking, all samples were prepared
and stored in brown glass vials to protect them from surrounding
light. The spin-coating of quartz crystals and silicon wafers was
performed according to well-established procedures.44,45 The P-
(DEVP-stat-DAlVP-stat-VPA)-containing films were deposited on the
static substrates by pipetting 50 μL of an 85 ppm (0.0085 wt %)
polymer-containing stock solution in methanol/water (6/1) onto the
surfaces of either the QCM-D sensors or the silicon wafers.
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Immediately after adding the stock solution, the substrates were
rotated at a spinning speed of 4000 rpm with an acceleration of 2500
rpm/s for 60 s. In the final step, the films on the substrates were cross-
linked by UV irradiation (λ = 365 nm) for 60 s.

Workflow of QCM-D Measurements. In a typical QCM-D
experiment, the frequencies and dissipation of cleaned and empty
QCM-D sensors were monitored in ambient air for 5 min.
Subsequently, the substrates were spin-coated with a freshly prepared
polymer-, cross-linker-, and photoinitiator-containing solution, as
described above.44,45 Next, the films on the substrates were cross-
linked through UV irradiation (λ = 365 nm) for 1 min. The frequency
change upon spin-coating was evaluated by measuring the sensors in
air for another 5 min. Following that, the crystals were subjected to
the different aqueous solutions described in the discussion, and the
QCM-D response was monitored for the given timeframes, observing
different swelling states of the hydrogel films. Finally, the QCM-D
crystals were removed from the device, dried thoroughly with
nitrogen gas to avoid mechanical removal of the films, and remeasured
in air to confirm that no significant sample leaching occurred.

■ RESULTS AND DISCUSSION
Polymer Synthesis and Modification. As reported in

previous studies, statistical copolymers from the water-soluble

monomer diethyl vinylphosphonate (DEVP) and the cross-
linkable monomer diallyl vinylphosphonate (DAlVP) were
obtained through rare earth metal-mediated group-transfer
polymerization (REM-GTP).37 After the quantitative con-
version of the Cp2YCH2TMS(thf) catalyst toward the
initiating species was achieved (Scheme 1, Step 1), as
confirmed by 1H NMR spectroscopy in C6D6, a mixture of
the monomers was added to initiate the polymerization
(Scheme 1, Step 2). Following, once quantitative monomer
conversion was confirmed via 31P NMR spectroscopy, the
polymers were purified by precipitation and characterized by
1H NMR (Figure S1) and 1H DOSY NMR spectroscopy
(Figure S3) as well as size-exclusion chromatography multi-
angle light scattering (SEC-MALS). An overview of the
polymerization results of different P(DEVP-stat-DAlVP)
copolymers is given in Table 1.
As described in previous studies, these results highlight the

high precision of REM-GTP in terms of tailoring the
copolymer microstructure toward different DEVP/DAlVP
ratios by adjusting the amounts of monomers relative to the
catalyst while maintaining narrow polydispersities.37 Table 1

Scheme 1. Overview of the Synthetic Pathway toward Highly Water-Absorbing Hydrogelsa

aCH-bond activation of a sym-collidine derivative with Cp2YCH2TMS(thf) towards the initiating complex (Step 1); polymerization through
addition of the monomers diethyl vinylphosphonate (DEVP) and diallyl vinylphosphonate (DAlVP) (Step 2); polymer-analogous transformation
of the copolymer side-chains towards vinylphosphonic acid (VPA) units (Step 3); crosslinking of P(DEVP-stat-DAlVP-stat-VPA) chains via
photoinitiated thiol−ene click chemistry to highly hydrophilic hydrogels (Step 4).
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displays a variation of the content of cross-linkable DAlVP,
simultaneously targeting comparable molecular weights
between 127 and 142 kg/mol in copolymers 1−4. The results
for the copolymer microstructures and molecular weights were
obtained via 1H NMR spectroscopy (Figure S1), and 31P NMR
spectroscopy (Figure S2) and 1H DOSY NMR spectra (Figure
S3) confirm successful copolymer synthesis. Furthermore, the
polydispersities below 1.12 for entries 1−4 determined by
SEC-MALS reflect a uniform molecular weight determination
characteristic of catalytic REM-GTP. In a subsequent step,
P(DEVP-stat-DAlVP) polymers 1−3 were subjected to side
chain modification with 0.30 equiv of TMSBr, whereas
polymer 4 was reacted with only 0.15 equiv of TMSBr
(Scheme 1, Step 3). This polymer-analogous transformation is
well-known for poly(vinylphosphonates), resulting in the
formation of vinylphosphonic acid (VPA) units in the polymer
backbone while maintaining the degree of polymerization.43

After purification via dialysis against deionized water (MWCO
= 8 kDa), lyophilization yielded pure P(DEVP-stat-DAlVP-
stat-VPA) terpolymers, in which a statistical distribution of
monomers is assumed. The degree of deprotection after each
reaction, also reflected by the number of VPA units formed,
was calculated via comparison of the 1H NMR spectra of
P(DEVP-stat-DAlVP) (Table 1, Entries 1−4) and P(DEVP-
stat-DAlVP-stat-VPA) (Table 2, Entries 5−8), normalizing the
signals of the polymer backbone (δ = 1.65−3.00 ppm).
Notably, the side-chain hydrolysis of copolymers 1−4 (Table
1) toward terpolymers 5−8 (Table 2) resulted in a preference
for DAlVP dealkylation compared to DEVP, as evidenced via
1H NMR spectroscopy (Figure S4) and the compositions listed
in Table 2. In this context, we hypothesize that this might be
due to the proposed mechanism presented in Figure S4,
agreeing with the literature and suggesting an allyl cleavage
rather than ethyl cleavage for statistical reasons (different
reaction pathways indicated by arrows) and due to better
stabilization of the corresponding cation.1,46 In general,
however, the compositions of P(DEVP-stat-DAlVP-stat-VPA)

terpolymers 5−7 presented in Table 2 suggest similar overall
degrees of dealkylation, as evidenced by the extent of VPA
formed, which aligns well with the application of equimolar
amounts of TMSBr. Therefore, it can be concluded that
controlling the amount of residual DAlVP units in the
terpolymers available for cross-linking is only possible by
adjusting the DEVP/DAlVP ratio during copolymer synthesis.

Hydrogel Synthesis and Characterization of Swelling
Properties. The purified P(DEVP-stat-DAlVP-stat-VPA)
terpolymers were subsequently subjected to a thiol−ene click
reaction with 3,6-dioxa-1,8-octanedithiol using photochemical
reaction conditions (λ = 365 nm) and 2,2-dimethoxy-2-
phenylacetophenone (DMPA) as a photoinitiator (Scheme 1,
Step 4). Each sample was cross-linked in a UV reactor for 60
min and dried to weight constancy in vacuo. After that, each
dry sample was immersed in water for eight hours, and the
water uptake was calculated by comparing the weight
difference between the swollen and the dry sample according
to Equation S1. In previous studies, P(DEVP-stat-DAlVP)
copolymers were cross-linked without further modification,
yielding relatively apolar materials with water uptakes of up to
2.22 g of water per gram of dry hydrogel. A hydrophilicity
increase was possible by polymer modification via thiol−ene
click chemistry with sodium 3-mercaptopropane-1-sulfonate
before cross-linking, resulting in swelling ratios above 50. Here,
we explored a different approach toward highly polar, cross-
linked materials with the beneficial side-effect of introducing
stimuli-responsiveness into these novel hydrogels.37 The
terpolymer compositions calculated via 1H NMR spectroscopy
(Figure S4), the results of the swelling experiments, as well as a
description of the mechanical properties of the hydrogels are
presented in Table 2. In this context, swelling experiments
were performed at least in triplicate.
When comparing the terpolymer compositions presented in

Table 2 with the initial compositions of P(DEVP-stat-DAlVP)
1−4 (Table 1), these results reflect the preference for DAlVP-
side chain dealkylation over DEVP side chain deprotection, as
discussed above and confirmed by 1H NMR spectroscopy
(Figure S4). However, treating copolymers 1−3, which display

Table 1. Selected Polymerization Results of the
Polymerization of Diethyl Vinylphosphonate (DEVP) and
Diallyl Vinylphosphonate (DAlVP) Applying the Rare Earth
Metal-Based Catalyst Cp2YCH2TMS(thf)a

Polymer
DAlVP content

[%]b
DEVP content

[%]b
Mn,NMR

[kg/mol]c IEd Đe

1 10.9 89.1 137 43 1.06
2 19.1 80.9 138 43 1.12
3 24.7 75.3 127 48 1.06
4 24.6 75.4 142 42 1.10

aAll polymerizations were performed at room temperature in toluene,
targeting 400 repetition units and varying the DEVP/DAlVP/Catalyst
ratio. Quantitative conversions were determined via 31P NMR
spectroscopy in CD3OD.

bDetermined via 1H NMR spectroscopy
by comparison of the CH2 signals of DEVP (4.18 ppm, m = I/4) and
DAlVP (4.63 ppm, n = I/4); cCalculated via 1H NMR spectroscopy
by comparison of the − OTBDMS signals of the initiator at 0.14 ppm
(I = 6H) and the CH2 signals of DEVP (4.18 ppm, m = I/4) and
DAlVP (4.63 ppm, n = I/4); dInitiator efficiency: IE = Mn,theo/Mn,NMR
with Mn,NMR = 327.54 g/mol+m*164.14 g/mol+n*188.16 g/mol and
Mn,theo determined from the applied monomer to catalyst amounts;
ePolydispersity index determined via size-exclusion chromatography
multiangle light scattering (SEC-MALS) in THF:H2O (1:1) with 340
mg/L 2,6-di-tert-butyl-4-methylphenol (BHT) and 9 g/L tetra-n-
butylammonium bromide (TBAB).

Table 2. Calculated Compositions of P(DEVP-stat-DAlVP-
stat-VPA) Terpolymers Obtained through Polymer-
Analogous Transformation of P(DEVP-stat-DAlVP) with
TMSBr and Water Uptake of the Corresponding Hydrogels,
Followed by a Description of the Mechanical Properties of
the Water-Swollen Hydrogel Samples

P(DEVP-
stat-

DAlVP-
stat-
VPA)

DEVP
[%]a

DAlVP
[%]a

VPA
[%]a

Water uptake of
corresponding
hydrogel

[g (H2O)/g (HG)]
b

Description
of

mechanical
propertiesc

5 72.7 0.50 26.8 150 ± 27 No
structural
integrity

6 72.0 3.70 24.3 29 ± 4 Soft and
brittle

7 65.6 6.80 27.6 28 ± 5 Stable
specimen

8 72.1 8.20 19.7 19 ± 2 Stable
specimen

aPolymer composition of functionalized samples after purification as
determined from 1H NMR spectroscopy. bWater uptake of
corresponding hydrogels with standard deviation: Q = (Ms − Md)/
Md.

cObtained from the handling of the water-swollen hydrogel
samples during the swelling experiments.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c17704
ACS Appl. Mater. Interfaces 2025, 17, 2577−2591

2580

Synthesis and characterization of highly hydrophilic networks 
 

 

 
 

68 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



increasing numbers of DAlVP units with equimolar equivalents
of TMSBr (0.30 equiv), gave access to terpolymers 5−7, which
revealed residual DAlVP contents in the same sequence.
Regarding the water uptake of the corresponding hydrogels,
the high values of water absorption compared to those
obtained in initial studies for the cross-linking of P(DEVP-stat-
DAlVP) indicate an overall significant increase in the
hydrophilicity of the gels induced by the polymer-analogous
transformation.37 Furthermore, relating the swelling ratio of
the corresponding hydrogels to the polymer compositions, the
water uptake is mainly governed by the cross-linking density
given by the content of DAlVP in P(DEVP-stat-DAlVP-stat-
VPA), which increases from polymer 5 to 8. This is particularly
evident when polymers 5 and 6 are compared with very similar
amounts of DEVP and VPA, mainly differing in the number of
DAlVP units. While hydrogels from polymer 6 exhibited
considerable swelling, the water absorption of polymer 5
indicated a superabsorbent material with a water uptake of
about 150 g of water per gram of dry hydrogel, marking a high-
performance material with significant potential, e.g., in

agricultural or hygienic applications.47−50 Comparing hydro-
gels from polymers 6 and 7, both materials show similar water
uptake, despite notable differences in their DAlVP content.
Therefore, we believe these examples illustrate an interplay
between the cross-linking density and the polarity of the
polymers. More specifically, polymer 7 contained 6.80% cross-
linkable units, which exceeded the number of available sites in
polymer 6. Nevertheless, polymer 7 also revealed the highest
amount of vinylphosphonic acid units, which should yield the
most polar cross-linked network and, thus, could explain the
similar values for the water uptake of samples originating from
polymers 6 and 7. Considering the mechanical properties of
the hydrogels, an opposing trend compared to the water
uptake regarding the DAlVP content was found. Whereas the
swollen hydrogels arising from polymers 5 and 6 exhibited no
or only poor mechanical stability, the specimen synthesized
from polymers 7 and 8 remained mechanically stable in the
swollen state and could be gently handled with tweezers
(Figure S6). Apart from the description of the mechanical
properties of the swollen states, exemplary frequency sweeps

Figure 1. QCM-D measurements of thin films of cross-linked P(DEVP-stat-DAlVP-stat-VPA) in different aqueous media and measurements in
ambient air before and after exposure to the liquids, checking for potential leaching of samples. (A) Investigation of sample behavior under acidic
conditions (pH 1) and (B) investigation of sample behavior under alkaline conditions (pH 13). (C) Coupled hydrogel film masses in different
environmental conditions obtained from the frequency changes of the third overtone and by subtracting the frequency decrease of each solvent on
neat crystals. (D) Weight percentage of water in the films (mass of water per dry film mass) under different environmental conditions. Water
masses were obtained from the coupled hydrogel film masses (water + hydrogel) by subtracting the masses obtained through the frequency
decrease upon dry film deposition on the QCM-D sensors.
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conducted on hydrogels originating from polymers 6 and 8
accentuate these findings. In both cases, the hydrogels were
formed from water between the rheometer plates in situ. The
higher values of the storage and loss modulus of the more
densely cross-linked polymer networks indicate a higher
mechanical strength of the swollen specimen (Figure S7),
aligning well with the findings from previous studies.37

Investigations on the pH-Responsiveness of Thin
Films. After investigating the water uptake of these novel
P(DEVP-stat-DAlVP-stat-VPA)-based hydrogels, we aimed to
understand their behavior in media with pH values other than
water since the introduction of vinylphosphonic acid units
should induce pH-responsive behavior. For this purpose, thin
films of cross- l inked, part ia l ly hydrolyzed poly-
(vinylphosphonates) were prepared on different substrates by
applying a well-established spin-coating procedure reported for
various biomaterials.44,45 In this context, a less than 0.01 wt %
solution of polymer 8 in methanol/water (6/1) was applied to
obtain thin hydrogel films on either silicon wafers or the Au
electrodes of quartz-crystal microbalance (QCM-D) sensors.
The processing of poly(vinylphosphonate)-based hydrogels by
spin-coating has not been described before, and the fabrication
of thin films of these materials could be relevant for various
applications. The dry films of cross-linked, partially hydrolyzed
poly(vinylphosphonates) were investigated by profilometry,
light microscopy, QCM-D, and AFM. Characterization of the
thin films by profilometry on cleaned silicon wafers revealed an
average layer thickness of 39.4 ± 2.33 nm and a roughness
average of 1.96 ± 0.75 nm determined from 12 measurements
on 3 different substrates (Table S1), indicating relatively
smooth and homogeneous coatings. An exemplary profilom-
etry measurement is shown in Figure S8. Furthermore, the dry
film mass was obtained from QCM-D measurements of
crystals before and after spin coating and irradiation of the
polymer film deposited on the quartz crystal resonator.
Whereas the resonance frequency f decreased when the
hydrogel was introduced, the dissipation factor D, which is
the second measure of QCM-D and reflects the viscoelastic
properties of the sample, increased simultaneously. This is due
to the deposition of the hydrogel, resulting in an energy loss of
the oscillating system due to its viscoelasticity. Given the
frequency shifts of the third overtone upon spin coating, the
mass coverage on the Au-surface was calculated using the
Sauerbrey eq (Equation S2). Applying the average resonance
frequency change Δf 3 of −360 ± 46 Hz obtained from 12
QCM-D measurements, the resulting mass per area on the
resonators was calculated to be 2.12 ± 0.27 μg/cm2. Finally,
atomic force microscopy was applied to further explore the
surface morphology of the hydrogels spin-coated onto the
QCM-D sensor (Figure 3A). AFM indicated quantitative
surface coverage of the crystals. However, the AFM images
along with the recordings of the light microscope (Figure S9)
revealed minor inhomogeneities on the substrate surfaces. This
could either arise from a nonperfectly dissolved polymer in the
spin coating solution, which was not assessable with the naked
eye, or some unintended self-assembly processes on the
surfaces. Nevertheless, we studied the behavior of these thin
films of cross-linked P(DEVP-stat-DAlVP-stat-VPA) via QCM-
D to gain insight into the pH-responsive behavior of the novel
materials. First, a baseline corresponding to the resonance
frequency of an uncoated sensor and, therefore, to Δf 3 = 0 Hz
was established in ambient air. Subsequently, the same sensor
was spin-coated with an 85 ppm (0.0085 wt %) solution of

polymer 8 (Table 2), containing the cross-linker and
photoinitiator, and irradiated (λ = 365 nm, t = 1 min) to
yield a cross-linked network on the Au-coated surface of the
QCM-D sensor. Following this step, remeasurement of the
crystals in air confirmed successful spin coating by a frequency
change of −360 ± 46 Hz, which is also observable in the first
decrease in Δf 3 highlighted in Figures 1A and 1B.
Transitioning from air to water, both measurements in

Figure 1 reveal a significant decrease in the oscillation
frequency of the third overtone of the crystals, dropping to
frequencies around Δf 3 = −940 ± 80 Hz, which is a commonly
observed phenomenon due to density changes in the medium.
However, a substantial contribution toward this frequency
difference is caused by the swelling of the hydrogel film on the
QCM-D resonator. Subtracting the frequency changes through
dry film deposition (Δf 3 = −360 ± 46 Hz) and water on an
empty QCM-D crystal (Δf 3 = −392 Hz, Figure S10) would
indicate a weight increase through hydrodynamically coupled
water of roughly 1.11 μg/cm2 as determined by the Sauerbrey
equation, disregarding that this relation becomes nonlinear in
swollen systems without full elastic coupling to the sensor.
Once stable QCM-D signals were reached, indicating the
equilibrium swelling state of the hydrogel films, the aqueous
environments were altered to either 0.1 M hydrochloric acid
(aq) (pH 1) or 0.1 M sodium hydroxide solution (aq) (pH
13), while the swelling behavior of each film. Switching to
acidic measurement conditions (Figure 1A), a sharp frequency
increase to Δf 3 = −923 ± 25 Hz, along with a decrease of the
dissipation to ΔD3 = 164 ± 1 ppm, was observed. Both trends
can be explained by a collapse of the formerly partially
deprotonated hydrogel at pH 7 through protonation at pH 1
and, therefore, the loss of electrostatic repulsion. This
hypothesis is supported by the titration curve of PVPA (Figure
S5), revealing a gradual increase of the pH value, indicating a
dynamic deprotonation/protonation of the polymers, and
suggesting that parts of the PVPA might as well be
deprotonated at a pH value of 7. Furthermore, the decrease
in dissipation is explained by the lower viscoelasticity of the
swollen hydrogel upon collapse, causing a smaller energy loss
than in the initial state. The exact opposite trend in the
frequency and dissipation values is observed for alkaline
conditions (Figure 1B). Upon displacement of distilled water
by NaOH (aq) in the measurement cell, a sharp decrease in
the frequency to Δf 3 = −1195 ± 85 Hz and an increase in the
dissipation to ΔD3 = 170 ± 2 ppm, followed by plateaus of
either, was detected. In analogy to the explanation above, this,
in turn, is accounted for by an extensive swelling of the
hydrogel network due to electrostatic repulsion of the
deprotonated vinylphosphonic acid units in the polymers,
resulting in a higher mass of water coupled to the QCM-D
sensor. With the aid of the titration curve of PVPA (Figure
S5), displaying the behavior of a monoprotic acid and a gradual
deprotonation, it becomes obvious that under the harsh
conditions of pH 13, large parts of the VPA units in cross-
linked P(DEVP-stat-DAlVP-stat-VPA) should be deproto-
nated. The strong electrostatic repulsion explains the more
drastic changes in Δf 3 and ΔD3 switching from pH 7 (partially
deprotonated) to 13 (mostly deprotonated) than that from pH
7 (partially deprotonated) to 1 (mostly protonated). This
trend is also reflected in the calculated coupled masses
(hydrogel + water) in different environments (Figure 1C) and
can also be seen in Figure 1D, which shows the mass of water
per dry film mass for the different swelling states. Comparing
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the water uptake found in the QCM-D studies for thin films of
cross-linked polymer 8 (Figure 1D) with the water absorption
of the macromolecular objects (Table 2), a significant
reduction in hydrogel swelling can be observed. This could
be attributed to the restrained chain mobility of the polymer
chains due to the surface attachment, making the polymers
more immobile for swelling and hindering water accessibility
into the networks. Nevertheless, the results in Figure 1D reveal
pH-dependent swelling of the thin hydrogel film. Notably,
control experiments confirmed that the observed frequency
and dissipation changes in aqueous environments, shown in
Figure 1, arise exclusively from the film behavior on the QCM-
D sensors since the density or other solvent effects had no
impact on the values of frequency and dissipation when
measuring uncoated sensors (Figure S10). Next, the
reversibility toward the initial swelling state in water was
confirmed by returning to pH 7 in both cases. This resulted in
plateaus of the signals and yielded similar data for Δf 3 and
ΔD3 as initially determined, therefore not hinting toward any
mass loss on the sensors. To confirm this assumption, the
measurements were stopped and the crystals dried thoroughly

using nitrogen gas. Remeasurement of the dry crystals (final
plateaus in Figures 1A and 1B) and comparison with the
pristine masses confirmed that no detachment of the hydrogel
films from the Au surfaces of the QCM-D resonators occurred
despite exposing the films to the harsh conditions discussed
above. To further explore the application potential of these
materials in devices, the reversibility of swelling and collapse of
thin films of P(DEVP-stat-DAlVP-stat-VPA)-based hydrogels
at these extreme pH values was studied over the course of
three cycles (Figures 2A and 2B).
In these experiments, QCM-D sensors spin-coated with a

P(DEVP-stat-DAlVP-stat-VPA)-containing solution and sub-
sequently cross-linked via UV irradiation were first investigated
in air, resulting in the frequency and dissipation changes upon
mass deposition mentioned previously. When exposing the
films on the crystals to acidic conditions (pH 1), Δf 3 = −923
± 25 Hz and ΔD3 = 164 ± 1 ppm were obtained (Figure 2A).
Switching to alkaline conditions (pH 13) after reaching stable
measurement values, a sharp decrease in the frequency to Δf 3
= −1195 ± 85 Hz and an increase in the dissipation to ΔD3 =
170 ± 2 ppm was obtained, indicating extensive swelling of the

Figure 2. QCM-D measurements of thin films of cross-linked P(DEVP-stat-DAlVP-stat-VPA) in alternating aqueous media (two pH values) and
measurements on air before and after exposure to the liquids. (A) Cycling of the pH value between pH 1 (0.1 M HCl solution) and pH 13 (0.1 M
NaOH solution) over three cycles. (B) Cycling of the pH value between pH 13 (0.1 M NaOH solution) and pH 1 (0.1 M HCl solution) over three
cycles.

Figure 3. AFM images of the native hydrogel on the Au-surface of a QCM-D crystal (A), the hydrogel after QCM-D measurements with
alternating pH values and subsequent drying of the crystals (B), and proposed surface anchoring of P(DEVP-stat-DAlVP-stat-VPA)-based
hydrogels by the dithiol cross-linker via interaction with the gold electrode (C).
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hydrogel film as discussed above. These values were
successfully reproduced when performing this solvent ex-
change for two subsequent cycles, indicating fully reversible
swelling and deswelling of the film without detachment during
the online monitoring of the f and D values. The opposite
behavior was observed when starting the measurements at high
pH values (Figure 2B). To confirm the preservation of the
hydrogel layers on the QCM resonators, the crystals were dried
and remeasured in air, yielding comparable data of Δf 3 and
ΔD3 as opposed to their initial values, suggesting no significant
weight loss after three cycles. To further substantiate this
assumption, AFM measurements of the coated sensors after
QCM-D cycling experiments were conducted to investigate the
surface topography. Comparing the AFM measurements
before (Figure 3A) and after (Figure 3B), the QCM-D
experiments revealed similar surface coverages of the hydrogel
and did not hint toward any film loss caused by the harsh
conditions. The excellent adhesion of the films on the gold
substrates led to the hypothesis that the dithiol cross-linker
applied in hydrogel synthesis might act as a surface anchor
interconnecting the hydrogel network with the electrode
surface (Figure 3C). This hypothesis is supported by
numerous reports on the interaction thiol- or sulfur-containing
polymers with Au electrodes in QCM-D,51−53 and by control
experiments, in which exposing films of non-cross-linked
polymers to different aqueous environments resulted in a
significant sample loss (Figure S11).
To demonstrate the broader applicability of these novel

materials, the pH-responsiveness was studied under milder
conditions (2 pH units above and below the equivalence point
of the titration of PVPA with NaOH, Figure S5) by
investigating the thin film behavior of cross-linked P(DEVP-
stat-DAlVP-stat-VPA) in 0.1 M citrate buffer (pH 6) and 0.1
M carbonate buffer (pH 10) (Figures 4A and 4B). Again, the
Δf 3 values obtained in these experiments demonstrate high
reversibility between the swelling states over three cycles
regardless of the order in which the buffers were added to the
samples. Each experiment was performed in triplicate,
revealing excellent reproducibility and yielding Δf 3 = −1395
± 47 Hz for the collapsed state (pH 6) and Δf 3 = −1427 ± 38
Hz for the swollen state (pH 10), allowing differentiation
between the two pH values. The higher frequency decreases

compared to the measurements presented in Figure 3 might
hint toward buffer interactions with the films or density effects.
Unlike in the case of HCl (aq) and NaOH (aq) (Figure S10),
measurements of uncoated QCM-D crystals in the buffered
solutions indeed showed a dependence of the resonance
frequency and the dissipation on the surrounding medium
(Figure S12). In this context, the frequency increased
switching to the carbonate buffer, counteracting the swelling-
induced frequency decrease, and vice versa for the citrate
buffer. Consequently, the frequency window for pH differ-
entiation might effectively appear smaller than that for other
solutions in the same pH window. In contrast to the
measurements with NaOH (aq) and HCl (aq), the values
for ΔD3 do not inversely correlate with the frequency states
but seem to be dominated by the viscoelastic properties of the
buffers as evidenced by the corresponding control experiments
(Figure S12).
Nevertheless, the results presented in Figures 2 and 4 reveal

the pH-responsive behavior of cross-linked P(DEVP-stat-
DAlVP-stat-VPA) polymers in different media, suggesting a
high potential for implementing the material properties in
various applications. In this context, the excellent adhesion of
hydrogel films on gold surfaces combined with the photo-
chemical cross-linking process allows photolithographic micro-
patterning, which is relevant not only in the biomedical field
but also in optics and electronics.54,55 Further, the extensive
swelling of these hydrogels; their ability to form thin,
homogeneous films; and their pH-dependent volume changes
render them ideal candidates for developing piezoelectric pH-
sensors.56,57 For device fabrication, a more detailed study of
the correlation between the water uptake and the film
thickness is crucial, as the substrate polarity can dominate
the swelling properties for very thin films.58,59 Very thin films
further comprise layers with less mobile polymer chains due to
the interaction with the solid Au substrate, leading to fewer
degrees of freedom and therefore to less swelling and a lower
relative mass increase. A fundamental understanding of this
dependency, in turn, might help to adjust the sensor’s
sensitivity in future studies.

Surface Analysis of Thin Films on Gold Substrates. To
further elucidate the interactions between the films of cross-
linked P(DEVP-stat-DAlVP-stat-VPA) polymers and the Au

Figure 4. QCM-D measurements of thin films of cross-linked P(DEVP-stat-DAlVP-stat-VPA) in different buffers and measurements in air before
and after exposure to the liquids. (A) Cycling of the pH value between pH 6 (0.1 M citrate buffer) and pH 10 (0.1 M carbonate buffer) over three
cycles. (B) Cycling of the pH value between pH 10 (0.1 M carbonate buffer) and pH 6 (0.1 M citrate buffer) over three cycles.
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surfaces of the QCM-D sensors, in-depth surface analysis of
the spin-coated films was conducted via X-ray photoelectron
spectroscopy (XPS) and time-of-flight secondary ion mass
spectrometry (ToF-SIMS). Figure 5 presents the survey and
high-resolution XPS spectra, providing an overview of the
surface composition. The survey spectrum reveals the presence
of O-, C-, Au-, and P-containing species on the surface.
However, the S- and N-related signals, which could confirm
the presence of the dithiol cross-linker and the polymer end-
group, were not developed in the XPS spectra (Figures 5A, 5F,
5G).
Figure 5B displays the C 1s spectrum, which clearly

identifies C−C/C−H containing species at 284.8 eV (dashed
line 2) and C−O containing species at a distinct binding
energy (dashed line 1). The O 1s spectrum (Figure 5C)
indicates two distinct oxygen environments, marked at dashed
lines 1 and 2, which could correspond to R-PO3-R2 and R-
PO3H2 groups, respectively, consistent with the polymer’s
expected structure. The phosphorus signals are intense in the
XPS spectra, as shown in Figures 5A, 5D, and 5E. The P 2p
spectrum, in particular, confirms the presence of R-PO3-R2
moieties, as evidenced by the binding energy (EB) position.
This observation supports the conclusion that the polymer is
present on the Au surface. The S 2p and N 1s spectra (Figures
5F and 5G) show no detectable signals, indicating that the
sulfur and nitrogen concentrations are too low for this
technique. While a peak begins to emerge in the S 2p
spectrum (Figure 5F), its intensity remains below the
threshold for confident detection, as it does not exceed three
times the background noise. Sulfur should, however, be

incorporated into the hydrogel structure due to the cross-
linker. N-containing species, in turn, might originate from the
polymer end groups. The limitations of XPS were addressed
using ToF-SIMS, which has a lower detection limit and
successfully confirmed the presence of S-containing species,
providing a more comprehensive surface characterization. The
cross-linked films on the surfaces comprise R-PO3-containing
moieties (R being the aliphatic polymer backbone) and S-
containing moieties. Using ToF-SIMS, the polymer was
characterized by S−, PO− and C2H4PO3

− signals in negative
polarity (Figures 6A−C) and PO+, C2H4PO3

+, and C2H6PO3
+

signals in positive polarity (Figures 7A−C). These signals
provided high mass resolution and accuracy, as designated in
these figures. Two-dimensional ToF-SIMS imaging based on
these signals revealed the homogeneous distribution of the
cross-linked polymers on the Au electrode of the QCM sensor
surface (Figures 6D−L and 7D−L). Subsequent sputtering
with a 2.5 keV Ar1300+ beam gradually removed the organic
material, allowing the creation of three-dimensional images
(Figure 8) and depth profiles (Figure 9). The S− and PO−

signals demonstrated the polymer distribution in negative
polarity, while the S+, S2+, and PO+ signals were utilized in
positive polarity. As expected, S+ and S2+ signals were less
intense in the positive polarity. Au− and Au+ signals served to
identify the Au substrate in negative and positive polarities,
respectively. Both the three-dimensional ToF-SIMS images
(Figure 8) and the depth profiles (Figure 9) confirmed the
accumulation of sulfur atoms at the Au surface, as evidenced by
increased S-related signal intensity at the polymer network/Au
interface, supporting the hypothesis of surface anchoring

Figure 5. Survey (A) and high-resolution XPS spectra for (B) C 1s, (C) O 1s, (D) P 2s, (E) P 2p, (F) S 2p, and (G) N 1s.
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Figure 6. Negative ion ToF-SIMS spectra showing the peaks for (A) S−, (B) PO−, and (C) C2H4PO4
−, along with corresponding two-dimensional

ToF-SIMS images for spot 1 (D−F), spot 2 (G−I), and spot 3 (J−L) on the surface, illustrating the spatial distribution of S−, PO−, and C2H4PO4
−

signals.
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Figure 7. Positive ion ToF-SIMS spectra showing the peaks for (A) PO+, (B) C2H4PO3
+, and (C) C2H6PO3

+, along with corresponding two-
dimensional ToF-SIMS images for spot 1 (D−F), spot 2 (G−I), and spot 3 (J−L) on the surface, illustrating the spatial distribution of PO+,
C2H4PO3

+, and C2H6PO3
+ signals.
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through Au-thiol interactions presented in Figure 3C. The
three-dimensional ToF-SIMS images in Figure 8 further reveal
the presence of the cross-linked polymers on the QCM-D
sensors and a homogeneous distribution of the dithiol cross-
linker within the P(DEVP-stat-DAlVP-stat-VPA) networks.

■ CONCLUSION
In this study, we introduced an innovative method to
synthesize highly water-absorbing, pH-responsive hydrogels
via photochemical cross-linking of allyl groups in P(DEVP-stat-
DAlVP-stat-VPA). The hydrophilic and cross-linkable poly-
mers were easily accessible by polymer-analogous hydrolysis of
P(DEVP-stat-DAlVP) copolymers obtained via highly con-
trolled catalytic polymerization (REM-GTP). Side-chain

dealkylation of poly(vinylphosphonates) using TMSBr prefer-
entially targeted allylic over ethyl side chains, as confirmed via
1H NMR spectroscopy. Photochemical cross-linking of P-
(DEVP-stat-DAlVP-stat-VPA) yielded superabsorbent materi-
als with water uptakes up to 150 ± 27 g (H2O)/g (hydrogel)
and evident structure−property relationships between the
cross-linking density and swelling behavior. In the second part,
thin polymer films were successfully spin-coated on silicon
wafers and gold electrodes of QCM-D sensors, followed by
photo-cross-linking, yielding hydrogel films with a thickness of
39.4 ± 2.33 nm characterized via profilometry, QCM-D, and
AFM. The hydrogel films exhibited pronounced pH-responsive
behavior in QCM-D measurements when exposed to various
aqueous media, displayed by the corresponding frequency and

Figure 8. Three-dimensional ToF-SIMS images for 6 different spots of the surface showing the distribution of PO−, S−, Au− signals (A−C), and
PO+, S+, S2+, and Au+ signals (D−F). Sputtering was performed by using 2.5 keV Ar1300+. x- and y-scales are 300 μm × 300 μm.
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dissipation values reflecting different swelling states of the
samples. In addition, the high stability of films on the sensors
under harsh conditions was explained by the surface anchoring
of the hydrogels via interactions of the dithiol cross-linker with
the gold surface of the electrode. In-depth XPS and ToF-SIMS
studies confirmed this hypothesis and contributed to a more
comprehensive surface characterization of cross-linked P-
(DEVP-stat-DAlVP-stat-VPA) films on gold substrates. Over-
all, these novel materials were successfully applied as pH
sensors in QCM-D experiments, and this study revealed great
potential for these hydrogels to be implemented as super-
absorbent networks or in photolithographic applications due to
their excellent adhesion on gold surfaces. Most importantly,
however, the pH-responsive properties of P(DEVP-stat-
DAlVP-stat-VPA) are currently being explored for potential
utilization in pH-sensors and actuators, for which these novel
stimuli-responsive materials are highly promising candidates.
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6.3 Content 

This study leverages the photochemical cross-linking of P(DEVP-stat-DAlVP) for 

additive manufacturing via direct ink writing (DIW). Statistical poly(vinylphosphonate) 

copolymers are synthesized via REM-GTP, targeting different amounts of cross-

linkable DAlVP units. Furthermore, a different dithiol cross-linker (1,6-hexanedithiol), 

other photoinitiators, and the solvent water are employed to enhance cytocompatibility 

and reduce purification efforts. Initial printing experiments with this emulsion result in 

poor resolutions and shape fidelities due to overextrusion caused by the low ink 

viscosities. Therefore, the ink rheology is modified by applying a 3 wt% nanofibrillated 

cellulose (NFC) suspension to dissolve the polymers and adding sodium alginate (Alg) 

as a thickener. The corresponding ink exhibits thixotropic behavior as confirmed by 

rotational rheology measurements, thus allowing the extrusion of continuous, free-

standing strands facilitated by the shear-force alignment of NFC. The polymer-

reinforced inks enable the printing of sophisticated structures through layer-by-layer 

deposition with intermediate photochemical cross-linking of P(DEVP-stat-DAlVP), 

resulting in high shape fidelity and printing stability. In this context, printing a 30-layered 

infill tube, an 89-layered free-standing tube, and an overhanging object with a 30° 

incline demonstrate the superiority of polymer-reinforced ink over standard NFC/Alg 

ink. Utilizing the optimized ink composition, specimens for evaluating the water uptake 

and the mechanical properties of different poly(vinylphosphonate)-reinforced inks are 

printed. Regarding water uptake, the synthetic polymers dictate the printed objects’ 

swelling behavior in physiological NaCl solution and contribute to high swelling shape 

fidelity in CaCl2-containing solutions applied to induce ionic Alg cross-linking, 

overcoming the issue of NFC/Alg inks regarding poor shape retention upon swelling. 

Whereas the polymer-reinforced inks do not exceed the mechanical strength of an 

NFC/Alg control in tensile testing as ionic cross-linking dominates, the tensile modulus 

correlates with the cross-linking degree of the polymer, and the mechanical strength 

of the inks is within the range of materials commonly used for tissue engineering 

applications. Finally, the pristine objects are subjected to cytotoxicity testing after ionic 

cross-linking, displaying only moderate cytotoxicity toward two cell lines, hence 

suggesting great potential for ink optimization and biomedical applications. 
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ABSTRACT: Herein, a concept for the structural reinforcement of nano-
fibrillated cellulose (NFC)/alginate (Alg) formulations for direct ink writing
(DIW) applying photochemical cross-linking of poly(vinylphosphonate)
copolymers is introduced. Ultraviolet (UV-A) irradiation (one second per
layer) enables the covalent cross-linking of statistical copolymers consisting of
diallyl vinylphosphonate (DAlVP) and diethyl vinylphosphonate (DEVP) via
thiol−ene click chemistry, giving access to high shape fidelities and sophisticated
structures. The polymers were obtained via rare earth metal-mediated group-
transfer polymerization (REM-GTP), allowing excellent control over molecular
weights and copolymer composition with narrow polydispersities. Optimized ink
formulations include 9 wt % P(DEVP-stat-DAlVP) dissolved in a 3 wt % aqueous
nanofibrillated cellulose (NFC) suspension with roughly 3 wt % of sodium
alginate, 1,6-hexanedithiol as cross-linker, and a photoinitiator. The shear-
thinning behavior of this formulation, confirmed by rotational rheology, allowed extrusion-based DIW to create various objects,
demonstrating the high shape fidelity and printing stability of these inks. Specimens printed from polymer-containing NFC/Alg inks
were investigated regarding water uptake and mechanical properties, revealing an improvement of the swelling shape fidelity of
printed objects in CaCl2-containing physiological NaCl solution by combining chemical cross-linking and ionic cross-linking.
Furthermore, the respective material properties correlated with the cross-linking density induced by the reinforcement with synthetic
polymers. Finally, the pristine printed objects revealed only slight cytotoxicities toward primary human umbilical vein endothelial
cells (HUVECs) and immortalized human embryonic kidney cells (HEK293 cell line).
KEYWORDS: Hydrogels, biomaterials, catalytic polymerization, additive manufacturing, photochemical cross-linking

■ INTRODUCTION
Additive manufacturing and, in particular, direct ink writing
(DIW) are important 3D printing techniques because they
enable the creation of sophisticated 3D models from a broad
range of materials exhibiting appropriate rheological behavior.
These flow properties allow ink extrusion through a deposition
nozzle, forming dimensionally stable objects through layer-by-
layer deposition.1−6 One of the most abundant biobased
polymeric structures with a high application potential in DIW
are cellulose nanofibrils (NFC) due to their outstanding
mechanical properties and useful morphology.7−9 NFC is
obtained from bacteria,10 or as less defined structures by
chemical and mechanical treatment of plant cellulose fibers11,12

and characterized by a high aspect (length/diameter) ratio
resulting in significant strength and stiffness.13 However, the
most notable feature of NFC for DIW is the shear-thinning
behavior of aqueous suspensions of nanofibrillated cellulose.
The shear-force alignment of fibers upon extrusion-based
printing is caused by the high aspect ratio of NFC, the high
hydration, and the absence of covalent cross-links.14−16

Nevertheless, the printed objects lack mechanical stability

without additional cross-linking. Therefore, NFC-based inks for
DIW are often complemented with thickening agents, adding
mechanical strength and flexibility and allowing network
formation.16 One biopolymer for this purpose is alginate (Alg)
obtained from the cell walls of brown algae. Alg is commonly
used as a thickener or gelling agent in the food industry but
attracts increasing interest in the biomedical field.17−19 The
addition of alginate to aqueous NFC suspensions thus increases
viscosity and further allows the ionic cross-linking of printed
objects by adding solutions containing bivalent cations such as
Ca2+.20−22 In the literature, there are numerous reports on the
application of NFC/alginate inks in DIW, including the creation
of objects with anisotropic mechanical properties, the printing of
sophisticated structures, and extensive studies confirming the
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cytocompatibility of these ink formulations.23−26 However,
there are some drawbacks concerning the uncontrolled ionic
cross-linking of NFC/Alg inks by Ca2+-cations. These include
poor dimensional stability of objects upon swelling in the CaCl2
cross-linking solution, leading to a loss of shape fidelity or the
collapse of structures caused by the leaching of ions.27,28 To

overcome these issues, supramolecular hydrogels of biopol-
ymers can additionally be reinforced through covalent cross-
links, yielding increased mechanical strength while maintaining
the dynamic properties of noncovalent networks.29,30 One class
of synthet ic polymers for this purpose is poly-
(vinylphosphonates) obtained via rare earth metal-mediated

Figure 1. Schematic process overview of direct ink writing with polymer-reinforced NFC/Alg inks: (A) Extrusion-based 3D printing of NFC/Alg inks
containing photo-cross-linkable poly(vinylphosphonates), photoinitiator, and dithiols as cross-linker via layer-by-layer deposition with intermediate
UV-A-irradiation, followed by postcuring of the final objects in CaCl2 solution and (B) advantages of novel, polymer-reinforced ink formulations over
standard NFC/Alg inks with the same ink composition.

Scheme 1. Rare Earth Metal-Mediated Statistical Copolymerization of Diethyl Vinylphosphonate (DEVP) and Diallyl
Vinylphosphonate (DAlVP) to P(DEVP-stat-DAlVP) with an In Situ Generated Species of Cp2YCH2TMS(thf)

ACS Applied Polymer Materials pubs.acs.org/acsapm Article
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group-transfer polymerization (REM-GTP).31 REM-GTP en-
ables the synthesis of polymers through repeated 1,4-conjugate
addition of Michael-type monomers, achieving excellent control
over the polymer microstructure while maintaining narrow
polydispersities.32,33 In this context, statistical copolymers from
the monomers diallyl vinylphosphonate (DAlVP) and diethyl
vinylphosphonate (DEVP) susceptible to postpolymerization
functionalization by thiol−ene click reactions, e.g. with
biologically active motifs, can be obtained with high
precision.34,35 Applying photoinitiated thiol−ene click chem-
istry with dithiols and suitable photoinitiators allows cross-
linking P(DEVP-stat-DAlVP) copolymers toward hydrogels.
The corresponding materials exhibit widely tunable properties
regarding water uptake and mechanical strength, and high
cytocompatibility after purification, making them appealing
candidates as scaffold materials for various cells.36 Herein, we
apply poly(vinylphosphonate)-based hydrogels to reinforce
NFC/alginate inks in extrusion-based additive manufacturing.
After optimization of the ink composition, the shear-thinning
behavior of the inks combined with the photoinitiated cross-
linking process provided by adding P(DEVP-stat-DAlVP) gives
access to high shape fidelity and complex structures, which can
additionally be postcured via ionic cross-linking in Ca2+-
containing solutions. Further, investigations of the water uptake
andmechanical properties reveal the benefits of adding synthetic
polymers and demonstrate the control of material properties by
adjusting the covalent cross-linking density (Figure 1). In the
final part, the pristine printed objects are investigated regarding
their cytotoxicity toward different cell types.

■ RESULTS AND DISCUSSION
Polymer Synthesis. The copolymerization of diethyl

vinylphosphonate (DEVP) and diallyl vinylphosphonate
(DAlVP) was performed according to a previously reported
procedure.36 After CH-bond activation of the initiator through
σ-bond metathesis with the catalyst was confirmed via 1H NMR
spectroscopy as indicated by the absence of the CH2−group
signal (doublet, δ = −0.66 ppm) of Cp2YCH2TMS(thf), a
mixture of DEVP and the calculated amount of cross-linkable
DAlVP was added (Scheme 1).
When quantitative conversion was confirmed via 31P NMR

spectroscopy, the polymerization was stopped, and the
copolymers precipitated in hexane and lyophilized from 1,4-
dioxane (for experimental details, see the Supporting
Information). Table 1 shows the polymerization results for
copolymers 1−3, later used to reinforce NFC/Alg inks with
photo-cross-linked, poly(vinylphosphonate)-based hydrogels.
As confirmed by the copolymerization results, we successfully

applied the excellent control over copolymer composition and
polydispersity provided by rare earth metal-mediated group-
transfer polymerization (REM-GTP) to obtain copolymers 1−
3. Table 1 displays a variation of the amount of cross-linkable
DAlVP units while targeting similar amounts of repeats in the
polymers, which is reflected in the similar molecular weights of
the polymers (Mn, NMR ≈ 25−26 kg/mol). These were
determined via 1H NMR spectroscopy by referring the DEVP
and DAlVP signals in the copolymer spectrum to the distinct
-OTBDMS end-group signal in each sample (Figures S1−S3).
Without exception, the targeted ratio of DAlVP is met with high
precision, and narrow polydispersities below 1.12 are achieved
in all cases, as illustrated by the refractive index detector signals
of gel permeation chromatography in Figure S4. Further,
successful copolymerization of DEVP and DAlVP was

confirmed via 31P NMR and 1H DOSY NMR spectroscopy, as
indicated by the presence of only one diffusion coefficient in the
spectra (Figures S5−S10).
General Ink Composition and Initial Printing Experi-

ments. To target biomedical applications, the P(DEVP-stat-
DAlVP)-based hydrogel system reported in an initial study was
altered, aiming for a more cytocompatible formulation that
potentially reduces purification efforts before in vitro experi-
ments with living microorganisms.36 Therefore, the cytotoxic
solvent 1,4-dioxane, capable of dissolving the polymers very well,
was switched to water, which can dissolve the polymers and
represents the base for most body fluids. Further, 3,6-dioxa-1,8-
octanedithiol exhibiting low lethal doses according to safety data
sheets, most likely due to its high hydrophilicity caused by the
polyethylene glycol (PEG) chain, was replaced by food grade
1,6-hexanedithiol (higher lethal doses) as a cross-linker for the
photochemical thiol−ene click reaction for hydrogel formation.
Finally, the formerly applied photoinitiator 2,2-dimethoxy-2-
phenylacetophenone (DMPA) was substituted by less toxic 2-
hydroxy-2-methylpropiophenone as well as by the water-
soluble, noncytotoxic and visible-light absorbing photoinitiator
lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP).
Overall, we switched from a formerly homogeneous solution
(Figure 2A) to an emulsion with the cross-linker (and initiator)
emulsified in an aqueous solution of P(DEVP-stat-DAlVP)
(Figure 2B) with no considerable impact on the cross-linking
process. After gel formation was successfully proven with the vial
test (Figures 2A and 2B, bottom), initial printing tests were
conducted to explore the printability of this new ink formulation
(due to cost reasons, 2-hydroxy-2-methylpropiophenone was
selected as cross-linker instead of rather expensive LAP). In this
context, two different objects were chosen to evaluate the
printability as well as the shape fidelity, which is considered a
combination of extrudability and the capability to formwet, free-
standing strains. Here, a grid, shown in Figure 2C, and a logo,
presented in Figure 2D, were attempted with printing settings
according to Table S1. By comparison of the model with the
pictures during the printing process and the final object, the poor
shape fidelity of this ink formulation is already observable. This
can be attributed to the low viscosity of the emulsion causing

Table 1. Polymerization Results of Rare Earth Metal-
Mediated Group-Transfer Polymerization of DEVP and
DAlVP to Obtain Statistical Copolymers 1−3 Applied to
Reinforce NFC/Alg Inks in Direct Ink Writing Experiments

Entry

DEVP/
DAlVP/
Cat.a

Targeted
DAlVP
content
[%] X [%]b

DAlVP
content
[%]c

Mn,
NMRd IEe Đf

1 95/5/1 5 >99% 4.8 25.9 57 1.07
2 90/10/1 10 >99% 9.2 24.7 60 1.12
3 80/20/1 20 >99% 19.1 26.0 59 1.10

aReactant ratio desired. bConversion determined via 31P NMR
spectroscopy in CD3OD.

cDetermined via 1H NMR spectroscopy by
comparison of the CH2 signals of DEVP (4.18 ppm, m = I/4) and
DAlVP (4.63 ppm, n = I/4). dCalculated via 1H NMR spectroscopy
by comparison of the −OTBDMS signals of the initiator at 0.14 ppm
(I = 6H) and the CH2 signals of DEVP (4.18 ppm, m = I/4) and
DAlVP (4.63 ppm, n = I/4). eInitiator efficiency (IE): IE = Mn,calc/
Mn,NMR with Mn,NMR = 327.54 g/mol + m*164.14 g/mol + n*188.16
g/mol. fPolydispersity determined via size-exclusion chromatography
multiangle light scattering (SEC-MALS) in THF:H2O (1:1) with 340
mg/L 2,6-di-tert-butyl-4-methylphenol (BHT) and 9 g/L tetra-n-
butylammonium bromide (TBAB).
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overextrusion and therefore a very low resolution of the targeted
structures. In addition, proceeding with this ink composition
would most likely lead to poor reproducibility of the hydrogel
synthesis and printed objects. Thus, a modification of ink
rheology with well-established biopolymers was necessary,
which will be discussed in the next section.
Optimization and Characterization of Inks Toward

High Shape Fidelity.Given the poor shape fidelity of aqueous
emulsions of poly(vinylphosphonates), 1,6-hexanedithiol, and
2-hydroxy-2-methylpropiophenone (Figures 2C and 2D), a
modification of ink rheology by the addition of NFC and Alg was

targeted. As mentioned in the introduction, NFC introduces
shear-thinning properties and can be processed via DIW due to
the shear-force alignment of nanofibrils upon extrusion.
However, aqueous suspensions of nanocellulose fibers lack
covalent cross-links, resulting in low mechanical stability and
rather poor shape fidelity of the printed objects. Therefore, Alg is
often added as a thickening agent, further modifying the
rheology and, in addition to that, introducing sites for ionic
cross-linking by the addition of bivalent cations such as Ca2+.
The chemical structures of NFC and Alg are displayed in Figure
3A. First, the rheology of three different inks was compared. In

Figure 2. (A) Previously reported system for the synthesis of poly(vinylphosphonate)-based hydrogels from a solution of polymer in 1,4-dioxane with
3,6-dioxa-1,8-octanedithiol as cross-linker and 2,2-dimethoxy-2-phenylacetophenone as initiator.36 (B) System introduced in this work consisting of
an emulsion of 1,6-hexanedithiol as cross-linker in an aqueous P(DEVP-stat-DAlVP) solution with either 2-hydroxy-2-methylpropiophenone or
lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate as photoinitiator. (C) Direct ink writing of the aqueous emulsion: model (left) and final object
(right). (D) Direct ink writing of the aqueous emulsion: model (left) and final object (right).

Figure 3. (A) Compositions of solutions 1−3 for the investigation of shear-thinning behavior by rotational rheology. (B) Viscosity curves for solutions
1−3 determined via rotational rheology at shear rates between 0.1 and 100 1/s.
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this context, the initial emulsion was compared to a system in
which the polymer was dissolved in an aqueous suspension of
NFC (3 wt %) and finally to a formulation, where additionally,
Alg is added as a thickening agent (for the exact ink
compositions, see Figure 3A) As expected, the rheological
measurements confirm the introduction of shear-thinning
behavior by switching to the NFC suspension as matrix and
demonstrate a further increase in the gel character upon addition
of alginate. Clear evidence of this is given by the rotational
rheology measurements presented in Figure 3A, in which the
viscosity of the polymer-containing NFC/alginate ink exceeds
the viscosity obtained from the solution of P(DEVP-stat-
DAlVP) in the NFC suspension as well as the polymer emulsion
in water. Whereas the latter shows no notable response upon the
increase of the shear rate, the NFC-containing inks reveal the
shear-force alignment of the cellulose nanofibrils, leading to
decreasing viscosities with higher shear stress. These shear
thinning properties are essential for smooth extrusion through
the deposition nozzle while maintaining a high storage modulus
Ǵ at lower shear deformation (Figure S11), allowing filament
shape fidelity.16 The enhanced viscoelastic properties of the inks,
particularly pronounced for those containing poly-
(vinylphosphonates), alginate, and NFC, prove the necessity
of adding all three components. In addition to the rheological
characterization, transmitted light microscopy pictures (Figure
S14) of a P(DEVP-stat-DAlVP)-containing NFC/Alg ink
directly after preparation revealed a homogeneous distribution
of the 1,6-hexanedithiol cross-linker as droplets with diameters
below 20 μm. Furthermore, as presented by the microscopic

images in Figure S14, the emulsion remained stable for 24 h of
storage, ensuring no phase separation occurred during the
printing process.
After the rheology of the three different inks was investigated,

extrusion and printing tests were conducted with the NFC and
NFC/Alg inks (Figure S12). Compared to the emulsion (Figure
S12A), the polymer solution in NFC (3 wt %NFC in water, 9 wt
% polymer in ink) showed significantly higher viscosity, which
led to good extrudability. However, the viscosity of the
corresponding polymer solution was too low to allow the
extrusion of continuous filaments, causing only a moderate
shape fidelity of the final object (Figure S12B). Upon addition of
alginate to the polymer-containing NFC suspension, the
viscosity was further increased to a level that allowed the
extrusion of thin, continuous filaments, allowing printing of 30-
layered grids with an infill distance of 1.0 mm with excellent
resolution and proofing the outstanding shape fidelity of this ink
formulation (Figure 4B, i) and Figure S12C). During the
printing process, UV-A-curing for one second between each
layer helped with the formation of this complex structure and did
not lead to a noticeable loss of layer-to-layer adhesion,
presumably due to nonquantitative cross-linking of each layer,
enabling the connection of the next layer through thiol−ene
click reaction at the interface. The 30-layered infill tube with
uniform pore size revealed remarkable stability in carrying the
weight of a coin even without ionic cross-linking after curing the
final printed object by UV-irradiation for 120 s (Figure 4B, iii)).
This confirms the necessity of covalent reinforcement for good
shape fidelity and printing stability. To demonstrate this, we

Figure 4. Ink composition and images of printed objects to evaluate the shape fidelity, printability, and mechanical properties of different NFC/Alg
inks. Comparison of an NFC/Alg ink (A) with the corresponding ink reinforced through photochemical cross-linking of P(DEVP-stat-DAlVP) (B).
The printed objects include an infill tube with excellent shape fidelity between the infill strands, a hollow, free-standing tube with 89 layers (machine
maximum) without collapsing, and an overhanging object with a 30° incline. Further details regarding the printing models and printing parameters are
provided in the Supporting Information, Table S1.
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printed an infill tube with a varying number of layers (n = 3, 13,
20, 30) using a nozzle with a 0.41 mm diameter and an infill
distance of 1.00 mm (Figure S13), ideally resulting in square-
shaped gaps with 0.59 mm length, as described in the literature
as a measure for desirable shape fidelity and ink stability.24,37

The P(DEVP-stat-DAlVP)-containing ink was able to extrude in
a rod-like filament shape with a measured diameter of 0.50 ±
0.03 mm for 3 layers and 0.44 ± 0.04 mm for 30 layers with
square-shaped gaps with a length of 0.46± 0.08 mm and a width
of 0.55 ± 0.07 mm. This contrasted with the control ink, which
did not contain poly(vinylphosphonates) and could not be
covalently stabilized during printing. The control ink showed an
insufficient storage modulus upon extrusion and continuous
flow, leading to broader stands with 0.62 ± 0.04 mm diameter
and smaller, round-edged pores with 0.27 ± 0.06 mm length
after 3 printed layers. For structures withmore layers (n = 13, 20,
30), no more top-to-bottom open pores were visible due to the
sagging of the object. To further quantitatively describe the pore
shape, we measured the angle of the infill gaps, which was 94 ±
5° for 3 layers and 91 ± 2° for 30 layers, which was close to the
desired square shape with ideally 90° in the case of the P(DEVP-
stat-DAlVP)-reinforced ink. The control ink without covalent
cross-linking resembled a rather circular shape due to its flow
properties, with an angle of 127± 9° after 3 layers, revealing the
low printing resolution in the absence of poly-
(vinylphosphonates). A detailed comparison of the printing
resolution for a polymer-reinforced ink and a control ink is
presented in Figure S13. Further, a hollow tube with a diameter
of 10 mm and 89 consecutive layers was printed. This was the
maximum number of layers that could be printed by the device
with a selected strand height of 0.4 mm. After curing the final

object for 120 s, the obtained tube exhibited relatively high
mechanical strength and good flexibility, allowing the reversible
deformation with tweezers (Figure 4B, ii−iv). In a final printing
experiment, we were able to obtain overhanging objects with a
30° incline (Figure 4B, ii). The possibility of targeting such
complex architectures is significant for various scaffold materials
in tissue engineering, such as branched blood vessels or an aortic
arch.25 For comparison, the structures presented in Figure 4B
were printed with an ink with the same NFC/Alg ratio but
without reinforcement by P(DEVP-stat-DAlVP) (Figure 4A). In
the case of the 30-layered infill tube, this led to a drastically
reduced resolution and poor shape fidelity (Figure 4A, i).
Further, the mechanical properties in the absence of ionic cross-
linking were significantly lowered, causing a sagging of the object
upon printing and the collapse of the structure under the weight
of the coin. Similarly, the hollow tube exhibited a significant loss
of mechanical stability, resulting in the collapse of the structure
after 61 layers during the printing process (Figure 4A, ii).
Therefore, it can be concluded that the addition of photo-cross-
linkable P(DEVP-stat-DAlVP) yields polymer-reinforced inks
which allow the cross-linking by UV-irradiation between each
layer, creating a vast design space and giving access to a variety of
complex arch i tec tures . For th i s purpose , po ly -
(vinylphosphonates) are ideal candidates as they can be
obtained via precision polymerization applying REM-GTP and
present a class of water-soluble polymers with high cytocompat-
ibility,35,36,38 which becomes crucial when DIW is, e.g., applied
in biomedical contexts such as tissue engineering.
Water Uptake of Printed Objects. In the context of

materials applied in a biomedical context, it is crucial to
understand the behavior of objects tailored to a specific

Figure 5. Investigation of the water uptake of different printed structures consisting of P(DEVP-stat-DAlVP)-reinforced NFC/Alg inks compared to a
control. (A) Definition of the swelling ratio used to quantify the water uptake. (B) Composition of inks 1−4 applied to print specimens for swelling
experiments. (C) Results of the swelling experiments of objects printed with inks 1−4 in physiological NaCl solution. (D) Results of the swelling
experiments of objects printed with inks 1−4 in physiological NaCl (aq) upon the addition of 5 mM CaCl2 (aq).

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.4c03517
ACS Appl. Polym. Mater. 2025, 7, 1752−1762

1757

Additive manufacturing of poly(vinylphosphonate)-based hydrogels 
 

 

 
 

88 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



application when subjected to an aqueous environment similar
to in vivo conditions since aspects such as the loss of shape
fidelity or structural breakdown due to pronounced swelling
restrict application potential.27,28,36 Therefore, the swelling
behavior of objects printed with different polymer-containing
inks was compared to a “pure” NFC/alginate formulation to
evaluate the effect of photochemically initiated, covalent
reinforcement by P(DEVP-stat-DAlVP). Further, we inves-
tigated the influence of the covalent cross-linking density on the
water absorption of 3D printed structures, which is governed by
the number of cross-linking sites in the synthetic polymer. The
swelling experiments described in the following were conducted
with the specimens printed for the stress−strain measurements
addressed later in this work. In this context, the water uptake was
characterized by comparing the weight of the specimens after
printing with the weight of the printed specimens immersed in
different aqueous solutions for 16 h. The swelling ratio Q
expresses the amount of water absorbed by the samples and is
calculated from the weight of the swollen sample Ms and the
weight Mp of the specimens after printing (Figure 5A). Unlike
the traditional definition of the swelling ratio, the reference
weight Mp does not represent a dry state but exhibits water
contents between 79 and 84% already, depending on the ink
composition (Figure 5B). The three different polymer-
containing inks contain an increasing number of cross-linkable
DAlVP units (polymers 1−3, Table 1) which are absent in the
pure NFC/alginate ink (Figure 5B, ink 4). For a better
evaluation of the effect of the polymer in inks 1−3, a fixed
ratio of NFC (3 wt % suspension)/P(DEVP-stat-DAlVP)/Alg,
as indicated in Figure 5B, was selected. The same weight ratio of
the 3 wt % nanofibrillated cellulose suspension to alginate (3 wt

% NFC (aq)/Alg = 10/0.3) was also applied in the control (ink
4). The swelling of the printed specimens was investigated in a
physiological 150 mM NaCl solution and a physiological NaCl
solution containing 5 mM CaCl2 (aq) to induce ionic cross-
linking of the alginate chains. With respect to the water uptake in
the physiological NaCl represented in Figure 5C, the samples
exhibited weight increases between 0.23 and 1.11 g of water per
gram of cross-linked material. Further, a clear correlation of the
swelling ratio with cross-linking density dictated by the
corresponding ink was observed. Whereas ink 1 was reinforced
with a polymer containing around 5% of cross-linkable DAlVP
units, ink 3 contains P(DEVP-stat-DAlVP) with roughly 20%
DAlVP, which in turn leads to a much higher degree of cross-
linking in samples printed with this formulation. This structure−
property relationship is reflected in the corresponding hydrogel
properties, as the water uptake of the specimens printed with ink
1 exceeded the water uptake of the respective samples from ink
3, which is in good agreement with the results reported in
previous studies.36 Another advantage of the reinforcement of
NFC/Alg inks by poly(vinylphosphonate)-based hydrogels can
be observed comparing samples printed with inks 1−3 and the
control. Despite being able to create structures upon extrusion of
ink 4, the objects are unsuitable to be subjected to in vivo
conditions, as the corresponding specimens dissolved when
immersed in physiological NaCl solution for several hours.
Therefore, the results presented in Figure 5C nicely illustrate the
beneficial reinforcing effect induced by covalently cross-linking
P(DEVP-stat-DAlVP) in NFC/Alg inks. Finally, the water
uptake of samples printed with inks 1−4 was investigated in a 5
mMCaCl2-containing physiological NaCl solution (Figure 5D).
Here, the same trend as described for Figure 5C was observed

Figure 6. Investigation of the mechanical properties of different printed objects consisting of P(DEVP-stat-DAlVP)-reinforced NFC/Alg inks
compared to a control. (A)Model and picture of the specimens printed for tensile testing. (B) Composition of inks 1−4 applied for printing specimens
for stress−strain measurements. (C) Results of the stress−strain measurements of objects printed with inks 1−4 after swelling in CaCl2-containing (5
mM) physiological NaCl solution (150 mM). (D) Comparison of specimens swollen in a physiological NaCl solution and specimens swollen in a
CaCl2-containing physiological NaCl solution.
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regarding the correlation between cross-linking density and
swelling behavior. Notably, objects printed with ink 4 exhibited
the highest swelling ratios of roughly 0.6 g of water per gram of
material, twice the water absorption of the least covalently cross-
linked sample (ink 1), and a 5-fold higher value than the most
cross-linked object (ink 3). The high swelling ratio of the control
specimens highlights the issue of a loss of shape fidelity upon
ionic cross-linking of NFC/Alg hydrogels, leading to a loss of
resolution. Therefore, the significantly lower water uptakes of
polymer-reinforced inks 1−3 demonstrate that the correspond-
ing objects exhibited high swelling shape fidelities, which are
relevant for most biomedical applications. Overall, the effect of
ionic cross-linking becomes evident when comparing the results
presented in Figures 5C and 5D. The lower water uptake of
samples in Figure 5D can be assigned to a higher cross-linking
density due to a dual cross-linking in which covalent cross-links
are complemented with Ca2+-alginate interactions. This dual
cross-linking mechanism, in combination with the intermediate
photochemical, covalent cross-linking during printing described
above, can be applied to form sophisticated structures that are
subsequently postcured by adding Ca2+ ions.
Mechanical Properties. Finally, the specimens applied in

the swelling experiments in physiological NaCl solution
containing 5 mM CaCl2 (aq) were subjected to tensile testing
(Figure 6A). A well-studied feature of NFC-containing inks is
the anisotropy of mechanical properties along and perpendicular
to the fiber orientation of NFC.24 To ensure the comparability of
results, all specimens were fabricated following the same printing
pathway, thus guaranteeing the same fiber orientation in each
sample. In this context, the samples printed with inks 1−3
represented the dually cross-linked hydrogels combining
covalent bonding and ionic interactions. In contrast, ink 4 was
only cross-linked via Ca2+ ions (for ink compositions, see Figure
6B). Regarding the polymer-reinforced inks, an opposing trend
for the tensile properties compared to the swelling behavior was
observed. The tensile modulus and maximum stress increased
with an increasing number of cross-linkable DAlVP units when
switching from ink 1 to ink 3 (Figure 6C). This correlation is
another structure−property relationship introduced by the
synthetic polymers, and it can be assigned to the increasing
covalent cross-linking density in these inks. With a tensile
modulus between 0.24 ± 0.03 MPa for ink 1 and 0.37 ± 0.02
MPa for the stiffest ink 3, the tensile properties are comparable
to methacrylated gelatin widely used for cartilage tissue
engineering or poly(vinyl alcohol)/carrageenan used for skin

models.39,40 Notably, the samples printed with ink 4 exhibited a
tensile modulus similar to that of ink 2 but exceeded the
polymer-reinforced inks 1−3 in terms of maximum stress
(Figures 6C and S15). Most likely, this is due to small
imperfections in the prints with P(DEVP-stat-DAlVP) caused
by ink inhomogeneities upon nonquantitative dissolution of the
polymers or air-bubbles due to the surface-active properties of
P(DEVP-stat-DAlVP) leading to foaming of the NFC
suspension, which was hard to estimate due to the opaque
color of the ink. Further, a comparison of the results of tensile
testing to the ink composition was only performed for Ca2+-
cross-linked specimens as the covalently cross-linked samples
originating from inks 1 and 2 kept in physiological 150 mM
NaCl solution exhibited high elasticities and poor mechanical
stabilities; thus, mostly rupturing upon sample preparation.
Only specimens printed with ink 3, which induces the highest
number of covalent cross-links due to the highDAlVP content in
the polymers, were able to be measured after immersing them in
150 mMNaCl (aq) overnight. This indicates that the properties
of NFC and Alg mostly dominate the mechanical features of
these novel ink formulations. The polymer-reinforced inks are
highly beneficial regarding the dimensional stability of printed
objects (higher swelling shape fidelity and no more dissolution
in NaCl solution), as discussed above. Nevertheless, the effects
of poly(vinylphosphonate) addition on the mechanical proper-
ties are apparent, considering the correlation between the tensile
modulus and the cross-linking degree of the synthetic polymers.
To evaluate the effect of dual cross-linking on the printed
structures, structures printed with ink 3 and kept in CaCl2-
containing solution were compared with their nonionically
cross-linked counterparts, as shown in Figure 6D. From these
results, it becomes evident that postcuring with Ca2+ ions leads
to a significant increase in the mechanical strength of objects
created through direct ink writing as expressed by the higher
maximum stress. Additionally, the higher slope of the exemplary
curve for the dual cross-linked specimen shown in Figure 6D
indicates a higher tensile modulus and, therefore, a less elastic
sample. In conclusion, these results illustrate how postcuring
with bivalent ions can be applied to reinforce objects that are
printable with high shape fidelity due to intermediate photo-
chemical cross-linking, as described in previous sections.
Overall, the two cross-linking mechanisms possible in these
systems mutually support each other. Whereas covalent cross-
linking leads to high shape fidelities during printing, ionic cross-

Figure 7. Relative cell viabilities of HUVECs (A) and HEK293 cells (B) after 48 h of indirect contact with different printed scaffolds determined by a
PrestoBlue assay.
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linking can introduce additional strength into the final printed
structures.
Cytocompatibility Studies. Finally, cytotoxicity inves-

tigations were conducted to investigate these novel materials’
potential in biomedical applications. The cell viability of primary
human umbilical vein endothelial cells (HUVECs) and
immortalized human embryonic kidney cells (HEK293 cell
line) was studied by performing a cell viability assay
(PrestoBlue). It is well-known that the natural polysaccharides
NFC and Alg are biocompatible materials that support cell
viability in vivo.41−43 Furthermore, various in vitro studies with
poly(vinylphosphonates) confirmed that these synthetic poly-
mers have no adverse effects on the cell viability of different cell
types.35,36,38 In the cytotoxicity tests, we studied five different
sample compositions to potentially identify compounds in the
inks that have harmful effects on the cells. The specimens for
cytotoxicity testing were printed according to the model
presented in Table S1 and Ca2+-cross-linked in 5 mM CaCl2-
containing 150 mM NaCl solution before the experiments. The
five scaffolds for the PrestoBlue assay consisted of the regular
poly(vinylphosphonate)-reinforced ink, an ink without 1,6-
hexanedithiol, an ink without the synthetic polymer, an NFC/
Alg mixture with only lithium phenyl(2,4,6-trimethylbenzoyl)-
phosphinate (LAP) photoinitiator, and, finally, one formulation
only containing NFC and Alg. The results presented in Figure
7A revealed a cell viability of HUVECs of 74.0 ± 3.51% relative
to the control (equally cultured cells but without extracts of the
inks), indicating a slight reduction in cell viability. Considering
the threshold value of 70% given by EN ISO 10993−5, these
materials could be declared noncytotoxic. Comparing the
P(DEVP-stat-DAlVP)-reinforced inks (orange) to the second
sample category (green) in Figure 7A, not containing the cross-
linker and exhibiting high cell viabilities, the cytotoxic effect of
1,6-hexanedithiol, which is applied in excess in the polymer-
reinforced inks, becomes evident. The lowest relative viability of
HUVECs was found for the third formulation lacking the
P(DEVP-stat-DAlVP) copolymers. In the absence of the
poly(vinylphosphonates) and consequently, in the presence of
significant amounts of unreacted 1,6-hexanedithiol, only 22.6 ±
13.2% relative cell viability was found. This demonstrates a
positive effect of these polymers on the cytocompatibility (most
likely due to a reduction of the free cross-linker by reaction with
P(DEVP-stat-DAlVP)) as the same samples but with polymer
(full ink, orange bars) performed better. Considering the NFC/
Alg inks with and without LAP (yellow and green), both
materials revealed no adverse effect on the cell viability relative
to the control. This was expected as LAP is a standard
cytocompatible photoinitiator and the biocompatibility of NFC
and Alg is well-studied.41−43 Similar trends were observed for
the second cell type. As with the HUVECs, the viabilities of
HEK293 cells relative to the control assumed high values for all
samples not containing 1,6-hexanedithiol (Figure 7B). The
materials without P(DEVP-stat-DAlVP) performed the worst,
and the cells in contact with the specimen printed with the
standard polymer-reinforced ink (orange) displayed viabilities
of 63.3 ± 3.95%. To sum up, the P(DEVP-stat-DAlVP)-
reinforced inks exhibited slight decreases in the relative cell
viability of both cell types, likely attributed to cytotoxic effects of
the cross-linker. Nevertheless, the standard ink composition
presented in this study contains an excess of the cross-linker
concerning the cross-linkable groups to ensure quantitative
cross-linking, which could be reduced. Additionally, purification
of the cross-linkedmaterials is possible, as reported previously,36

highlighting the potential of P(DEVP-stat-DAlVP)-reinforced
NFC/Alg inks for biomedical applications given their high shape
fidelity and tunable material properties. Further, by applying
water-insoluble 1,6-hexanedithiol as a cross-linker, we demon-
strated that emulsion-based printing inks are applicable in DIW,
which broadens the scope of potential, nontoxic hydrophobic
dithiol cross-linkers.

■ CONCLUSION
To sum up, we introduced a novel approach applying
poly(vinylphosphonate)-based hydrogels to reinforce well-
established NFC/Alg inks for DIW, giving access to high
shape fidelities and complex structures through intermediate
photochemical cross-linking applying thiol−ene click chemistry.
This combination of advanced material design, controlled
polymer synthesis via REM-GTP, and dual cross-linking offers a
versatile and scalable method to fabricate sophisticated
structures with high fidelity and tunable properties in DIW.
The optimized ink with an NFC (3 wt % suspension)/P(DEVP-
stat-DAlVP)/Alg ratio of 10/1/0.3 was applied to print
sophisticated structures like a 30-layered infill tube with uniform
pore size and excellent resolution, a hollow tube consisting of 89
layers, and even overhanging objects with 30° incline.
Furthermore, specimens were printed with three different
polymer-containing inks and compared to a control without
P(DEVP-stat-DAlVP) regarding the water uptake and mechan-
ical properties. Here, an evident structure−property relationship
was observable between the covalent cross-linking degree and
the water absorption. The lower water absorption values in 5
mM CaCl2-containing 150 mM NaCl solution were attributed
to the additional ionic cross-links. Compared to the control, the
polymer-reinforced prints exhibited significantly lower swelling
values in the CaCl2 solution, demonstrating the high swelling
shape fidelity of the prints, which is crucial in all 3D printing
applications. In the stress−strain measurements, a clear
correlation between the tensile modulus and the number of
cross-links in polymer-reinforced specimens was observed. A
comparison of the mechanical properties of covalently cross-
linked NFC/Alg inks with the corresponding analogs stored in 5
mM CaCl2 (aq) revealed the reinforcing effect of ionic cross-
linking on the printed structures. In conclusion, both cross-
linking mechanisms presented in this study mutually support
each other. Whereas covalent cross-linking ensures a high shape
fidelity upon printing and swelling shape retention, ionic cross-
linking can reinforce the sophisticated structures obtained by the
printing process with intermediate cross-linking. Cytocompat-
ibility studies of pristine prints revealed slightly cytotoxic effects
of the cross-linker. However, the moderate cell viabilities of both
tested cell types relative to the control revealed a clear potential
for optimization toward higher cytocompatibility to proceed
toward biomedical applications of these precisely printable
objects. The applicability of both hydrophilic and hydrophobic
dithiols broadens the scope of potential cross-linkers to reduce
purification efforts.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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Printing of overhanging objects with a 30° incline through
layer-by-layer deposition with intermediate photochem-
ical cross-linking (MP4)
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7.3 Content 

This study introduces a synthetic approach toward dynamic covalent networks starting 

from statistical P(DEVP-stat-DAlVP) copolymers. Intending to leverage the dynamic 

covalent interactions between 1,2-diols and boronic acid derivatives, 

poly(vinylphosphonates) with variable ratios of allyl group-containing DAlVP units are 

synthesized applying REM-GTP, followed by the photochemical functionalization of the 

polymers with 1-thioglycerol via thiol-ene click chemistry. Detailed 1H NMR and 1H 

DOSY NMR analyses confirm the successful functionalization of the polymers, which 

are subsequently subjected to DCN formation experiments with different boronic acid 

derivatives. In this context, adding benzene-1,4-diboronic acid or sodium tetraborate 

(borax) solutions to the polymer solution allowed assembly toward DCNs. The resulting 

networks display tunable viscoelastic properties by varying the concentrations or the 

diol-functionalization degrees of the polymers, as confirmed by thorough 

characterization of the crossover frequencies, relaxation times, and equilibrium storage 

moduli in rheology. Furthermore, ramping strain sweeps display the self-healing 

behavior of the water-born systems with quantitative recovery of the material properties 

after the destruction of the hydrogels, complementing the observations regarding self-

healing on a macroscopic level. The hydrogels exhibit pronounced pH-responsive 

behavior, enabling reversible decomposition and reformation of the DCNs from diol-

functionalized poly(vinylphosphonates) and borax upon adding hydrochloric acid and 

sodium hydroxide solutions, alternating the pH value. Finally, rotational rheology and 

extrusion tests with a syringe confirm the shear-thinning behavior expected for this 

class of materials. Applying this feature of DCNs to extrusion-based additive 

manufacturing by direct ink writing enables the extrusion of continuous filaments, 

allowing the printing of simple objects. Summarizing, this study introduces a simplistic 

three-component system (polymer, borax, water) to yield attractive materials with 

tunable properties. 
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ABSTRACT: Dynamic covalent networks (DCNs) are an attractive class of
materials combining the beneficial properties of chemically and physically
cross-linked networks. In this study, poly(vinylphosphonates) were function-
alized toward precursors capable of forming DCNs with boronic acid
derivatives. Statistical copolymers from diethyl vinylphosphonate (DEVP)
and diallyl vinylphosphonate (DAlVP) were obtained with high control over
the polymer microstructure and narrow dispersities applying catalytic rare
earth metal-mediated group-transfer polymerization (REM-GTP). Subse-
quent functionalization with 1-thioglycerol through photochemical thiol−ene
click chemistry, confirmed via 1H DOSY NMR spectroscopy, yielded water-
soluble, diol-containing polymers that could undergo network formation with
benzene-1,4-diboronic acid (DBA) in dimethyl sulfoxide and sodium
tetraborate decahydrate (borax) in water. The aqueous system displayed
tunable viscoelastic properties by varying the polymer functionalization degree and concentration, as evidenced by oscillatory
rheology monitoring the plateau storage moduli G′ and the crossover frequencies ωc. The self-healing capability of the novel DCNs
was demonstrated on the macroscopic level and rheologically by performing ramping strain sweeps between 1% and 500%
deformation. Additionally, the poly(vinylphosphonate)-based hydrogels exhibited pronounced pH-responsive behavior, allowing
network formation and dissolution upon alternations of the pH value. Finally, the shear-thinning behavior of the DCNs was
confirmed via rotational rheology. The extrudability of this type of hydrogel allowed for initial additive manufacturing experiments
applying extrusion-based direct ink writing to yield simple printed objects.

■ INTRODUCTION
Hydrogels are hydrophilic, three-dimensional polymer net-
works that can absorb and retain significant amounts of water
without dissolving due to the cross-links present in these
structures.1,2 These materials are typically formed through
covalent junctions (chemical cross-linking)3,4 and/or supra-
molecular interactions, e.g., hydrogen bonds, ionic interactions,
or host−guest chemistry (physical cross-linking) between the
polymer chains.5−7 An elegant approach toward novel
materials that combine beneficial properties of chemically
and physically cross-linked hydrogels involves utilizing
dynamic covalent networks (DCNs).

DCNs combine the strength of covalent cross-links with the
reversibility of noncovalent interactions.8 Hydrogels formed via
dynamic covalent chemistries exhibit an attractive set of
material properties, such as shear-thinning behavior allowing
injection and extrusion, self-healing through reversible covalent
bond formation, and the possibility of facile processing via
molding.9−12 Furthermore, the ability of DCNs to form and
decay reversibly in response to changes in environmental
conditions, e.g., temperature, pH value, or the presence of
specific chemical motifs, along with the injectability of these
materials, are reasons for their application as drug delivery
systems.13−15 For dynamic covalent interactions, different

chemistries were reported. These include reversible Diels−
Alder reactions,16,17 Schiff base reactions,18 transesterifica-
tions,19,20 disulfide bond formation,21,22 and dynamic phenyl-
boronic ester complexation.9,23,24 DCNs based on phenyl-
boronic ester complexation are formed through reactions of
boronic acids with 1,2- and 1,3-diols, resulting in stable, cyclic
five- or six-membered rings.25 The condensation reaction
proceeds at high rates without the addition of a catalyst, and
the reaction rates depend on the types of boronic acid and diol
substrates, leading to product formation under thermodynamic
control.9,26−28 This binding specificity in the presence of
different substrates allows the application of boronic ester
DCNs as probes, e.g., for sugar sensing.29 The highly dynamic
character of boronic acid-diol networks further enables
processing via extrusion-based additive manufacturing and is
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the base for stimuli-responsive, injectable, biocompatible
hydrogels for drug delivery.13,30,31

In contrast to these highly flexible platforms, our group
recently reported the synthesis of chemically cross-linked
hydrogels obtained by photochemical cross-linking of poly-
(vinylphosphonates). The corresponding materials exhibited
precisely tunable water uptakes, mechanical properties, and
high cytocompatibility.32 In this context, the starting materials
for cross-linking were obtained via rare earth metal-mediated
group-transfer polymerization (REM-GTP), enabling the
statistical copolymerization of the monomers diallyl vinyl-
phosphonate (DAlVP) and diethyl vinylphosphonate (DEVP).
By proceeding via a repeated 1,4-conjugated addition, the
mechanism of REM-GTP allows precise control over the
polymer microstructure (monomer ratio and sequence) while
preserving narrow dispersities for polymerizations of Michael-
type monomers.33−35 After polymerization, DAlVP-containing
poly(vinylphosphonates) obtained via REM-GTP can be
successfully converted with various substrates applying photo-
chemically induced thiol−ene click chemistry to introduce
different functionalities into the polymer side chains.36−38 A
similar approach could be the initial step for combining the
beneficial properties of poly(vinylphosphonates) obtained by
high-precision polymerization via REM-GTP (excellent control
over molecular weight and copolymer microstructure, narrow
dispersities, cytocompatibility) with the advantageous features
of DCNs, like self-healing and shear-thinning behavior.9,11,32,38

To target the synthesis of DCNs based on poly-
(vinylphosphonates), statistical copolymers from DEVP and
DAlVP, denoted as P(DEVP-stat-DAlVP), were synthesized
via REM-GTP. Subsequently, different P(DEVP-stat-DAlVP)
polymers were functionalized quantitatively with 1-thioglycerol
by photoinitiated thiol−ene click chemistry, and different
boronic acid derivative-containing solutions were added to
obtain DCNs based on poly(vinylphosphonates). This
approach leverages the precise tunability of the polymer
microstructure provided by REM-GTP, enabling advanced
material design with tailored properties of cross-linked
materials. Further, the application of poly(vinylphosphonates)
for DCN synthesis bears great potential in biomedical contexts
due to the good water solubility and high cytocompatibility of
this polymer class.32,38 The DCNs were subsequently
characterized in detail via 1H NMR spectroscopy, oscillatory
rheology, and self-healing experiments. Finally, initial direct ink
writing (DIW) tests were performed, revealing the potential for
applying these novel DCNs as inks for additive manufacturing.

■ RESULTS AND DISCUSSION
Polymer Synthesis and Functionalization. The syn-

thesis of statistical copolymers from DEVP and DAlVP was
performed according to previously reported procedures.32 The
calculated amount of precursor catalyst Cp2YCH2TMS(thf)
was dissolved in dry toluene, and the addition of 4-(4-(((tert-
butyldimethylsilyl)oxy)methyl)phenyl)-2,6-dimethylpyridine
led to the in situ generation of the active catalyst species as
illustrated in Figure 1. In this context, quantitative CH-bond
activation of the initiator was confirmed via 1H NMR
spectroscopy by the aliquot method (0.1 mL of reaction
mixture +0.4 mL of dry C6D6) by detecting the absence of the
characteristic CH2−group signal of the precursor catalyst
(doublet, δ = −0.66 ppm). Subsequently, the calculated
mixture of DEVP and DAlVP was quickly added to the catalyst
solution, and the reaction mixture was stirred at room
temperature until complete monomer conversion was found
via 31P NMR spectroscopy by withdrawing another aliquot in
CD3OD. The addition of 0.5 mL of MeOH, followed by
precipitation in pentane, centrifugation, and lyophilization in
1,4-dioxane, yielded the purified P(DEVP-stat-DAlVP) co-
polymers. The corresponding polymerization results are
summarized in Table 1.

As illustrated by the results given in Table 1, polymers with
similar molecular weights but varying DEVP/DAlVP ratios
were synthesized in the polymerization experiments. The
copolymers’ molecular weights were obtained via 1H NMR
spectroscopy using the distinct signals of the −OTBDMS
group of the initiator incorporated in each chain as a reference
and range between 30 and 39 kg/mol. In this study, the desired
molecular weights were rather low for the copolymers to
exhibit high solubilities, which facilitated functionalization in
the next step but also helped with the solubilization of the
functionalized P(DEVP-stat-DAlVP) polymers to test DCN
formation. Additionally, the targeted amounts of the allyl
group-containing DAlVP units accessible for functionalization
via thiol−ene click chemistry in copolymers 1−3 slightly
exceeded their theoretical values, still controlling the monomer
ratio upon polymer synthesis allowed adjusting the corre-
sponding ratio in the copolymers. Besides the good control
over molecular weights and monomer ratio given these results,
the low dispersities below 1.17 presented in Table 1
demonstrate the high precision of REM-GTP. To confirm
successful copolymerization, polymers 1−3 were characterized
via 1H-, 31P-, and 1H DOSY NMR spectroscopy (Figures S1−

Figure 1. Statistical copolymerization of DEVP and DAlVP via REM-GTP applying an in situ generated yttrium catalyst.
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S3). The refractive index detector signal of SEC-MALS for
each copolymer is shown in Figure S4. Furthermore, the
copolymers exhibited the expected thermal behavior with a
thermal decomposition onset of 306 °C and the absence of a
melting point, as reported in previous studies, which is shown
in Figures S5 and S6.32

In our approach toward DCNs, we wanted to utilize the
specific interaction between 1,2-diols and boronic acids, which
are known to undergo reversible, uncatalyzed reactions
forming 5-membered boronic esters.9,25−27 A promising step
for realizing this type of interaction with poly-
(vinylphosphonates) involves the application of thiol−ene
click chemistry. The functionalization of P(DEVP-stat-DAlVP)

with different thiol group-containing substrates was subject to
numerous previous studies.32,36−38 Commercially available 1-
thioglycerol was selected as a simple representative of 1,2-diols
for the photochemical functionalization of copolymers 1−3
(Table 1) as illustrated in Figure 2A (for experimental details,
see the Supporting Information).

The functionalized copolymers 4−6 were purified by dialysis
against water (MWCO = 8 kDa). 1H NMR spectroscopic
analysis of the diol-functionalized compounds revealed the
absence of the allyl group signals of DAlVP, as shown in Figure
2B. Therefore, full conversion of double bonds in the thiol−
ene click reaction was assumed. Consequently, polymers 4−6
exhibited the same DEVP contents as their unfunctionalized

Figure 2. Functionalization of P(DEVP-stat-DAlVP) with 1-thioglycerol via photochemical thiol−ene click reaction (A), corresponding 1H NMR
spectra of 1-thioglycerol (top), P(DEVP-stat-DAlVP) (bottom), and functionalized copolymer (middle) (B), and 1H DOSY NMR spectrum of
purified, functionalized copolymer (C).

Table 1. Results for the Polymerization of DEVP and DAlVP via REM-GTP with the CH-Bond Activated Species of
Cp2YCH2TMS(thf)a

Polymer DEVP/DAlVP/Cat.b
Targeted DAlVP content

[%] X [%]c
DAlVP content

[%]d
Mn,NMR

e

[kg mol−1] IEf Đg
Polymer designation after

functionalization

1 92/11/1 10 >99% 13.3 30 59 1.17 4
2 86/15/1 15 >99% 17.5 39 45 1.13 5
3 81/21/1 20 >99% 24.6 33 53 1.09 6

aAll polymerizations were performed at room temperature in toluene, with a monomer feed of 100 repetition units and varying the DEVP/DAlVP/
Catalyst ratio. Quantitative conversions were determined via 31P NMR spectroscopy in CD3OD. bReactant ratio based on the monomer and
catalyst weights in Table S2. cConversion determined via 31P NMR spectroscopy in CD3OD. dDetermined via 1H NMR spectroscopy by
comparison of the CH2 signals of DEVP (4.18 ppm, m = I/4) and DAlVP (4.63 ppm, n = I/4). eCalculated via 1H NMR spectroscopy by
comparison of the �OTBDMS signals of the initiator at 0.14 ppm (I = 6H) and the CH2 signals of DEVP (4.18 ppm, m = I/4) and DAlVP (4.63
ppm, n = I/4). fInitiator efficiency (IE): IE = Mn,calc/Mn,NMR with Mn,NMR = 327.54 g/mol + m × 164.14 g/mol + n × 188.16 g/mol. gDispersity
determined via size-exclusion chromatography multiangle light scattering (SEC-MALS) in THF:H2O (1:1) with 340 mg/L 2,6-di-tert-butyl-4-
methylphenol (BHT) and 9 g/L tetra-n-butylammonium bromide (TBAB).
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counterparts 1−3, and all DAlVP units were transformed into
diol-containing moieties. These binding sites for boronic acids
were statistically distributed throughout the polymers, as the
microstructure of the unfunctionalized P(DEVP-stat-DAlVP)
polymers 1−3 was expected to persist after the click reaction.
Figure 2B additionally shows the successful incorporation of
the 1-thioglycerol into P(DEVP-stat-DAlVP) by the corre-
sponding aliphatic signals of the diol. Additional 1H DOSY
NMR spectra of the functionalized copolymers, as demon-
strated by the exemplary spectrum in Figure 2C, were
measured to confirm the absence of polymer degradation
through the photochemical reaction. As only one diffusion
coefficient could be detected, quantitative functionalization
was assumed without any effects on the degree of polymer-
ization. Additional thermal analysis of these functionalized
P(DEVP-stat-DAlVP) copolymers via TGA and DSC revealed
a similar decomposition behavior compared to unfunctional-
ized copolymers and the preservation of the amorphous
character of the polymers (Figures S7 and S8).

Synthesis of Dynamic Covalent Networks. To induce
DCN formation in solutions of functionalized poly-
(vinylphosphonates) 4−6, we searched for molecular, bifunc-
tional boronic acid (derivatives), which allow the reversible
cross-linking of polymer chains via boronic ester formation.
Initially, benzene-1,4-diboronic acid (DBA) was selected to
screen for DCN synthesis following numerous reports in the
literature.39−41 Accordingly, the diol-functionalized P(DEVP-
stat-DAlVP) copolymers were dissolved in dimethyl sulfoxide
(DMSO), resulting in a homogeneous polymer solution.
Considering the amounts of functionalized DAlVP units in
the polymers (Table 1), the number of diol groups in the
solution was calculated. Subsequently, a second solution of
DBA in DMSO with the same concentration as the polymer
solution, containing an equimolar amount of boronic acid units
to the diols (ensuring a 1:1 ratio of 1,2-diol to boronic acid),
was added. Table 2 displays some selected results of our
experiments on DCN synthesis, including information on the
functionalized P(DEVP-stat-DAlVP) with the designation from
Table 1 that was utilized, the solvent, the cross-linker, and the
polymer concentration expressed as a weight percentage. The
additional columns reflect the corresponding diol concen-
tration in the solution calculated from the functionalization
degree, the polymer weight percentage in the solution, the
density of the solvent, and whether a DCN was formed based
on the tube inversion test.

Following the addition of DBA to copolymers 4−6,
immediate sol−gel transition (t < 1s) was observed, confirmed
by the tube inversion test, as shown in Figure 3. Furthermore,
1H NMR spectroscopic experiments confirmed the synthesis of
DCNs in DMSO with DBA as a cross-linker by the
incorporation of aromatic signals into the DCN spectrum
and the disappearance of OH-group signals, as shown in Figure
S9. For the combination of diol-functionalized poly-
(vinylphosphonates) and DBA in DMSO, successful DCN
formation for different polymer concentrations and varying
functionalization degrees was observed, as demonstrated by
entries 1−4 in Table 2. However, it must be noted that
copolymer 4, exhibiting the lowest functionalization degree
due to the low number of DAlVP units in the initial copolymer
1, required higher weight percentages of polymer to achieve
enough OH-groups in solution for sol−gel transition.
Comparing entries 1 and 3, it becomes evident that by
switching to a higher functionalization degree using polymer 5,

DCN synthesis succeeded due to an increased concentration of
1,2-diol units in the solution despite the same weight
percentage of polymer. Entry 4 displays the successful DCN
formation with polymer 6 and equimolar amounts of DBA at
high weight percentages of 30 wt % polymer, which was
selected as the upper limit in this study due to solubility issues
of the polymers above this concentration. As DCNs are often
applied in a biomedical context, e.g., as injectable drug delivery
systems or biosensors,13,15,22 overcoming the drawback of
using organic solvents such as DMSO and switching to
aqueous systems is a first step toward developing novel DCNs
for such applications. However, the use of DBA as a cross-
linker is limited to organic solvents due to the poor water
solubility of the compound. An alternative cross-linker often
reported for the synthesis of hydrogels exhibiting dynamic
covalent properties is sodium tetraborate (borax).42,43 In the
literature, borax is broadly applied to develop biocompatible
materials formed by the complexation between the borate and
hydroxyl groups of a polymer. The resulting materials act as
bone replacements, sensing platforms, or scaffolds for cell
growth.44−46 Therefore, applying borax for the aqueous
synthesis of DCNs is a promising step toward hydrogels that
can be employed in biological settings. Despite exhibiting poor
water solubility at room temperature, borax decahydrate
dissolved well in water when heated to 80 °C rapidly without
immediate recrystallization going back to room temperature.
For borax, the approach toward DCN synthesis slightly
differed from the previous procedure with DBA in DMSO.
Due to solubility issues of borax at very high concentrations, a
1.20 M stock solution was prepared. Again, equimolar amounts
of borax regarding the 1,2-diol units in the polymer solution
were applied. However, the necessary volume of stock solution
was added instead of dissolving the borax at the same solution
concentration as the polymer, causing minor differences in the
total water volumes applied for hydrogel synthesis. This
allowed us to test the DCN synthesis as described above, but
by dissolving the polymers and the cross-linker in water. The
experiments with polymers 4−6 and borax as a cross-linker
under the conditions presented in Table 2 successfully yielded
hydrogels, which was additionally confirmed by the tube
inversion method, as depicted in Figure 3. Considering entries
5−7 in Table 2, successful DCN synthesis with this approach
required higher weight percentages of polymer in solution to
guarantee sufficient amounts of diols for borax complexation.
As for the organic system, switching to higher polymer
functionalization degrees for DCN synthesis allowed the
application of lower polymer concentrations, observable in
entries 8−12. A second advantage of the aqueous system over
its organic counterpart, besides applying a more biocompatible
matrix (solvent and cross-linker), was the higher dimensional
stability of these DCNs. Whereas the DMSO system exhibited
pronounced flow and shape deformation, the hydrogels formed
stable structures, as shown in Figure S10.

Thermogravimetric analysis of hydrogels formed by
combining functionalized poly(vinylphosphonates) and borax
displayed dehydration of the materials, followed by the
transitions already observed for the polymers (Figure S11).
In the DSC measurements of these materials, no temperature
response could be detected, as the only observable transition
was the melting point of water, which is illustrated in Figure
S12. Remeasurement of the DSC curves after water removal
did not reveal any additional transition, indicating the
preservation of the amorphous character of the polymers
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(Figure S13). Due to the drawbacks of organic solvents, we
decided to only pursue the further characterization of the
aqueous system for the further course of this study. For the
DCNs formed upon borax complexation, we quantified the sol
and gel fraction of the hydrogels with different diol-
functionalization degrees and weight percentages of polymer
in the solution, revealing water contents in the networks
between 69% and 84%, as particularized in Table S3.

Viscoelastic Properties of Dynamic Covalent Net-
works. Oscillatory shear rheology was applied to characterize
the viscoelastic properties of the aqueous DCNs based on the
interaction of diol-functionalized poly(vinylphosphonates) and
borax. Frequency sweeps between 0.1 and 100 rad/s were
performed on fully gelled samples to evaluate the viscoelastic
properties. All hydrogels in this study exhibited frequency-
dependent viscoelastic behavior, displaying viscous behavior at
low frequencies, followed by a crossover of the storage
modulus G′ and the loss modulus G″, resulting in a high-
frequency plateau indicating elastic sample behavior. The
plateau values for G′ describe the energy stored within the
networks.10,13 To evaluate the mechanical properties of
different hydrogels, the plateau storage moduli at 100 rad/s
were compared among all samples capable of forming
hydrogels since all G′ values were well within the high-
frequency plateau at this frequency. A second measure of the

mechanical properties of DCNs accessible via oscillatory
rheology is the crossover frequency ωc. The crossover
frequency in oscillatory rheology is an essential parameter for
characterizing the viscoelastic behavior of DCNs. It is defined
as the frequency at which the storage modulus equals the loss
modulus, indicating a transition between predominantly elastic
and viscous behavior.47,48 The crossover frequency inversely
correlates with the material’s relaxation time, describing the
time scale over which the network reconfigures or dissipates
stress due to the exchange of dynamic covalent bonds. In
DCNs, ωc is affected by the bond exchange dynamics. Thus, a
faster bond exchange leads to a higher ωc, while slower
dynamics result in a lower ωc.

49 Therefore, lower values of the
crossover frequency are often related to a more solid-like
behavior over a broader frequency range. The crossover
frequency for DCNs is influenced by the number of cross-links
in the material, as the cross-linking degree affects the network
structure and the corresponding relaxation time. Consequently,
more densely cross-linked networks exhibit slower relaxation
dynamics, correlating with longer relaxation times and lower
crossover frequencies.50 In our experiments, we compared
three different functionalization degrees at a fixed weight
percentage of polymer in solution and four different
concentrations of diol-functionalized polymer in solution for
one functionalization degree. Equimolar ratios of diol units to

Figure 3. Synthesis of DCNs from diol-functionalized P(DEVP-stat-DAlVP) polymers by adding benzene-1,4-diboronic acid (DBA) or sodium
tetraborate. The tube inversion method confirmed the successful formation of DCNs.
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borax were applied in all cases to ensure comparable results.
Figure 4A shows the frequency sweeps for DCNs formed from
quantitatively 1-thioglycerol-functionalized polymers with
increasing DAlVP-content at a fixed polymer weight
percentage (30 wt %) in solution with the corresponding
equimolar amounts of borax. Consequently, at a fixed polymer
concentration, the increasing degree of functionalization results
in a higher number of diol units available for cross-linking and,
thus, a higher cross-linking degree. This is reflected in the

values of the plateau storage modulus as well as in the ωc
values. Whereas the polymer with a functionalization degree of
24.6% resulted in values of G′ of 43.6 kPa and a crossover
frequency of 7.20 rad/s, hinting toward a strong and stiff gel, a
solution with the same weight percentage of a 13.3%
functionalized polymer resulted in a hydrogel with G′ of 3.97
kPa and ωc of 19.5 rad/s as indicated by the results presented
in Figure 4A. Complementing these results, stress-relaxation
curves within the linear viscoelastic region of the networks

Table 2. Selected Results of Solvents, Crosslinkers, and Concentrations Tested for the Formation of DCNs from 1-
Thioglycerol-Functionalized Poly(vinylphosphonates)

Entry Polymer Solvent Cross-linker Polymer concentration [wt %] Diol concentration in solution [mol/L] DCN formation?

1 4 DMSO DBA 12.5 0.21 No
2 4 DMSO DBA 20.0 0.37 Yes
3 5 DMSO DBA 12.5 0.26 Yes
4 6 DMSO DBA 30.0 1.02 Yes
5 4 Water Borax 12.5 0.19 No
6 4 Water Borax 20.0 0.34 No
7 4 Water Borax 25.0 0.45 Yes
8 5 Water Borax 12.5 0.24 Yes
9 5 Water Borax 30.0 0.72 Yes
10 6 Water Borax 12.5 0.31 Yes
11 6 Water Borax 20.0 0.54 Yes
12 6 Water Borax 30.0 0.93 Yes

Figure 4. Comparison of the viscoelastic properties of DCNs formed from polymers with different functionalization degrees and concentrations in
water. Oscillatory frequency sweeps between 0.1 and 100 rad/s at 1% strain for (A) polymers with different degrees of polymer functionalization
with 1-thioglycerol at 30 wt % polymer concentration and (B) different weight percentages of a polymer with 17.5% 1-thioglycerol-functionalized
units in solution. Comparison of the viscoelastic properties of DCNs formed from diol-functionalized poly(vinylphosphonates) by evaluation of the
plateau values of the storage modulus at 100 rad/s for (C) different degrees of diol-functionalization of the polymer and (D) weight percentages of
functionalized polymers in solution.
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were measured as provided in Figure S14. Comparing the
time-dependent stress response of hydrogels with different
cross-linking degrees formed from polymers 4−6 after applying
a sudden deformation of γ = 1% yielded valuable insights into
the network dynamics of poly(vinylphosphonate)-based
DCNs. For all networks, the relaxation times τ were in the
order of milliseconds to seconds, indicating a rapid bond
exchange in these systems. Furthermore, a clear trend in the τ
values was observed, aligning well with the findings on the
viscoelastic properties presented above. Accordingly, the
networks with the lowest cross-linking density exhibited the
fastest relaxation (τ = 0.02 s) with a sharp, exponential decay
of the relaxation modulus, indicating few constraints on
molecular motion and a low number of cross-links resisting
stress dissipation. In contrast, the networks with the highest
number of cross-links revealed the longest relaxation times (τ =
2.87 s), corresponding to a slower dissipation of stress upon
deformation due to increased material stiffness. Analogously,
the measurements presented in Figure 4B show a similar trend.
Fixing the degree of functionalization of P(DEVP-stat-DAlVP)
by applying a polymer, in which the 17.5% DAlVP units are
quantitatively functionalized with 1-thioglycerol, changes in the
polymer concentrations applied in DCN synthesis affect the
mechanical properties of the final materials. This is reflected in
the results presented in Figure 4B. Applying a 30 wt % solution
of functionalized P(DEVP-stat-DAlVP) and equimolar
amounts of borax with respect to the diol units results in the
formation of a hydrogel with an equilibrium storage modulus

at 100 rad/s of 31.6 kPa and ωc of 10 rad/s. In contrast, a less
concentrated 20 wt % solution, e.g., yields a weaker DCN with
G′ values of 3.83 kPa and a crossover frequency of 14.0 rad/s.
Figure 4C,D shows the dependency of the plateau storage
moduli at 100 rad/s on the degree of functionalization of the
poly(vinylphosphonate) copolymers and the weight percentage
of polymer in solution applied upon DCN synthesis. This
overview of the data obtained from numerous frequency
sweeps shown in Figures S15−S21 displays the tunability of
mechanical properties of poly(vinylphosphonate)-based
DCNs. Certain combinations of functionalization degree and
concentration did not yield gel formation among the tested
conditions, e.g., polymers with low functionalization degrees at
low concentrations, likely due to an insufficient concentration
of diol units for notable cross-linking. Polymers with a fixed
concentration but increasing degree of functionalization, which
is adjustable upon polymer synthesis via REM-GTP and the
click reaction, displayed increasing elastic portions as
illustrated by the blue series in Figure 4C. Highly function-
alized polymers resulted in DCN formation for all tested
concentrations with increasing G′ at 100 rad/s with an
increasing polymer weight percentage as indicated by the dark
blue bars in Figure 4D. A similar tunability of the viscoelastic
properties was demonstrated for the DCNs formed in DMSO
with DBA as cross-linker (Figure S22).

Self-Healing Behavior and pH-Responsiveness. A
well-known feature of DCNs is their capability to self-heal.
First, an amplitude sweep was performed on a fully gelled

Figure 5. Amplitude sweep of poly(vinylphosphonate)-based DCNs at 10 rad/s (A), rheological self-healing experiments of poly-
(vinylphosphonate)-based DCNs formed in water at an angular frequency of 10 rad/s alternating between low (γ = 1%) and high (γ = 500%)
shear forces (B), and images of the self-healing of two hydrogels (different colors for better visualization of the interface) with subsequent
macroscopic sample handling (C).
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sample at a frequency of 10 rad/s to determine the strain
values necessary for a structural breakdown of the sample. As
illustrated by the measurement results in Figure 5A, the
transition toward liquid-like behavior, indicated by the
crossover of G′ and G″, followed by G″ > G′, occurs at
deformations of 190%. Next, based on the results of Figure 5A,
rheological self-healing experiments were conducted, in which
500% strain was applied to ensure the disruption of the gel
network. The results of these experiments are shown in Figure
5B, in which self-healing was monitored over two cycles by
conducting a ramping strain sweep applying deformations
between 1% and 500%. In this context, G′ and G″ assumed 265
and 218 Pa at low shear forces (γ = 1%). Applying the high
shear forces (γ = 500%), these values immediately dropped to
0.72 and 3.33 Pa. Subsequent self-healing of the gel at low
shear forces led to a quantitative recovery of the G′ values
within 10 s. A similar behavior could be repeated in a second
cycle, again leading to a quantitative recovery of G′ compared
to its initial values, proofing the recovery of material properties
by self-healing. To evaluate the self-healing capability of these
DCNs based on poly(vinylphosphonates) on a macroscopic
level, two specimens of the same hydrogel were prepared, as
shown in Figure 5C. One of the two specimens was dyed using
blue watercolor to facilitate visualization of the interface
between the samples after self-healing. As illustrated in Figure
5C, the two DCNs could fuse after bringing them in contact
for less than 10 s at room temperature, allowing the formation
of new boronic ester bonds at the interface. The self-healed
samples could subsequently be handled with tweezers as they
supported their own weight and displayed remarkable
resistance when manually pulled apart. Performing ramping
strain sweeps with the DCNs formed in DMSO, in turn,
revealed a change in the viscoelastic properties after each cycle,

confirming the pronounced flow and shape deformation of the
DMSO system, which was also observed in the corresponding
macroscopic self-healing experiments (Figure S23).

Another feature of DCNs based on boronic acid complex-
ation is the pH-responsive behavior of such materials, as the
reversible boronic ester formation is strongly pH-depend-
ent.43,51,52 Thus, the dissociation and reformation of poly-
(vinylphosphonate)-based DCNs introduced in this study was
studied under different conditions. Matching reports in the
literature,10,24,43 the addition of 1 M hydrochloric acid (HCl)
solution led to a quick dissolution of the hydrogel. Subsequent
addition of 1 M sodium hydroxide solution, followed by mild
shaking, led to a reformation of the hydrogel, as illustrated by
the images in Figure 6, which could once more be dissolved
upon HCl (aq) addition, revealing the pH-responsiveness of
these novel poly(vinylphosphonate)-based hydrogels. In this
context, the system becomes too dilute for network
reformation over time. However, applying more concentrated
acid and base solutions should counteract the diluting effect
and enable more iterations of this network formation and
reformation process.

Shear-Thinning Behavior, Extrudability, and Initial
Printing Tests. The reversibility of boronic ester formation
induces shear-thinning behavior in materials formed by these
interactions, meaning that networks composed of dynamic
covalent linkages start to flow upon applying shear forces.
Rheological experiments are commonly performed to monitor
this behavior. In rotational rheology, experiments in which the
shear rate is increased stepwise reveal shear-thinning behavior
by a decrease in the DCN’s viscosity. The measurement results
in Figure 7A demonstrate a strong reduction of several orders
of magnitude in the hydrogel’s viscosity upon increasing the
shear rate. This behavior allows the extrusion of materials

Figure 6. pH-induced decomposition and reformation of poly(vinylphosphonate)-based boronic ester networks.

Figure 7. Viscosity curve of poly(vinylphosphonate)-based DCNs obtained via rotational rheology and extrusion of free-standing, continuous
hydrogel filaments through a syringe (A) and initial extrusion-based additive manufacturing experiments of the novel hydrogel systems (B).
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through a syringe, as illustrated by the images embedded in
Figure 7A, enabling the extrusion of free-standing, continuous
filaments. Therefore, the DCNs are promising candidates for
extrusion-based additive manufacturing techniques. In our
initial extrusion experiments, we utilized polymer 6 (Table 1)
since it provides the highest functionalization degree and,
therefore, the best mechanical properties of the hydrogels
when applying high polymer concentrations (see the results
presented in Figure 4), giving access to the stable, continuous
filaments shown in Figure 7A. When performing initial additive
manufacturing experiments, applying a more dilute solution of
polymer 6 (22 wt %) was necessary to obtain reasonable
amounts of ink for the larger-scale experiments. As indicated
by the results in Figure 7B, employing the poly-
(vinylphosphonate)-based DCNs in direct ink writing (DIW)
allowed the extrusion of continuous filaments, which is the
prerequisite of material processing by DIW. The extrusion of
the hydrogels further enabled the printing of simple objects
with moderate shape fidelities, as illustrated by the printed logo
in Figure 7B. Despite exhibiting improvable resolution in DIW,
these experiments serve as a first proof of concept for further
studies on the additive manufacturing of these hydrogels. In
this context, applying higher weight percentages of diol-
functionalized polymers for the ink preparation should give
access to inks to create more sophisticated, highly resolved
objects.

■ CONCLUSION
In summary, this study introduced a new synthetic approach
toward DCNs based on poly(vinylphosphonates) utilizing
reversible boronic ester chemistry. Different statistical P-
(DEVP-stat-DAlVP) copolymers were obtained with high
precision and narrow dispersities applying REM-GTP.
Subsequent photochemical functionalization with 1-thioglycer-
ol yielded diol-containing, water-soluble polymers as excellent
precursors for complexation with borax toward DCNs. Besides
water and borax, polymer solutions in DMSO enabled the
formation of networks with DBA as a cross-linker. The
hydrogels exhibited remarkable material properties, such as
tunable viscoelastic properties by adjusting the polymer
concentration upon DCN synthesis or employing different
degrees of functionalization of the diol-containing polymers.
Other noteworthy features of these networks include their
ability to quickly self-heal (t < 10s) due to the dynamic bond
character in the hydrogels, their pH-responsiveness allowing
reversible formation and decay upon adjusting the pH value,
and the shear-thinning behavior of the DCNs. The viscosity
decrease of poly(vinylphosphonate)-based DCNs upon
application of shear forces enabled initial DIW tests in which
simple shapes could be created. Overall, we developed a
simplistic three-component system (polymer, borax, and
water) to yield novel materials with tunable properties. The
results presented in this study are the foundation for further
research on optimizing these DCNs in additive manufacturing
and their potential application as injectable hydrogels for
biomedical applications. Furthermore, the highly dynamic
character of boronic acid-diol networks and the binding
specificity of this interaction could be utilized in sensing
applications, e.g., sugar sensing.
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8 Summary and Outlook 

Within the scope of this thesis, the profound knowledge of the catalysis of REM-GTP, 

the copolymerization of vinylphosphonate monomers, and polymer-analogous 

transformations of poly(vinylphosphonates) gathered by several generations of 

researchers was successfully applied to develop functional, cross-linked polymer 

materials with significant application potential. Overall, this thesis was divided into four 

subprojects, all involving the cross-linking of poly(vinylphosphonates), which are 

summarized in Figure 29. 

 

Figure 29: Overview of different projects addressed in this thesis: Synthesis and fundamental characterization of 
poly(vinylphosphonate)-based hydrogels, studies on the pH-responsiveness of thin films of poly(vinylphosphonate)-
based hydrogels, reinforcement of NFC/Alg inks in DIW through photo-cross-linking of poly(vinylphosphonates), 
and modifications of poly(vinylphosphonates) to create dynamic covalent networks. 

In the first part of the thesis, new polymeric materials were developed by covalent 

photochemical cross-linking of allyl group-containing P(DEVP-stat-DAlVP) copolymers 

with high rates (t < 3 s) by applying thiol-ene click chemistry. REM-GTP allowed a 

facile adjustment of the copolymer compositions while maintaining narrow 

polydispersities, thus enabling a straightforward modification of the mechanical 

properties by tuning the cross-linking density, as demonstrated by oscillatory rheology 

and nanoindentation experiments. As the cross-linking degree increased, the 

mechanical strength improved while the water uptake decreased. Nevertheless, the 

functionalization of the copolymers with 3-mercaptopropane-1-sulfonate yielded 
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significantly increased water uptakes, rendering the materials promising candidates as 

superabsorbent hydrogels. Finally, a thorough biological characterization revealed a 

high biomedical application potential. The purified hydrogels enabled cell growth and 

proliferation and supported endothelialization while displaying antibacterial properties 

and not inducing inflammation. Consequently, these materials were considered 

promising candidates for in vivo applications. Leveraging the same photochemical 

cross-linking process, a two-step synthetic process toward a highly hydrophilic polymer 

network was introduced in a second study. In this context, P(DEVP-stat-DAlVP) 

copolymers were subjected to polymer-analogous hydrolysis by reaction with TMSBr, 

followed by cross-linking with a dithiol cross-linker. Combining these steps gave 

access to VPA-containing, superabsorbent hydrogels with water uptakes of up to 

150 ± 27 g (H2O)/g (hydrogel). Thin layers of these hydrogels were successfully spin-

coated onto different substrates as homogeneous films and analyzed by profilometry, 

light microscopy, AFM, and QCM-D. Real-time QCM-D measurements in different 

aqueous environments with alternating pH values displayed the fully reversible, pH-

dependent swelling of the films, which sustained harsh conditions without erosion from 

the gold surfaces. Hypothesizing that this might be due to interactions of the dithiol 

cross-linkers with the Au-surfaces, anchoring the films on the substrate, detailed XPS 

and ToF-SIMS studies were conducted, confirming this assumption by an S-related 

signal increase at the polymer network/Au interface. This study demonstrated the 

application of thin, pH-responsive hydrogel films in QCM-D measurements as 

gravimetric pH-sensors. For the future, this concept of surface anchoring 

poly(vinylphosphonate)-based hydrogels on gold surfaces is an excellent starting point 

for developing more sophisticated piezoelectric pH-sensors. Devices applying pH-

responsive hydrogels allow real-time pH-monitoring in diverse fields, including 

biomedicine (blood, sweat, and urine analysis), water quality assessment, or wearable 

sensors.335,336 Similarly, the excellent adhesion of the hydrogels on gold surfaces 

creates opportunities for photolithographic micropatterning, which should be explored 

since it is not only relevant for biomedicine but also finds application in optics and 

electronics.337,338 Finally, despite the rather tedious synthesis, the extraordinary water 

uptakes of VPA-containing hydrogels could be relevant for niche applications requiring 

superabsorbent properties. In the third project within the scope of this thesis, the 
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covalent cross-linking of P(DEVP-stat-DAlVP) copolymers was applied to reinforce 

NFC/Alg inks for DIW, allowing the printing of sophisticated objects with high shape 

fidelities through layer-by-layer deposition with intermediate photochemical-cross-

linking. The polymer-reinforced objects exhibited tunable swelling behavior by 

adjusting the covalent cross-linking density of the poly(vinylphosphonates). 

Furthermore, they maintained high swelling shape fidelities in CaCl2-containing 

solutions (utilized for ionic cross-linking of Alg), overcoming limitations of standard 

NFC/Alg inks. While the mechanical properties were mainly dominated by the effects 

of Ca2+-cross-linking of Alg, the tensile moduli correlated with the covalent cross-linking 

density, and the mechanical strengths of the materials were within the range of 

selected examples of tissue engineering materials. In the last step, the 

poly(vinylphosphonate)-reinforced prints were evaluated for cell compatibility, 

displaying only moderate cytotoxicities toward two relevant cell lines, primarily 

attributed to the cytotoxicity of the dithiol cross-linker. Nevertheless, this study 

suggested the application potential of this approach in tissue engineering as DIW of 

the modified NFC/Alg inks enabled the precise creation of highly resolved structures 

with tunable properties controlled by the DAlVP extents in the poly(vinylphosphonates) 

complementing the inks. Future steps should, therefore, involve research on even less 

cytotoxic cross-linkers to further increase biocompatibility or purification of the printed 

structures to decrease harmful effects on the cells. Additionally, this study 

demonstrated that applying DIW as a processing method for poly(vinylphosphonate)-

based hydrogels (with or without natural polymers in inks) is possible. Considering the 

highly hydrophilic, pH-responsive hydrogel materials found in the previous study, the 

concepts of both studies could be combined as follows: DIW could enable the selective 

incorporation of pH-responsive regions within printed structures (utilization of two 

different inks), allowing for localized differences in the swelling behavior, thereby 

paving the way for developing pH-responsive actuators and smart materials. A different 

hydrogel system enabling the processing via DIW was presented in the final part of 

this thesis. Functionalization of P(DEVP-stat-DAlVP) copolymers with 1-thioglycerol by 

applying thiol-ene click chemistry gave access to polymers with 1,2-diol motifs, 

facilitating cross-linking with different appropriate boronic acid derivatives by 

leveraging dynamic boronic ester chemistry. These systems displayed tunable 
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viscoelastic properties by changing the concentrations of functionalized polymers and 

varying the degree of diol-functionalization, which could be controlled by adjusting the 

DAlVP content upon copolymerization. The poly(vinylphosphonate)-based DCNs 

further exhibited self-healing behavior and pH-responsiveness and facilitated the 

extrusion of continuous filaments due to their shear-thinning properties. Therefore, 

initial DIW experiments with these hydrogels allowed the creation of simple structures 

like logos. For the future, the DIW should be optimized for printing more sophisticated 

structures by increasing the functionalization degree of the poly(vinylphosphonates) 

and their concentration to yield stronger networks. Considering the cytocompatibility of 

each of the three ink compounds (water, polymer, borax),104,105,339,340 the findings in 

this study suggest a high application potential as injectable hydrogels for targeted drug 

delivery. Finally, the DCNs could be promising candidates for developing biosensors 

based on poly(vinylphosphonates) due to the binding affinity of different diols to a 

boronic acid, allowing the detection of sugars like glucose, which is relevant to treating 

chronic diseases like diabetes.226,227  
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