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II. Structure of the thesis 

This dissertation thesis begins with a summary in english language (section 1) and a 

“Zusammenfassung” in german language (section 2). In section 3 the introduction 

guides the reader towards the scientific background of this research and leads towards 

the aim of work and hypotheses (section 4). 

The results are shown and discussed in section 5 – 8, whereby section 5 “Hydrogels 

with multiple clickable anchor points: synthesis and characterization of poly(furfuryl 

glycidyl ether)-block-poly(ethylene glycol) macromonomers” and section 6 “Structure-

property relations of amphiphilic poly(furfuryl glycidyl ether)-block-poly(ethylene glycol) 

macromonomers at the air-water interface“ are both published in Polymer Chemistry 

(RSC). Section 7 comprises preliminary experiments for the functionalization of the air-

hydrogel interface. The following section (section 8) “Coumarin-4-ylmethyl and 

p-hydroxyphenacyl-based photoacid generators with high solubility in aqueous media: 

synthesis, stability and photolysis” is published in ChemPhotoChem (Wiley-VCH). 

Section 9 “Discussion of hypotheses” evaluates the results in reference to the 

hypotheses from section 4. The dissertation thesis ends with the main conclusions of 

this research and an outlook to future applications in section 10.  
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III. Abbreviations and Symbols 

 

13C NMR carbon nuclear magnetic resonance 

 spectroscopy 

1H NMR  proton nuclear magnetic resonance 

 spectroscopy 

2D two dimensional 

3D  three dimensional 

3PP 3-phenyl-1-propanol 

4-DMAP N,N-dimethylpyridin-4-amine 

4-VBC 4-vinylbenzyl chloride 

A area per molecule 

Aam acrylamide 

ABC amphiphilic block copolymers 

Ac constant trough area 

ACN acetonitrile 

AcOH acetic acid 

AFM atomic force microscopy 

AGE allyl glycidyl ether 

Ala-Ala di-alanine 

ANOVA analysis of variance  

Ao area per molecule at the onset 

ao trough area at the isotherm onset 

AROP anionic ring opening polymerization 
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ATP adenosine triphosphate 

ATR-IR attenuated total reflection infrared spectra 

Aλ absorbance at specific wavelength 

B block length ratio 

Boc tert-butyloxycarbonyl 

c concentration 

c4m coumarin-4-ylmethyl 

c4m-OH 7-[bis(carboxymethyl) amino]-4-(hydroxymethyl)-

coumarin 

CDA conversion of Diels-Alder reaction 

cg abundance of gray scale value 

cmax maximum solubility 

cmax,a  maximum solubility in alkaline solution 

cd maximum solubility of diluted solution 

cmax,w  maximum solubility in water 

cmc critical micelle concentration 

Đ molar mass dispersities 

d path length  

DAGA N,N-diallyl glycidyl amine 

DBAG N,N-dibenzyl glycidyl amine 

DCM dichlormethane 

DCTB trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-

propenylidene]-malononitrile 

df dilution factor 
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DMF N,N-dimethylformamide 

ĐMS molar mass dispersity determined by mass 

spectrometry 

DMSO dimethylsulfoxide 

DPM diphenylmethane 

DPMK diphenylmethyl potassium 

DSC  differential scanning calorimetry 

ĐSEC molar mass dispersity determined by size exclusion 

chromatography 

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EDS equilibrium degree of swelling 

EEGE ethoxy ethyl glycidyl ether 

EO ethylene oxide 

Et ethyl 

EtOAC ethyl acetate 

EtOH ethanol 

f functionalization degree 

FGE furfuryl glycidyl ether 

fm mass fraction 

FT-IR     fourier-transform infrared 

g average gray scale value 

h hour 

HEPES hydroxyethyl piperazineethanesulfonic acid 

HLB hydrophilic-lipophilic balance 
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HPLC high performance liquid chromatography 

I fluorescence intensity 

IGG isopropylidene glyceryl glycidyl ether 

IntBB integral of backbone signals in 1H NMR 

Intend end group signals in 1H NMR spectrum 

Intfuran integral of furfuryl signals in 1H NMR 

Intini initiator signals in 1H NMR spectrum 

iPrOH isopropanol 

ISC intersystem crossing 

IUPAC International Union of Pure and Applied Chemistry 

J coupling constant 

LD lethal dose 

LG leaving group 

LSM laser scanning microscopy 

m4VBC  mass of 4-vinylbenyzl end group 

MALDI  matrix assisted laser desorption ionization  

MBA N,N′-methylenebisacrylamide 

mdry dry mass 

me experimentally determined mass 

Me methyl 

mEO mass of ethylene oxide 

MeOH methanol 

mFGE  mass of furfuryl glycidyl ether 
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Mh molar mass of the hydrophilic moiety 

mini mass of the initiator 

MIP maximum intensity projection 

MIR monomer-to-initiator ratio 

Ml molar mass of the lipophilic moiety 

MMD molar mass distribution 

Mn number average molar mass  

Mn,MS number average molar mass determined by mass 

spectrometry 

Mn,NMR number average molar mass determined by nuclear 

magnetic resonance spectroscopy 

Mn,SEC number average molar mass determined by size 

exclusion chromatography 

mpol mass after polymerization 

MS mass spectrometry 

Mw weight average molar mass  

Mw,MS weight average molar mass determined by mass 

spectrometry 

Mw,SEC weight average molar mass determined by size 

exclusion chromatography 

NEM N-ethylmaleimide 

nend number of end group protons 

nEO number of ethylene oxide protons 

nfuran number of furfuryl protons 

nini number of initiator protons 
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np photon flux 

p furfuryl glycidyl ether repeating units 

P peak area 

p(Aam)  polyacrylamide 

PAG photoacid generator 

PE petroleum ether 

PEG poly(ethylene glycol 

PEG-b-PFGE  poly(ethylene glycol)-block-poly(furfuryl glycidyl 

ether) 

PEGDA  poly(ethylene diacrylate) 

PEO poly(ethylene oxide) 

PFGE poly(furfuryl gylcidyl ether) 

PFGEp-b-PEGq α-diphenylmethyl-ω-4-vinylbenzyl-poly(furfuryl 

glycidyl ether)-block-poly(ethylene glycol) 

PFGEp-b-PEGqH α-diphenylmethyl-ω-hydroxy-poly(furfuryl glycidyl 

ether)-block-poly(ethylene glycol) 

pHBA p-hydroxybenzyl alcohol 

pHEMA poly(2-hydroxyethyl methacrylate) 

pHP p-hydroxyphenacyl 

pHPA p-hydroxyphenylacetic acid 

pHP-ac p-hydroxyphenacylacetate 

pHP-t  p-hydroxyphenacyl-2,5,8,11-tetraoxatridecan-13-

oate 

pKa logarithmic acid dissociation constant 
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pKb locarighmic base dissociation constant 

PP polypropylene 

PS polystyrene 

PTFE polytetrafluoroethylene 

q ethylene oxide repeating units 

R² coefficient of determination 

RGD arginine-glycine-aspartic acid 

RI refractive index 

RSC     royal society of chemistry 

RT room temperature 

s stability 

S surface functionality factor 

s1h stability for 1 hour 

s24h stability for 24 hours 

s3h stability for 3 hours 

SD spirodione 

SEC     size exclusion chromatography 

SFR surface functionality ranking 

sHM slope of hysteresis maxima fit 

SIMS secondary-ion mass spectrometry 

t time 

Td decomposition temperature 

Td,5 decomposition temperatures at 5% mass loss 
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TFA trifluoroacetic acid 

Tg glass transition temperature 

TGA thermogravimetric analysis 

THF Tetrahydrofuran 

tirr irradiation time 

Tm melting temperature 

TOF time of flight 

ts storage time 

UV ultraviolet 

V volume 

y concentration change 

y’ initial change of concentration rate 

Yg gel yield 

Ys synthesis yield 

γ surface tension of water with surfactant 

γ0 surface tension of water 

δ chemical shift 

ΔHm melting enthalpy 

Δπ surface pressure difference 

Δπd surface pressure drop 

εmax maximum molar absorption coefficient 

ϴm mass surface coverage factor 

ϴn molar surface coverage factor 
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λmax wavelength of the absorption maxiumum 

λΦ wavelength at the quantum yield 

π surface pressure 

π0 starting surface pressure 

πHM surface pressure at hysteresis maximum 

πHM,1 surface pressure at the hysteresis maximum of the 

first hysteresis cycle 

πHM,5  surface pressure at the hysteresis maximum of the 

fifth hysteresis cycle 

πHM,r surface pressure at the hysteresis maximum of the 

recovery cycle 

Φ quantum yield 
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1.  Summary 

There is a growing demand for tailor-made hydrogels with specific properties since 

hydrogels are used in various fields such as tissue engineering, drug delivery and 

cosmetics. Therefore, hydrogels need to be modified according to the desired 

application. For the modification of hydrogels two basic stratgies are applicable. The 

first strategy focusses on the modification of the polymer network and the second 

strategy is based on the modification of the hydrogel swelling agent. The aim of this 

work is to synthesize and characterize novel hydrogel modification reagents for both 

strategies (Figure 1). Regarding the first hydrogel modification strategy, multifunctional 

α-diphenylmethyl-ω-4-vinylbenzyl-poly(furfuryl glycidyl ether)-block-poly(ethylene 

glycol) (PFGEp-b-PEGq) macromonomers were synthesized and characterized. 

Regarding the second strategy for the potential modification of the hydrogel swelling 

agent, the synthesis and characterization of two photoacid generators (PAG) 

p-hydroxyphenacyl-2,5,8,11-tetraoxatridecan-13-oate (pHP-t) and 7-[bis(carboxy-

methyl)amino]-4-(acetoxymethyl)-coumarin (c4m-ac) was investigated. 

 

Figure 1: Aim of work with focus on the synthesis and characterization of novel hydrogel modification 
reagents. a) For the modification of the polymer network, α-diphenylmethyl-ω-4-vinylbenzyl-poly(furfuryl 
glycidyl ether)-block-poly(ethylene glycol) (PFGEp-b-PEGq)  was chosen. b) For the potential 
modification of the hydrogel swelling agent, p-hydroxyphenacyl-2,5,8,11-tetraoxatridecan-13-oate 
(pHP-t) and 7-[bis(carboxymethyl)amino]-4-(acetoxymethyl)coumarin (c4m-ac) were synthesized and 
characterized. 

PFGEp-b-PEGq macromonomers were prepared as building blocks for functional 

hydrogels containing multiple furfuryl anchor points for post-synthetic modification 

reactions. These macromonomers were chosen because they exhibit a polymerizable 

unit for the covalent incorporation into radically cross-linked hydrogels, contain a 
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poly(ethylene glycol) spacer to increase flexibility and water solubility, and also have 

multiple, pendent furan groups, which can serve as molecular anchor points. The 

PFGEp-b-PEGq macromonomers were synthesized in different block length ratios 

(PFGE10-b-PEG9, PFGE11-b-PEG16, PFGE11-b-PEG26, PFGE10-b-PEG25, PFGE8-b-

PEG79, PFGE18-b-PEG66 and PFGE13-b-PEG111) via anionic ring opening 

polymerization by adjusting the monomer-to-initiator (MIR) ratio. The characterization 

by proton nuclear magnetic resonance spectroscopy (1H NMR), carbon nuclear 

magnetic resonance spectroscopy (13C NMR) and fourier-transform infrared (FT-IR) 

spectroscopy, size exclusion chromatography (SEC) and matrix assisted laser 

desorption ionization time of flight (MALDI TOF) mass spectrometry revealed the 

successful preperation of well-defined macromonomers with low molar mass 

dispersities Đ between 1.05 and 1.12, number average molar masses Mn,SEC between 

2 330 g mol-1 and 6 660 g mol-1, high end group functionalization degrees between 

72 % and 98 % and a broad range of hydrophilic-lipophilic balance (HLB) values from 

3.6 to 13.9. Differential scanning calorimetry (DSC) and thermogravimetric analysis 

(TGA) measurements elucidated their thermal properties such as their glass transition 

temperatures Tg between -43 °C and -32 °C, their melting temperatures Tm between 

32 °C and 45 °C and their decomposition temperatures Td between 369 °C and 

381 °C. The surface activity of the water-soluble macromonomers was determined by 

bubble pressure tensiometry and showed a critical micelle concentration of around 

0.3 mg mL-1 in aqueous solution. Furthermore, fluorescence labeling experiments with 

a maleimide-functionalized dye demonstrated that PFGEp-b-PEGq macromonomers 

were reactive in Diels-Alder reactions after their integration into polyacrylamide 

hydrogels by radical copolymerization. Therefore, this hydrogel modification strategy 

based on the introduction of multiple furan anchor points paves the way to conjugate 

molecules possessing maleimide groups to hydrogels using Diels-Alder click reactions. 

To find out whether the macromonomers are not only able to functionalize the hydrogel 

bulk, but are also able to exclusively functionalize the air-hydrogel interface, deeper 

knowledge of the film formation and structure-property relations of PFGEp-b-PEGq 

macromonomers was needed. Therefore, the surface activity of the macromonomers 

was investigated at the air-water interface, which served as a simplified model of the 

air-hydrogel interface. Langmuir surface pressure-area (π-A) isotherms revealed that 

the macromonomers were able to form monolayers at the air-water interface and that 

the block lengths and the molar masses influence the isotherm shape and onset. 
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Smaller, more hydrophobic macromonomers (HLB < 8) showed a steeper surface 

pressure increase in the liquid condensed phase compared to larger, more hydrophilic 

macromonomers with HLB > 8. Additionally, the molecular area for the isotherm onsets 

increased almost linearly with growing molar mass of the macromonomers. Static and 

dynamic film stability measurements demonstrated limited stability of all 

macromonomer monolayers at the air-water interface, whereby the more hydrophilic 

macromonomers with HLB values > 8 showed higher film stability compared to the 

more hydrophobic macromonomers with HLB values < 8. This observation is in line 

with hysteresis experiments of the macromonomers, which displayed an almost linear 

increase of the monolayer degradation with rising HLB values. For the mechanism of 

the macromonomer monolayer at the air-water interface, we propose an interplay 

between a reversible folding and an irreversible submersion mechanism, based on the 

partial film recovery of the macromonomers after 12 hours. Taken together, the 

molecular structure and the film forming ability of the macromonomers at the air-water 

interface indicate that they are promising functionalization reagents for the air-hydrogel 

interface. However, we could not yet prove an exclusively functionalized air-hydrogel 

interface in preliminary experiments. 

Regarding the second hydrogel modification strategy, the PAGs c4m-ac and pHP-t 

were synthesized and characterized for the potential modification of hydrogel swelling 

agents. They showed high solubility in water with maximum solubilities of cmax,w(c4m-

ac) = 2.77 mmol L-1 ± 0.07 mmol L-1, cmax,w(pHP-t) = 124.66 mmol L-1 ± 2.10 mmol L-1 

and high solubilities under basic conditions at pH 9 with a maximum solubility in 

alkaline solution of cmax,a(c4m-ac) = 646.46 mmol L-1 ± 0.63 mmol L-1, cmax,a(pHP t) = 

34.68 mmol L-1 ± 0.62 mmol L-1. The photochemical properties of both PAGs were pH-

dependent, as they showed a bathochromic shift of the absorption maxima and a 

reduction of the maximum molar absorption coefficients in alkaline solution compared 

to water. For c4m-ac, the photoreactions quantum yield (Φ) at 365 nm stayed at 0.02 

regardless of the pH, whereas the relatively high Φ at 310 nm of pHP-t at 0.69 in water 

dropped to 0.07 at pH 9. Furthermore, c4m-ac and pHP-t showed high stabilities (s24h ≥ 

95 %) in water for 24 h, but decreasing stability with increasing pH due to hydrolysis. 

We envision that our studies will contribute to an increased applicability of c4m and 

pHP-based PAGs in aqueous media, where high PAG concentrations are needed, 

such as for hydrogel modification reactions. 
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Overall, this research about the synthesis and characterization of PFGEp-b-PEGq 

macromonomers and c4m and pHP-based photoacid generators contributed to a 

comprehensive insight into novel hydrogel modification reagents. 
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2.  Zusammenfassung 

Da Hydrogele in verschiedensten Bereichen wie beispielsweise dem Tissue 

Engineering, dem Wirkstofftransport und in der Kosmetik verwendet werden, steigt die 

Nachfrage nach maßgeschneiderten Hydrogelen mit spezifischen Eigenschaften. Um 

Hydrogele entsprechend ihrer Anwendung zu modifizieren, gibt es prinzipiell zwei 

Möglichkeiten: Einerseits kann das Polymernetzwerk des Hydrogels und andererseits 

das Quellmedium des Hydrogels modifiziert werden. Daher fokussiert sich diese Arbeit 

auf die Erforschung neuartiger Reagenzien für beide Modifizierungsstrategien 

(Abbildung 1). Bezüglich der ersten Modifizierungsstrategie wurden multifunktionale 

α-Diphenylmethyl-ω-4-vinylbenzyl-poly(furfuryl glycidyl ether)-block-poly(ethylene 

glycol) (PFGEp-b-PEGq) Makromonomere hergestellt und charakterisiert. Im Hinblick 

auf die zweite Modifizierungsstrategie wurden zwei photoacid generators (PAGs) 

p-Hydroxyphenacyl-2,5,8,11-tetraoxatridecan-13-oate (pHP-t) und 7-[Bis(carboxy-

methyl)amino]-4-(acetoxymethyl)coumarin (c4m-ac) synthetisiert und auf ihre 

zukünftige Anwendung als Reagenz für die Modifikation von Hydrogel-Quellmedien 

untersucht.  

 

Abbildung 1: Der Schwerpunkt dieser Arbeit liegt auf der Synthese und Charakterisierung neuer 
Reagenzien für die Hydrogelmodifikation Für die Modifizierung der Polymernetzwerke wurden a) 
α-Diphenylmethyl-ω-4-vinylbenzyl-poly(furfuryl glycidyl ether)-block-poly(ethylene glycol) (PFGEp-b-
PEGq) Makromonomere gewählt. Für die zuküftige Modifikation von Hydrogel-Quellmedien wurden b) 
p-Hydroxyphenacyl-2,5,8,11-tetraoxatridecan-13-oate (pHP-t) and 7-[Bis(carboxymethyl)amino]-4-
(acetoxymethyl)coumarin (c4m-ac) synthetisiert und charkterisiert. 

PFGEp-b-PEGq Makromonomere wurden für die Darstellung von funktionalen 

Hydrogelen gewählt, da sie: I) eine polymerisierbare Einheit für die kovalente 

Einvernetzung in radikalisch aufgebaute Hydrogelnetzwerke besitzen, II) über einen 
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Poly(ethylenglykol)-Spacer für erhöhte Flexibilität und Wasserlöslichkeit verfügen, 

sowie III) multipe Furangruppen als molekulare Ankerpunkte für post-synthetische 

Diels-Alder Reaktionen mit sich bringen. Mittels anionisch ringöffnender 

Polymerisation und der Variation des Monomer-zu-Initiator Verhältnisses wurden die 

PFGEp-b-PEGq Makromonomere in verschiedenen Blocklängen hergestellt. Die 

Charakterisierung der Polymere erfolgte durch 1H- und 13C-Kernspinresonanz-

spektroskopie, FT-IR, Gelpermeations-chromatographie und MALDI TOF 

Massenspektrometrie. Diese bestätigten die Synthese von wohldefinierten, eng 

verteilten Makromonomeren mit zahlengemittelten Molekulargewichten zwischen 

2 330 g mol-1 und 6 660 g mol-1, sowie einer sehr geringen Polydispersität von 1.05 bis 

1.12. Zudem konnten hohe Endgruppen-Funktionalisierungsgrade zwischen 72 % und 

98 % und eine weite Spanne an HLB-Werten von 3.6 bis 13.9 nachgewiesen werden. 

Zur Aufklärung der thermischen Eigenschaften wurden Wärmedurchflusskalorimetrie-

Messungen und thermogravimetrische Analysen druchgeführt, die 

Glasübergangstemperaturen Tg zwischen -43 °C und -32 °C, Schmelztemperaturen 

Tm zwischen 32 °C und 45 °C, sowie Zersetzungstemperaturen Td von 369 °C bis 

381 °C zeigten. Darüber hinaus konnte durch die Messung der Oberflächenaktivität 

mittels Blasendrucktensiometrie eine kritische Mizellbildungskonzentration von 

0.3 mg mL-1 der wasserlöslichen Makromonomere ermittelt werden. Zudem zeigten 

Fluoreszenzmarkierungs-Experimente mit einem maleimid-funktionalisierten 

Farbstoff, dass die Makromonomere bei Diels-Alder Reaktionen reaktiv waren, 

nachdem sie durch radikalische Copolymerisation in Polyacrylamid-Hydrogele 

integriert wurden. Daher ebnet diese Hydrogel-Modifikationsstrategie, die auf der 

Einführung multipler Furan-Ankerpunkte basiert, den Weg zur Kopplung von 

Molekülen mit Maleimidgruppen an radikalisch polymerisierte Hydrogele. 

Um herauszufinden, ob die Makromonomere nicht nur in der Lage sind, die 

Hydrogelmasse, sondern auch die Luft-Hydrogel-Grenzfläche zu funktionalisieren, ist 

ein vertieftes Wissen über die Filmbildung und die Struktur-Eigenschaftsbeziehungen 

der Makromonomere notwendig. Daher wurde die Oberflächenaktivität der 

Makromonomere an der Luft-Wasser-Grenzfläche untersucht, die als vereinfachtes 

Modell der Luft-Hydrogel-Grenzfläche diente. Anhand von Langmuir π-A Isothermen 

konnte gezeigt werden, dass die Makromonomere an der Luft-Wasser-Grenzfläche 

Monoschichten bildeten. Zudem zeigte sich, dass die Blocklängen und die 

Molekulargewichte der Makromonomere die Form der Isotherme und deren Beginn 
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beeinflussten. Kleinere, hydrophobere Makromonomere (HLB < 8) zeigten in der 

flüssig-kondensierten Phase einen steileren Anstieg des Oberflächendrucks im 

Vergleich zu größeren, hydrophileren Makromonomeren mit HLB > 8. Zudem stieg der 

Platz pro Molekül an der Luft-Wasser Grenzfläche nahezu linear mit steigender 

Molmasse der Makromonomere. Statische und dynamische Filmstabilitätsmessungen 

zeigten eine eingeschränkte Stabilität aller Makromonomer-Monoschichten an der 

Luft-Wasser-Grenzfläche, wobei die hydrophileren Makromonomere mit HLB-

Werten > 8 eine höhere Filmstabilität aufwiesen als die hydrophoberen 

Makromonomere mit HLB-Werten < 8. Diese Beobachtung steht im Einklang mit den 

Hystereseexperimenten, die einen nahezu linearen Anstieg des Degradierungs-

prozesses der Makromonomer-Monolagen mit steigenden HLB-Werten zeigten. 

Basierend auf der Filmrückbildung der Makromonomere nach 12 Stunden, kann für 

den Mechanismus der Makromonomer-Monoschichten an der Luft-Wasser-

Grenzfläche ein Zusammenspiel aus einem reversiblen Faltungs- und einem 

irreversiblen Abtauch-Mechanismus vorgeschlagen werden. Auch wenn die 

Grenzflächenfunktionalisierung von Hydrogelen in bisherigen Experimenten noch nicht 

bestätigt werden konnte, weisen die Molekülstruktur und die Filmbildungsfähigkeit an 

der Luft-Wasser-Grenzfläche auf das hohe Potential der Makromonomere als 

Grenzflächenfunktionalisierungs-Reagenzien für Hydrogele hin. 

Bezüglich der zweiten Hydrogelmodifizierungs-Strategie wurden die PAGs c4m-ac und 

pHP-t synthetisiert und für die zukünftige Modifikation von Hydrogel-Quellmedien 

untersucht. Hierfür wurden sie hinsichtlich ihrer Löslichkeit, ihrer photochemischen 

Eigenschaften und ihrer Stabilität analysiert. Die PAGs zeigten eine hohe Löslichkeit 

in Wasser mit einer maximalen Löslichkeit von cmax,w(c4m-ac) = 2.77 mmol L-1 ± 

0.07 mmol L-1, cmax,w(pHP-t) = 124.66 mmol L-1 ± 2.10 mmol L-1. Auch unter basischen 

Bedingungen bei pH 9 waren c4m-ac und pHP-t sehr gut löslich mit einer maximalen 

Löslichkeit von cmax,a(c4m-ac) = 646.46 mmol L-1 ± 0.63 mmol L-1 und cmax,a(pHP t) = 

34.68 mmol L-1 ± 0.62 mmol L-1. Die photochemischen Eigenschaften beider PAGs 

waren pH-abhängig, da sie eine bathochrome Verschiebung der Absorptionsmaxima 

und eine Reduktion der maximalen molaren Absorptionskoeffizienten in alkalischer 

Lösung im Vergleich zu Wasser zeigten. Für c4m-ac blieb die Quantenausbeute (Φ) 

unabhängig vom pH-Wert bei 0.02, während bei pHP-t die relativ hohe Φ von 0.69 in 

Wasser auf 0.07 bei pH 9 sank. Darüber hinaus zeigten c4m-ac und pHP-t hohe 

Stabilitäten (s24h ≥ 95%) in Wasser für 24 h, aber abnehmende Stabilität mit 
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steigendem pH-Wert aufgrund von Hydrolyse. Die Erforschung der Löslichkeit, der 

photochemischen Eigenschaften und der Stabilität von c4m-ac und pHP-t könnte in 

Zukunft zu einem erhöhten Einsatz von c4m- und pHP-basierten PAGs in wässrigen 

Medien führen, wenn hohe PAG-Konzentrationen erforderlich sind wie beispielsweise 

bei der Modifikation von Hydrogel-Quellmedien. 

Insgesamt trägt diese Forschungsarbeit zu einem unfassenden Wissen hinsichtlich 

neuartiger Reagenzien für Hydrogelmodifikationen bei, die strukturell auf PFGEp-b-

PEGq Makromonomeren sowie c4m- und pHP-basierten PAGs beruhen. 

  



  
___________________________________________________________________ 

- 31 - 
 

3. Introduction 

3.1. Hydrogels – applications, definition and preparation 

Hydrogels play an important role in various fields like in biomedicine (Pellá et al. 2018, 

Tavakoli et al. 2017), in biotechnology (Abd El-Mohdy et al. 2008, Ullah et al. 2015), in 

pharmacy (Hamedi et al. 2018, Li et al. 2016), in cosmetics (Parente et al. 2015), in 

agriculture (Guilherme et al. 2015) and in waste water treatment (Mohammadzadeh 

Pakdel et al. 2018, Ullah et al. 2015). Xue et al. (2015) for instance used pH- and 

redox-sensitive hydrogels for controlled drug delivery of anticancer drugs and Atta et 

al. (Atta et al. 2012a) were able to remove heavy metals from waster water using 

polyacylamid hydrogels. Hydrogels are also very appealing as polymer scaffolds in 

tissue engineering because they can mimic the extracellular matrix of cells and support 

the growth of functional tissue (Drury et al. 2003, El-Sherbiny et al. 2013, Lee et al. 

2001). 

To understand what hydrogels are, the definition according to the International Union 

of Pure and Applied Chemistry (IUPAC) can be used. Gels are defined as a „non-fluid 

colloidal network or polymer network that is expanded throughout its whole volume by 

a fluid“ and a hydrogel is a „gel where the swelling agent is water“ (McNaught et al. 

1997). Over the years, the term “hydrogel” evolved to gels which are swollen in 

aqueous solutions such as biological buffers or salt solutions (Caló et al. 2015, 

Ehrenhofer et al. 2018, Richter et al. 2007). Hereby the hydrophilic polymer network of 

the hydrogel is responsible for a high water binding capacity and the cross-links among 

the polymer chains avoid its dissolution into the aqueous phase (Akhtar et al. 2016, 

Hennink et al. 2002).  

There are multiple ways to classify hydrogels based on their origin, their polymeric 

composition, their physical properties, their electrical charge or the method of 

preparation. However, the most frequently used classification of hydrogels is based on 

their cross-linking nature, which divides them into two classes of either chemically or 

physically cross-linked hydrogels (Ahmed 2015, Singh et al. 2010, Ullah et al. 2015). 

Chemically cross-linked hydrogels show covalent junctions in their polymer network, 

whereas the polymer network of physically cross-linked hydrogels are based on 

physical interactions such as chain entanglements, hydrogen bonds or ionic 

interactions (Figure 2) (Ahmed 2015, Garg et al. 2016, Hennink et al. 2002). In contrast 
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to the more permanent nature of chemically cross-linked hydrogels, physical cross-

links in hydrogels can be reversible. This reversibility can for instance be triggerd by 

changing the pH value or the temperature of the hydrogel swelling agent (Garg et al. 

2016, Hoffman 2012, Rosiak et al. 1999).  

 

Figure 2: Hydrogel with chemical and physical cross-links. Figure changed according to Buenger et al. 
(2012). 

There are numerous possibilities for the synthesis of hydrogels, whereby the two basic 

methods are: I) the polymerization of water-soluble monomers in the presence of 

multifunctional cross-linker and II) the cross-linking of hydrophilic polymers with 

multiple functional groups (Buwalda et al. 2017). The polyacrylamide ((p(Aam)) 

hydrogels in this work for instance, were prepared according to the first method by 

cross-linking acrylamide (Aam) with N,N′-methylenebisacrylamide (MBA) through light-

initiated radical polymerization (Ayub et al. 2015). A schematic depiction of the cross-

linking reaction between Aam and MBA is shown in Scheme 1.  
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Scheme 1: Chemical cross-linking of acrylamide (Aam) and N,N′-methylenebisacrylamide (MBA) for the 
preparation of polyacrylamide ((p(Aam)) hydrogels. Figure changed according to Hermanson et al. 
(2013). 

Due to the broad range of applications with specific requirements, tailor-made 

hydrogels with adjustable properties are in the focus of current research and the major 

target of this work (Buwalda et al. 2017, Singhal et al. 2016, Wu et al. 2018). 

3.2. Hydrogel modification reactions of the polymer network 

A frequently used strategy to introduce specific properties to hydrogels is the 

modification of hydrogels (Tallawi et al. 2015). This can be achieved mainly in two 

ways: either by tailoring the polymer network or by modifying the swelling agent of the 

hydrogel. In the literature the term “hydrogel modification” and “hydrogel 

functionalization” are not precisely defined and sometimes even used as synonyms 

(Kawaguchi et al. 1996, Yilmaz et al. 2011). In this work “hydrogel modification” is an 

umbrella term, which includes all kinds of alterations of the respective hydrogel, 

whereas hydrogel functionalization is a subtopic of hydrogel modifications and 

comprises the implementation of new functional groups, like hydroxyl (Grevesse et al. 

2014), furan (Fan et al. 2015) or amine groups (Schauenburg et al. 2018). Furthermore 

the term “hydrogel functionalization” is also used for the introduction of novel 

functionalities into the hydrogel, such as biofunctionality (Tallawi et al. 2015, Tsutsumi 

et al. 2018). 

As the aim of this work is to synthesize and characterize novel hydrogel modification 

reagents, this section is focused on the overview of hydrogel modification reactions of 
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the polymer networks. The introduction of hydrogel modification reactions of the 

swelling agents is given afterwards in section 3.5. 

In the last decades the demand for hydrogels with improved properties led to an 

increasing number of hydrogel modifications (Buwalda et al. 2017, Tallawi et al. 2015). 

Common ways to alter the hydrogel bulk properties are to modify the monomer of the 

polymer network itself (Zhu et al. 2006), to copolymerize it with functional building 

blocks (Drumheller et al. 1994, Southan et al. 2018) or physical blending for the 

preparation of interpenetrating hydrogel networks (Swain et al. 2018). Zhu et al. (2006) 

for example tailored their hydrogel by synthesizing peptide-containing poly(ethylene 

diacrylate) (PEGDA) macromonomers, which enabled them to increase the bioactivity 

of PEGDA hydrogels. Drumheller and Hubbell (1994) in contrary copolymerized 

trimethylolpropane triacrylate with acrylic acid to introduce carboxyl groups to 

poly(ethylene glycol) (PEG) hydrogels, which were used for N-terminal grafting of 

arginine-glycine-aspartic acid (RGD) sequences to enhance cell adhesion.  

Basically, most of these bulk modification methods can be broken down to either direct 

incorporation of hydrogel functionalization reagents, which is the substance causing 

the change of the hydrogel properties, or the development of a hydrogel 

functionalization platform for post-synthetic modification reactions. Both strategies are 

schematically depicted in Figure 3.  

 

Figure 3: Hydrogel bulk modifications via a) directly incorporated hydrogel modification reagent and b) 
hydrogel functionalization platforms with building blocks, which bear molecular anchor points. These 
molecular anchor points can be used for post-synthetic reactions with versatile hydrogel modification 
reagents.  
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The advantage of the direct immobilization of the hydrogel functionalization reagent is 

that no further modification step is necessary, whereas the major drawback lies in the 

restricted versatility (Zhu 2010). Hydrogel functionalization platforms in contrary need 

a post-synthetic modification step, but are applicable to a broad variety of molecules 

with the respective reactive unit (Drumheller et al. 1994, Yigit et al. 2011, Zhu 2010). 

The functional groups in the hydrogel functionalization platform, which are used for 

post-synthetic modification reactions, are called (molecular) anchor points (DeForest 

et al. 2012).  

Favorable anchor points are amines (Schauenburg et al. 2018), carboxyls (Drumheller 

et al. 1994), alkynes (Altin et al. 2010, Chen et al. 2012, Malkoch et al. 2006, Yilmaz 

et al. 2011), alkenes (DeForest et al. 2012, Gould et al. 2012) and furans (Baker et al. 

2017) since they can undergo mild and efficient reactions, such as amidations or click 

reactions (Kolb et al. 2001). Backer et al. (2017) for example established a bifunctional 

hyaluronan hydrogel with independently adjustable mechanical and chemical 

properties by using aldehydes to control the mechanical characteristics and pendent 

furan groups as molecular anchor points for post-synthetic Diels-Alder reactions. This 

enabled them to create a well-defined matrix for the cultivation of breast cancer 

spheroids. An overview over this and other hydrogel functionalization platforms is given 

in Table 1. 

Table 1: Overview over hydrogel functionalization platforms with molecular anchor points in the 
hydrogel, functional moieties of the modification reagent, functionalization reaction between anchor 
point and modification reagent as well as the field of application. 

anchor 

point 

functional 

moiety of 

modification 

reagent 

functionalization 

reaction 

application reference 

amine carboxyl amidation functionalization 

platform 

(Schauenburg et al. 2018) 

carboxyl amine amidation tissue engineering (Drumheller et al. 1994) 

carboxyl amine amidation biosensors (Kowalczyk et al. 2014) 

alkyne azide CuAAc functionalization 

platform 

(Altin et al. 2010) 

alkyne azide CuAAc functionalization 

platfrom 

(Yilmaz et al. 2011) 

alkyne azide CuAAc tissue engineering (Chen et al. 2012) 
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alkene thiol thiol-ene functionalization 

platform 

(Polizzotti et al. 2008) 

alkene thiol thiol-ene functionalization 

platform 

(DeForest et al. 2012) 

alkene thiol thiol-ene tissue engineering (Gould et al. 2012) 

furan maleimide Diels-Alder cancer research (Baker et al. 2017) 

maleimide furan Diels-Alder drug delivery (Koehler et al. 2013) 

epoxide amine nucleophilic ring 

opening reaction 

tissue engineering (Rimmer et al. 2007) 

 

So far, most hydrogel functionalization platforms described in the literature only exhibit 

one anchor point per building block (Grevesse et al. 2013, Grevesse et al. 2014, 

Schauenburg et al. 2018, Yilmaz et al. 2011), so the only way to increase the amount 

of anchor points is to increase the building block proportion in the entire hydrogel. This 

makes it challenging to create high local substrate concentrations within the hydrogel, 

which is crucial for directed cell migration (DeLong et al. 2005) or specific catalyst 

development (Gao et al. 2014). Therefore, the investigation of hydrogel 

functionalization platforms with multiple anchor points per building block, as shown in 

this work, is highly relevant. 

3.3. Poly(ethylene glycol)-based macromonomers – synthesis and 

post-synthetic click reactions 

In order to explore hydrogel functionalization platforms with multiple anchor points, 

suitable building blocks are needed. For this, macromonomers are advantageous, 

because they can be polymerized like a monomer due to their polymerizable unit 

(McNaught et al. 1997). Especially, when the repeating unit of the macromonomer 

exhibits a functional group which can be used as anchor point, this automatically leads 

to a building block with multiple anchor points. Furthermore, for the homogeneous 

incorporation of such macromonomers in hydrogels, these macromonomers need to 

be water soluble so that they can get dissolved in the aqueous hydrogel precursor 

solution. In Figure 4, the conceptual design of suitable macromonomers for the 

development of hydrogel functionalization platforms with multiple anchor points is 

shown. 
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Figure 4: Conceptual design of macromonomers for the development of a hydrogel functionalization 
platforms with multiple anchor points. The macromonomer comprises a polymerizable unit for the 
incorporation into the hydrogel, a spacer for sufficient flexibility and water solubility as well as multiple 
anchor points, which can be used for post-synthetic modification reactions. 

Poly(ethylene glycol)-based polymers are attractive for the development of water-

soluble macromonomers (Iijima et al. 1999, Masson et al. 1982, Pich et al. 2009, 

Spencer et al. 2018), as poly(ethylene glycol) (PEG) is well-known for its good water 

solubility (Bailey Jr. et al. 1959, Harris et al. 1982) and its low toxicity (Fruijtier-Pölloth 

2005, Webster et al. 2009). The terms “poly(ethylene glycol)”, “poly(ethylene oxide)” 

(PEO) and “poly(oxirane)” are hereby often used synonymously since they are all 

composed of the same ethylene oxide (EO) repeating unit. Strictly speaking, PEG 

refers to polymers with a molecular weight below 20 000 g mol-1 and PEO describes 

polymers with higher molecular weights (Southan 2013, Wenande et al. 2016), but the 

borders are blurred in the literature. Either way, PEGs and their derivatives are used 

in numerous applications such as cosmetics (Fiume et al. 2012, Jang et al. 2015), 

lubricants (Kobayashi et al. 2014, Kumari et al. 2016) and drug delivery (Chen et al. 

2018, D’souza et al. 2016). They are mainly synthesized by anionic ring opening 

polymerization (AROP) of ethylene oxide (EO) or its derivatives, since this leads to a 

remarkably narrow molecular weight distribution (MWD) of PEG-based polymers with 

molar mass dispersities (Đ) below 1.1 and (almost) quantitative monomer conversion 

(Flory 1940, Price et al. 1966, Southan 2013).  

Scheme 2 shows the mechanism of AROP of EO, which works analogous with other 

EO derivatives (Flory 1940). In the initiation step, an anionic initiator like potassium 

tert-butoxide (Price et al. 1966), sodium naphthalenide (Richards et al. 1959), or 

diphenylmethyl potassium (DPMK) (Masson et al. 1982) reacts with EO to open the 

epoxide ring and form an anionic alkoxide species. Hereby the relief of the strain 

energy of the epoxide ring is the driving force of this AROP (Brocas et al. 2013). The 

alkoxide then propagates the reaction with further EO, which results in a growing PEG-

chain. To terminate the polymerization, a Brönsted acid like water is added. This 

polymerization exhibits a living character because under ideal conditions the growing 
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polymer chain does not terminate itself without a termination reagent (Flory 1940, Gee 

et al. 1959, Herzberger et al. 2015).  

According to the mechanism a variety of functional end groups such as amines (Huang 

et al. 1996, Mahou et al. 2012, Schlaad et al. 2001), azides (Edward Semple et al. 

2016a), thiols (Mahou et al. 2012), formyls (Nagasaki et al. 1995) and caprolactones 

(Rieger et al. 2004) can be implemented by functional initiators or respective end-

capping reagents. This strategy can also be applied for the synthesis of 

macromonomers using unsaturated initiators (Barman et al. 2009, Masson et al. 1982, 

Vojkovsky et al. 2016) or appropriate terminations agents (Höring et al. 1989) to 

functionalize PEG-based polymers with a polymerizable moiety like vinyls and their 

derivatives. Masson et al. (1982) for example used potassium p-isopropenylbenzyl as 

initiator to synthesize PEG-macromonomers, whereas Höring and Ulbricht (1989) 

reported a termination with allyl bromide to obtain allyl-terminated PEGs.  

 

 

Scheme 2: Schematic representation of the anionic ring opening polymerization (AROP) of ethylene 
oxide (EO). 

Instead of ending the living PEG-chain with a termination agent, other monomer(s) can 

be added to form copolymers with advanced properties (Barthel et al. 2013a, Gleede 

et al. 2018, Konishcheva et al. 2018, Yamamoto et al. 1999). Hereby a sequential 

copolymerization with EO leads to block copolymers and a concurrent addition results 
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in random copolymers (Obermeier et al. 2011b). Furthermore, the copolymerization 

can be diversified by using heterocycles (Gleede et al. 2018, Yamamoto et al. 1999) 

or functional epoxides (Klein et al. 2015, Mangold et al. 2012) as monomers. Linear 

PEG-based copolymers with various functional groups are summarized under the term 

“multifunctional PEGs” (Obermeier et al. 2011b). An overview of frequently used 

epoxides for the synthesis of multifunctional PEGs is given in Scheme 3. 

Multifunctional PEGs are an inspiring polymer class for the design of macromonomers 

with multiple anchor points. 

The copolymerization of EO with furfuryl glycidyl ether (FGE) (Barthel et al. 2012, 

Barthel et al. 2013b, Hörenz et al. 2015, Wagner et al. 2014) and allyl glycidyl ether 

(AGE) (Hrubý et al. 2005, Koyama et al. 1996, Obermeier et al. 2011a) leads to 

inherent furan or allyl functional groups, which can directly be used for post-synthetic 

modification reactions. Ethoxy ethyl glycidyl ether (EEGE) (Dworak et al. 1999, 

Mangold et al. 2010b, Taton et al. 1994), isopropylidene glyceryl glycidyl ether (IGG) 

(Mangold et al. 2010a, Wurm et al. 2008), N,N-diallyl glycidyl amine (DAGA) (Reuss et 

al. 2012) and N,N-dibenzyl glycidyl amine (DBAG) (Mangold et al. 2011, Obermeier et 

al. 2010), in contrary, need a prior deprotection step before they can be converted into 

multihydroxy- or multiamino PEG copolymers, which are frequently utilized for 

bioconjugations (Obermeier et al. 2011b).  

 

Scheme 3: Functional epoxides for the preparation of multifunctional PEGs: furfuryl glycidyl ether (FGE) 
(Barthel et al. 2012, Barthel et al. 2013b, Hörenz et al. 2015, Wagner et al. 2014), allyl gylcidyl ether 
(AGE) (Hrubý et al. 2005, Koyama et al. 1996, Obermeier et al. 2011a), ethoxy ethyl glycidyl ether 
(EEGE) (Dworak et al. 1999, Mangold et al. 2010b, Taton et al. 1994), isopropylidene glyceryl glycidyl 
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ether (IGG) (Mangold et al. 2010a, Wurm et al. 2008), N,N-diallyl glycidyl amine (DAGA) (Reuss et al. 
2012), N,N-dibenzyl glycidyl amine (DBAG) (Mangold et al. 2011, Obermeier et al. 2010). 

However, post-polymerization modification reactions based on standard organic 

reaction may result in low conversions and side reactions if applied on a 

macromolecular level (Obermeier et al. 2011b). Therefore, “click reactions” which are 

reactions exhibiting high yields, good selectivity, versatility and simplicity are a 

powerful tool (Kolb et al. 2001). The most commonly used click reactions in polymer 

and material science are the azide-alkyne cycloaddition (Adzima et al. 2011, Binder et 

al. 2007, Huisgen 1963, Liang et al. 2011, Rostovtsev et al. 2002), the thiol-ene 

reactions (Hoyle et al. 2010a, Hoyle et al. 2010b, Lowe 2010) and the Diels-Alder 

cycloadditions (Diels et al. 1926, Gandini 2013, Tasdelen 2011).  

For the discovery of the latter, Otto Diels and Kurt Alder were jointly awarded with the 

noble prize in 1950 (Alder 1950). The concerted mechanism of the Diels-Alder 

cycloaddition relies on a 1,3-sigmatropic rearrangement between an electron-rich 

diene and an electron-deficient dienophile leading to the formation of two new carbon-

carbon bonds within a six-membered ring. The mechanism is illustrated in Scheme 4 

using the example of furan as diene and maleimide as dieneophile. 

 

Scheme 4: Schematic mechanism of the Diels-Alder cycloaddition. 

Similar Diels-Alder reactions were applied for post-synthetic modification reactions of 

multifunctional PEGs by Barthel et al. (Barthel et al. 2012, Barthel et al. 2013b). For 

this, they synthesized well-defined poly(ethylene glycol)-block-poly(furfuryl glycidyl 

ether) (PEG-b-PFGE) block copolymers with low molar mass dispersities Đ between 

1.04 and 1.06 and used Diels-Alder click chemistry to cross-link the furan side chains 

of PEG-b-PFGE with bifunctional maleimides to prepare self-healing materials (Barthel 

et al. 2013b).  

We believe that PEG-b-PFGE block copolymers are an excellent core structure for the 

synthesis of multifunctional PEG-based macromonomers in this work, because the 

PEG-block can provide water-solubility and flexibility (Barthel et al. 2012, Bolourchian 
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et al. 2013, Sill et al. 2017) and the multiple furan side chains can serve as multiple 

anchor points for post-synthetic Diels-Alder click reactions. Moreover, Diels-Alder 

reactions of furan moieties are orthogonal to radical cross-linking reactions (Laita et al. 

1997, Pramanik et al. 2017). However, as described in Figure 4, a suitable 

macromonomer has to have a polymerizable unit for covalent incorporation. In this 

case the polymerizable group needs to be attached at the hydrophilic PEG-block as 

PEG-b-PFGE block copolymers form micelles in aqueous solution (Barthel et al. 2012), 

which could bury the end group from the hydrophobic block inside the micelle core. 

Such buried end groups are less accessible and therefore only limited applicable for 

the incorporation of a macromonomer into a hydrogel. Consequently the reported 

synthesis of Barthel et al. in Scheme 5 is not conducive to implement the polymerizable 

unit at the hydrophilic chain end.  

 

Scheme 5: Synthesis of PEO-b-PFGE block copolymers by Barthel et al. (2012). 

Hence, one target of this work is to develop a sophisticated synthetic route for the 

synthesis of PEG-b-PFGE-based macromonomers with a polymerizable unit at the 

hydrophilic chain end. 

3.4. Langmuir film balance experiments for the investigation of 

interfacial properties of block copolymers 

As described in the last section, PEG-b-PFGE macromonomers are interesting for the 

modification of hydrogels. Based on the hydrophilic PEG-block and the hydrophobic 

poly(furfuryl gylcidyl ether) (PFGE)-block, PEG-b-PFGE block copolymers can be 

assigned to the class of amphiphilic block copolymers (ABC). (Barthel et al. 2012).  

ABCs tend to form micelles in selective solvents and to self-assemble at surfaces 

(Otsuka et al. 2001), which makes them attractive for numerous applications in drug 

delivery (Adams et al. 2003b, Rösler et al. 2012, Yang et al. 2018), as emulsifiers 
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(Chausson et al. 2008, Riess et al. 2004) or as surface functionalization reagents 

(Otsuka et al. 2001, Tan et al. 1993). Many PEG-based ABCs like poly(ethylene 

glycol)-b-polylactide (Iijima et al. 1999), poly(ethylene glycol)-b-poly(-benzyl-L-

aspartate) (Kataoka et al. 2000) and poly(ethylene glycol)-b-poly(caprolactone) (Allen 

et al. 2000) form core-shell micelles by segregating the insoluble hydrophobic blocks 

into the core and exposing the hydrophilic block (shell) to the surrounding water. 

Similarly, ABCs can align at aqueous interfaces in a way that the hydrophilic block is 

anchored in the aqueous subphase and the hydrophobic block is orientated towards 

the hydrophobic air (Otsuka et al. 2001). Both concepts are based on the minimization 

of the free energy (Letchford et al. 2007).  

In order to choose appropriate ABCs for an application, it is important to gain 

knowledge about its characteristic values like the critical micelle concentration (cmc) 

and to understand its structure-property relations. The cmc is the concentration upon 

which the surface is saturated with amphiphilic molecules and micelles are formed in 

the subphase (McNaught et al. 1997). There are multiple ways to determine the cmc 

like the Nouy ring technique (Bodour et al. 1998, Sahebnazar et al. 2018), the Wilhelmy 

plate method (Qian et al. 2018) or bubble pressure tensiometry (Schramm et al. 1992). 

For these three methods the surface tension is measured in dependence of the 

concentration as the surface tension drops with increasing occupancy of the 

amphiphile at the surface and (ideally) leads into a surface tension plateau when the 

surface is saturated (Scholz et al. 2018). The cmc can be determined at the intersection 

of these two extrapolated lines (Figure 5). 
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Figure 5: Schematic representation of amphiphilic block copolymers (ABCs) at the air-water interface 
below and above the critical micelle concentration (cmc). The cmc is determined at the intersection of 
concentration dependent and concentration independent region of the surface tension. The ABC 
consists of a hydrophilic (blue) and a hydrophobic (green) block. Figure changed according to McNaught 
and Wilkinson (1997). 

Below the cmc, a molecular film can be formed at the air-water interface, which is 

interesting for studies in the field of molecular electronics (Hussain et al. 2009), cell 

biology (Yang et al. 2002) and nanotechnology (Ji et al. 2005). To study such 

nanoscopic films, multiple methods are reported in the literature such as conductance 

measurements (Sakurai et al. 1987, Teissié et al. 1985), brewster angle microscopy 

(Jaroque et al. 2019, Rodríguez Patino et al. 1999), X-ray diffraction (Kaganer et al. 

1999, Kaleta et al. 2018), second harmonic generation (Heinz et al. 1983) and sum 

frequency generation vibrational spectroscopy (Roy et al. 2018, Saha et al. 2018).  

The probably most frequently used method for the preparation and investigation of 

amphiphilic monolayers at the air-water interface is the Langmuir film balance 

technique (Langmuir 1917). It has been named after its inventor Irving Langmuir, who 

received the Nobel prize in 1932 for his pioneering work in surface chemistry (Langmuir 

1932). Since then, Langmuir film balance experiments were applied to a broad range 

of surface active substances such as small molecules (Fazio et al. 1998, Komitov et 

al. 1994, Modlińska et al. 2011), polymers (Faure et al. 1998, Miñones et al. 2009), 

metal complexes (Liu et al. 1997, Yoo et al. 1999) and supramolecular assemblies 

(Culp et al. 2002, Ni et al. 2004). The Langmuir technique may provide first hand 

information about the formation of a monolayer, the molecular area of the amphiphile 

within a monolayer, phase behavior of the monolayer, its compressibility and the 

monolayer stability (Dynarowicz-Łątka et al. 2001). As a side note, in the literature the 
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term “Langmuir monolayer” or “Langmuir film” is utilized, even if it is not necessarily a 

true monomolecular film but a thin film (Dynarowicz-Łątka et al. 2001). Furthermore, a 

Langmuir monolayer which is transferred from the liquid-gas interface to a solid 

substrate is called Langmuir-Blodgett film (Blodgett 1935, Roberts 1985). 

To prepare a Langmuir monolayer a Langmuir trough is needed, which consists of a 

hydrophobic trough for the water subphase, two mobile barriers that span over the 

water surface and a sensitive film balance (Langmuir 1917, Pockels 1891) (Figure 6).  

 

Figure 6: Representation of a Langmuir trough for the preparation of Langmuir monolayers (Langmuir 
1917). 

Small amounts of an amphiphile solution are deposited drop-wise on the water 

subphase and after the solvent is evaporated, the amphiphile spreads spontaneously 

as a monolayer at the air-water interface (Langmuir 1917). Since surface active 

molecules reduce the surface tension of water, the accumulation of amphiphiles at the 

air-water interface can be monitored by measuring the surface pressure (π). π is the 

difference between the surface tension of water (γ0) and the surface tension of water 

with surfactant (γ) (McNaught et al. 1997). If π is measured as a function of the area 

per molecule (A), a surface pressure – area (π-A) isotherm can be obtained, which is 

characteristic for every amphiphile and provides information about the phases of the 

monolayer. As shown in Figure 7, the general π-A isotherm shows three characteristic 

phases, the “gas-like”, the “liquid-like” and the “solid-like” phase (Bernardini et al. 2013, 

Roberts 1985).  
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Figure 7: Idealized surface pressure – area (π-A) isotherm of a Langmuir monolayer with three distinct 
phases: gas, liquid and solid phase. The level of ordering within the monolayer phases is shown 
schematically, whereby the hydrophobic block of the amphiphile is colored in green and the hydrophilic 
block in blue. Figure changed according to Bernardini et al. (2013). 

The surface-active molecules are in a “gas-like” or “expanded” phase, if they have a 

lot of space at the air-water interface where they rarely interact with each other. In this 

state almost no work is required to compress the monolayer and the free energy of the 

aqueous subphase remains unchanged, which leads to a nearly constant surface 

pressure (Dynarowicz-Łątka et al. 2001). By compressing the mobile barriers of the 

Langmuir trough, the area available for each amphiphile is reduced leading to a partial 

ordering of the amphiphiles in the monolayer, whereby the molecules start interacting 

with each other. In this “liquid-like” or “liquid expanded” state the surface tension is 

affected by the increased density of the surfactants at the air-water interface, which 

results in a surface pressure rise starting at the onset. Upon further compression a 

“solid-like” or “liquid condensed” region is formed, in which the surfactants are highly 

ordered. Herein the monolayer is relatively uncompressible so that small area changes 

result in a high surface pressure increase (Dynarowicz-Łątka et al. 2001). Thus, the 

isotherm slope in solid-like phase is very steep. If the monolayer is compressed beyond 

the collapse pressure, multilayer formation can occur (Lee 2008).  

There is vast literature on the usage of π-A isotherm measurements for the exploration 

of amphiphilic monolayers (Brugger et al. 2010, Dynarowicz-Łątka et al. 2001, Nutting 

et al. 1939, Shimizu et al. 2015), like from the Frank group (Kampf et al. 1999). They 

investigated the monolayer stability and molecular conformation of PEG-based 

poly(benzyl ether) monodendrons, which are hyperbranched macromolecule with a 
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functional group at its focal point. They found out that longer hydrophilic tails improved 

the film stability and that each additional EO repeating unit increased the collapse 

pressure by 3 mN m-1 to 4 mN m-1. Furthermore, they showed that the molecular area 

of their amphiphile at the air-water interface grew linearly with the molecular weight 

(Kampf et al. 1999).  

As novel PEG-b-PFGE macromonomers will be synthesized in this work, which should 

be amphiphilic based on the hydrophilic PEG-block and the hydrophobic PFGE-block, 

it is valuable to investigate whether they are able to form Langmuir monolayers. These 

films could be used to explore the surface characteristics and structure-property 

relations of PEG-b-PFGE macromonomers at the air-water interface. The gained 

knowledge could enhance hydrogel surface functionalization experiments since the air-

water interface is a simplification of the air-hydrogel precursor interface. 

3.5. Hydrogel modification reactions triggered by swelling agents – 

solvent responsive hydrogels 

For the functionalization of hydrogels, the focus until now was on the modification of 

the hydrogel network and its respective modification reagents. Beyond this, it is also 

possible to modify hydrogels by altering their swelling agent to introduce new tailor 

made properties (Ullah et al. 2015). Such hydrogels are summarized under the term 

solvent responsive hydrogels.  

Depending on the pH, the solvent composition and the ionic strength of the hydrogel 

swelling agent, the swelling properties, the rheological behavior and the microstructure 

of solvent responsive hydrogels can be specifically tuned (Bossard et al. 2006, Shahi 

et al. 2017, Ullah et al. 2015, Wang et al. 2011). This hydrogel modification strategy 

based on the swelling agent is in particular interesting for applications in drug delivery 

(Gupta et al. 2002, Park et al. 2004, Sadeghi et al. 2008), sensor technology (Richter 

et al. 2008, Yew et al. 2007) and hygiene industry (Shahi et al. 2017). Recently, Qin et 

al. (2018) published a solvent responsive hydrogel with reversible self folding 

behaviour, which can switch between a 2D-sheet and 3D-tube formation depending on 

the solvent composition and exposure (Qin et al. 2018). Furthermore, Ozbas et al. 

(2004) tuned the visoelastic properties of peptide hydrogels by modulating the ionic 

strength of the swelling medium.  
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Shifting the pH of the swelling agent is also a simple and efficient aproach to modify 

hydrogels. Such pH sensitive hydrogels have gained a lot of attention over the years 

and are mostly of anionic or cationic nature (Dolatabadi-Farahani et al. 2006, Park et 

al. 2004, Sadeghi et al. 2008). They exhibit pendent ionic groups like carboxyls (Jianqi 

et al. 2002) or amines (Nebhani et al. 2016), which donate or accept protons according 

to the pH (Ullah et al. 2015). If the net charge of the hydrogel increases above the 

logarithmic acid dissociation constant (pKa) or respectivly below the locarighmic base 

dissociation constant (pKb), the elctrostatic repulsive forces grow and lead to higher 

osmotic swelling forces. This causes a volume change of the pH sensitive hydrogels 

(Ullah et al. 2015). Park et al. (2004) for example prepared pH switchable poly(vinyl 

alcohol-graft acrylic acid) hydrogels for controlled drug release, which enabled them to 

release insulin from the hydrogel in a simulated gastric fluid of pH 1.2 and to withold it 

in a simulated interstinal fluid at pH 6.8. 

In 2015 Feng et al. introduced a hydrogel functionalization strategy, which converted 

pH responsive hydrogels into light responsive hydrogels by using photoacid generators 

(PAG) (Feng et al. 2015). They described a poly(acrylamide-co-N-vinylimidazole) 

shape memory hydrogel, which can bend when treated with a mixture of metal ions, 

because of complexation reactions between the imidazole groups of the hydrogel and 

the added metal ions. So from a 2D perspective, the hydrogel bends from a linear form 

(Figure 8a) to a “u-shaped” form (Figure 8b) due to complexations. After ultraviolot 

(UV) irradiation the hydrogel returns into its original linear shape (Figure 8c), based on 

the UV-induced photolysis of the diphenyliodonium nitrate PAG in the hydrogel 

swelling media. The photoreaction shifts the pH below the pKa of the imidazole groups 

(pKa ~ 5.8) and results in a rescission of the complexation effect (Feng et al. 2015). 

This PAG-triggered shape recovery mechanism of the hydrogel is schematically shown 

in Figure 8.  



  
___________________________________________________________________ 

- 48 - 
 

 

Figure 8: Schematic representation of photoacid generator (PAG) -triggered UV responsive shape 
memory hydrogel (Feng et al. 2015). The shape of this solvent responsive hydrogel can be modified 
reversibly by the pH of the hydrogel swelling agent. Figure changed according to Feng et al. (2015).  

The main advantage of the above described light-induced hydrogel modification 

approach lies in its external, spatio-temporal control. This appealing feature was also 

recognized by Satoh et al. (2015), Dunne et al. (2016) and Francis et al. (2017), who 

used PAGs to functionalize their hydrogel systems. Therefore, the investigation of 

suitable PAGs as hydrogel modification reagents is highly relevant for current hydrogel 

research (Dunne et al. 2016, Feng et al. 2015, Francis et al. 2017, Satoh et al. 2015). 

3.6. Photoacid generators – applications, classification and 

photolysis mechanism 

A good overview of PAGs, which are compounds that generate acids upon irradiation 

with light, is given by Shirai and Tsunooka (1996) as well as recently by Martin et al. 

(2018). PAGs are applied in a wide range of areas like in photodynamic therapy 

(Fadhel et al. 2016, Yue et al. 2013), protecting group chemistry (Klán et al. 2013a, 

Shirai et al. 1996), microelectronics (Mizoguchi et al. 1996, Sugita et al. 2018), 

adhesives (Bomze et al. 2015), inks (Schlögl et al. 2012), polymerization initiations 

(Crivello et al. 1979, Klikovits et al. 2017) and polymer functionalization (Feng et al. 

2015, Francis et al. 2017). Schlögl et al. (2012) for instance published a sophisticated 

implementation of PAGs in the field of 3D printed polymer foams. They matched the 

acid release during the PAG photolysis with the curing process of 3D printed 
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polyacrylamide films. As the photo released acid could directly react with carbonate 

particles from the polymer precursor solution, this led to the in situ formation of the 

blowing agent CO2. By balancing the curing process and the foaming speed through 

the irradiation parameters and the PAG concentration, they generated 3D printed 

polymeric foams. 

According to the application, either strong electrolyte or weak electrolyte PAGs are 

used, which are the two categories in which PAGs can be classified. As shown in 

Scheme 6, strong electrolyte PAGs often consist of an diarylhalonium (Crivello et al. 

1977, Pappas et al. 1984), aryldiazonium (Smets et al. 1980), triarylsulfonium (Crivello 

et al. 1981, Saeva et al. 1985) or triarylphosphonium (Komoto et al. 1994, Neckers et 

al. 1984) cation and an halogen complex anion. 

 

Scheme 6: Molecular structure of frequently used strong electrolyte photoacid generators (PAGs) based 
on a) diarylhalonium, b) aryldiazonium, c) triarylsulfonium and d) triarylphosphonium moeities.  

Strong electrolyte PAGs mainly photodissociate via radical pathways and abstract 

protons from their surrounding compounds like their solvent to release Brønsted or 

Lewis acids (Martin et al. 2018). Exemplarily, the photolysis mechanism of strong 

electrolyte diaryliodonium PAGs under UV irradiation is illustrated in Scheme 7. The 

excited iodonium compound efficiently decomposes to an aryliodo radical-cation, an 

aryl radical and an anion (Crivello et al. 1977). This process occurs quickly as the bond 

energy of the C-I bond is very low (~ 27 kcal mol-1) (Crivello et al. 1977). The next step 

involves a hydrogen abstraction form the solvent, which was confirmed by deuteration 

experiments using acetonitrile-d3. In the end the protonated iodoaromatic species 

deprotonates to 4-iodophenyl and a free acid (Crivello et al. 1977).  
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Scheme 7: Photolysis mechanism of diarylliodonium hexafluorophosphate under UV irradiation (Crivello 
et al. 1977). For clarity only the major photolysis pathway is demonstrated.  

Many strong electrolyte PAGs show good thermal stability and are commercially 

available, but show pronounced toxicity. Diaryliodonium hexafluoroantimonate for 

instance is highly toxic with an oral lethal dose (LD50) of 40 mg kg-1 for rats (Shirai et 

al. 1996). Furthermore strong electrolyte PAGs are often only applicable in a small 

wavelength window, which limits their application (Martin et al. 2018). One way to 

overcome this, is by using photosensitizers like anthracene (Schlögl et al. 2012) or 

setoflavin T (Crivello et al. 1978), which nevertheless are toxic.  

Weak electrolyte PAGs in contrary can be used in a wide wavelength range depending 

on their molecular structure (Martin et al. 2018). Furthermore, they are often soluble in 

a variety of solvents and polymer matrices, which makes them attractive for various 

applications (Martin et al. 2018). A comprehensive overview of prominent weak 

electrolyte PAGs like o-nitrobenzyls, p-hydroxyphenacyls (pHP) and coumarin-4-

ylmethyls (c4m) from Scheme 8, is given by Klan et al. (2013b). 
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Scheme 8: Molecular structure of frequently used weak electrolyte photoacid generators (PAGs) based 
on a) o-nitrobenzyl (Reichmanis et al. 1985), b) p-hydroxyphenacyl (Zhang et al. 1999) and c) coumarin-
4-ylmethyl (c4m) (Hagen et al. 2008) moieties.  

The photochemistry of the o-nitrobenzyl group has been studied for more than 

100 years (Ciamician et al. 1901). Since then, many mechanistic studies have been 

published (Gaplovsky et al. 2005, Il'ichev et al. 2004, Schmierer et al. 2010, Schwörer 

et al. 2001) and o-nitrobenzylic PAGs were widely used because of their high yielding 

and fast photoreaction (Shirai et al. 1996). However, there are major drawbacks of 

o-nitrobenzyl compounds based on the formation of toxic and water-insoluble side 

products such as o-nitroso aromatic ketones (Barth et al. 1997, Givens et al. 2012). 

Moreover, these side products absorb the irradiation wavelengths of the parent 

o-nitrobenzyl derivative more strongly, which automatically lowers the efficiency of the 

desired photoreaction (Givens et al. 2012). 

A good alternative to o-nitrobenzyic PAGs are p-hydroxyphenacyl (pHP) and 

coumarin-4-ylmethyl (c4m) PAGs as they exhibit a very efficient photolysis reaction 

with inert and water soluble photoproducts (Du et al. 2001). Furthermore, they show 

good synthetic accessibility, are water soluble and can be used in physiological 

applications (Givens et al. 2012). Based on this, I focused my research on these two 

core structures. Therefore, pHP and c4m PAGs will be explained in more detail in the 

following two subsections. 

3.6.1. p-Hydroxyphenacyl-based photoacid generators 

In 1996 pioneering work on pHP PAGs was published by Givens and Park (1996), who 

reported the efficient photorelease of adenosine triphosphate (ATP) from ATP-caged 

pHPs. This was historically based on studies of Anderson and Reese (1962) as well 

as Sheehan and Umezawa (1973), who suggested phenacyl groups as 

photoremovable protecting groups. Since then pHPs have been applied in various 

fields such as enzyme catalysis (Geibel et al. 2000), protecting group chemistry 

(Givens et al. 2012), neurotransmitter release (Kandler et al. 1998) or signal tracking 
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of neuronal networks (Givens et al. 2012, Givens et al. 2000). The key benefit of pHPs 

lies in their ease of synthesis, their water solubility, their high yielding photocleavage 

and their biological compatibility (Givens et al. 2012). Furthermore, the UV absorption 

profile of the photo products differ significantly from the pHP reactants (Givens et al. 

2012, Klán et al. 2013b).  

Multiple pHP caged derivatives are accessible via nucleophilic substitution of 

commercially available p-hydroxyphenacyl bromide with the respective nucleophile 

(Kaila et al. 2007). In Scheme 9, this facile approach is demonstrated for 2-(4-

hydroxyphenyl)-2-oxoethyl acetate (pHP-caged acidic acid), which in modified form 

works for amino acid-, peptide- or nucleotide-caged pHPs as well (Givens et al. 1996, 

Givens et al. 2000, Klán et al. 2013b). 

 

Scheme 9: Synthesis of 2-(4-hydroxyphenyl)-2-oxoethyl acetate (Kaila et al. 2007). In modified form this 
synthetic approach can also be used for the synthesis of other p-hydroxyphenacyl (pHP)-caged 
derivatives like amino acid-, peptide- or nucleotide-caged pHPs. 

The caged molecule can then be release through UV irradiation between 

250 nm – 350 nm (Givens et al. 2012). Mechanistically the photocleavage is based on 

the Favorskii-rearrangement, which was confirmed by laser flash photolysis studies 

(Givens et al. 2008) and quantum chemical calculations (Klíčová et al. 2012). As shown 

in Scheme 10, pHP derivatives (pHPX) are initially excited to their singlet state (S1) 

and then undergo rapid intersystem crossing (ISC) to the triplet state (T1) (Givens et 

al. 2008). This leads to a triplet phenoxide biradical (3PB) by abstracting the leaving 

group (X). In the next step, a putative spirodione (SD) is formed (Givens et al. 2008), 

which despite extensive effort (Chen et al. 2006, Givens et al. 2008, Ma et al. 2005) 

could not be detected yet. It is said that the two main reasons which are causing the 

detection difficulties of the spirodione are that the formation rate is slower than its 

lifetime and that the spirodione is optically transparent in the range of 300 nm – 700 nm 

(Givens et al. 2008). Nevertheless the occurance of p-hydroxyphenylacetic acid 

(pHPA) and p-hydroxybenzyl alcohol (pHBA) are strong hints towards a SD 

intermediate, because pHPA can be formed through a ring opening reaction of the SD 
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with water and pHBA can be generated via decarbonylation of the SD and subsequent 

water addition (Givens et al. 2008).  

 

Scheme 10: Photolysis mechanism of p-hydroxyphenacyl (pHP) derivatives based on the Favorskii 
rearrangement. Figure according to (Givens et al. 2008).  

As described before pHP PAGs offer many advantages such as good synthetic 

accessibility, water solubility and appealing quantum yields between 0.03 and 0.65 in 

aqueous media (Givens et al. 2003, Givens et al. 2011, Zou et al. 2002, Zou et al. 

2001). However, the low absorption coefficient above 320 nm can be a drawback for 

biological applications (Pelliccioli et al. 2002). To overcome this, current research 

focusses on the optimization of the pHP chromophore to shift its excitation range to 

higher wavelengths (Barman et al. 2016, Conrad et al. 2000) and on the exploration of 

new photoactive core structures like coumarin-4-ylmethyl (c4m) PAGs which can be 

used up to 500 nm (Givens et al. 2012, Hagen et al. 2008, Martin et al. 2018, Özçoban 

et al. 2015, Schmidt et al. 2005). Hence, in the following c4m-based PAGs will be 

explained in more detail.  

3.6.2. Coumarin-4-ylmethyl-based photoacid generators 

The research of coumarin-4-ylmethyl (c4m) PAGs commenced with the discovery of 

the photoactive c4m group by Givens and Matuszewski (1984). The c4m core structure 

is hereby given in Scheme 8c. Initial limitations of c4m derivatives like the poor water 

solubility and low quantum yields have been overcome by modifying the coumarin 

chromophore with amino and carboxylic acid side groups (Givens et al. 2012). This led 

to a new generation of c4ms with good water solubility and highly efficient 
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photocleavages (Givens et al. 2012). Combined with the wide excitation range up to 

700 nm and good hydrolytic stabilities (Givens et al. 2012), c4ms have gained 

considerable attention in biochemical research (Hotta et al. 2019, Ohtsuki et al. 2016) 

like in cellular process studies (Furuta et al. 2004), caging groups for neurotransmitter 

(Shembekar et al. 2005) or the acidification of membrane surfaces (Geißler et al. 

2005). Furthermore, c4ms were also used in agricultural (Atta et al. 2010) and 

pharmaceutical applications (Al-Wahaibi et al. 2018).  

Especially Hagen and coworkers contributed to the chemical versatility of c4ms by 

synthesizing carboxylic acid, alcohol, thioalcohol, and amine c4m derivatives (Hagen 

et al. 2008) (Scheme 11). The general synthesis procedure of c4m derivatives starts 

by treating 7-amino-4-methylcoumarin with an access of bromoacetic acid tert-butyl 

ester followed by the oxidation of the α-methylen group to the respective aldehyde, 

which is subsequently reduced with NaBH4 to the primary alcohol (Hagen et al. 2005). 

After removal of the tert-butyloxycarbonyl (Boc) protecting groups with trifluoroacetic 

acid, c4m-OH can be obtained as a valuable precursor for coupling reactions with 

various nucleophiles, such as acetates to synthesize c4m PAGs. 

 

Scheme 11: Synthesis of coumarin-4-ylmethyl precursor c4m-OH according to Hagen et al. (2005). This 
precursor can be used for the preparation of coumarin-4-ylmethyl photoacid generators (c4m PAGs) 
and c4m caged alcohols, thioalcohols and amines (Hagen et al. 2008). 

To release c4m caged compounds, light between 350 nm and 500 nm is needed 

(Givens et al. 2012) and the underlying photolysis mechanism is demonstrated in 
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Scheme 12 (Schade et al. 1999, Yu et al. 2010). After photoexcitation of the c4m 

species, a heterolysis of the C-O ester bond is induced, which results in a c4m 

carbocation and a leaving group anion (LG-). The latter abstracts a proton from the 

aqueous solvent to form LG-H. At the same time the remaining hydroxide reacts with 

the carbocation generating c4m-OH (Schade et al. 1999, Yu et al. 2010). For c4m 

carbonate esters, carbamates and thiocarbonates, the photolysis leads to LG-COOH, 

which can undergo further decarboxylation reactions to LG-H (Yu et al. 2010).  

 

Scheme 12: Photolysis of coumarin-4-ylmethyl (c4m) caged derivatives according to Yu et al. (2010). 

Taken together, pHP and c4m derivatives are attractive PAGs, which are used in 

various applications. However, compared to other PAGs like diaryliodonium-based 

PAGs (Feng et al. 2015, Schlögl et al. 2012) they are rarely used for the modification 

of the pH value of hydrogel swelling agents. Two interesting swelling agents for 

hydrogels are water and aqueous carbonate solution, because water is the most 

frequently used swelling agent for hydrogels and carbonate solutions could lead to new 

hydrogel foaming strategies similar to Schlögl et al. (2012). A good modification 

reagent for hydrogel swelling agents should therefore be easily accessible, be highly 

soluble and stable in water and carbonate solution and exhibit an efficient photolysis. 

Hence, in the last part of my research, I aim to synthesize two novel pHP and c4m-

based PAGs to ensure high solubility in aqueous media and investigate their 

photochemical properties. 
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4. Aim of work and hypotheses 

As described in the introduction, hydrogels are used in a broad variety of applications, 

like in tissue engineering or drug delivery (Hamedi et al. 2018, Lee et al. 2001). Hence, 

tailor-made hydrogels, which are specifically modified according to their application, 

are of growing interest (Singhal et al. 2016, Tang et al. 2019). There are two basic 

concepts how hydrogels, which are cross-linked polymer networks in aqueous swelling 

agents, can be modified: either by modifying the polymer network or through the 

modification of the swelling agent. For both strategies, appropriate hydrogel 

modification reagents are needed. Therefore, the aim of this work is the synthesis and 

characterization of novel hydrogel modification reagents (Figure 9). 

 

Figure 9: Schematic depiction of the aim of work with focus on the synthesis and characterization of 
novel hydrogel modification reagents for the modification of the polymer network and the swelling agent 
of hydrogels.  

For the modification of the polymer network, I focus on the synthesis and 

characterization of multifunctional α-diphenylmethyl-ω-4-vinylbenzyl-poly(furfuryl 

glycidyl ether)-block-poly(ethylene glycol) (PFGEp-b-PEGq) macromonomers and for 

the potential modification of the swelling agent I synthesize and characterize the two 
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p-hydroxyphenacyl- (pHP) and coumarin-4-ylmethyl (c4m)-based photoacid 

generators (PAG) pHP-t and c4m-ac, which are shown in Figure 9. 

In the first part of this work I explore the synthesis and characterization of 

multifunctional macromonomers for the modification of the polymer networks of 

radically cross-linked hydrogels. In particular, I aim to investigate the bulk and surface 

functionalization of radically cross-linked polyacrylamide (p(Aam)) hydrogels with 

multifunctional macromonomers. I chose PFGEp-b-PEGq macromonomers in Figure 9 

as target structure, since it meets all of the three following requirements for an 

appropriate hydrogel modification reagent as it contains I) a polymerizable unit in order 

to covalently bind into a radically cross-linked hydrogel; II) a spacer to introduce 

sufficient water solubility and flexibility and III) multiple functional groups, which are 

orthogonal to the cross-linking reaction and which can be used as multiple anchor 

points for post-synthetic modification reactions. Thus, I want to investigate the 

synthetical approachability, like the end group functionalization degree and the block 

length adjustability as well as the polymer characteristics, like the molecular weight 

distribution, the thermal properties and the surface activity of PFGEp-b-PEGq 

macromonomers. I am also interested in exploring the reactivity of the functional 

groups of PFGEp-b-PEGq macromonomers in solution and in functionalized p(Aam) 

hydrogels, to find out whether such functionalized hydrogels can be applied as 

hydrogel functionalization platform for post-synthetic Diels-Alder reactions. 

Therefore, hypothesis I, which will be examined for the modification of the hydrogel 

network, is: 

Hypothesis I: 

Well-defined, multifunctional α-diphenylmethyl-ω-4-vinylbenzyl-poly(furfuryl glycidyl 

ether)-block-poly(ethylene glycol) (PFGEp-b-PEGq) macromonomers can be 

synthesized via anionic ring opening polymerization and characterized regarding their 

characteristic polymer properties like their molar mass dispersity (Đ), their glass 

transition temperature (Tg), their melting temperature (Tm), their decomposition 

temperature (Td) and their critical micelle concentration (cmc). PFGEp-b-PEGq 

macromonomers can be used for the bulk functionalization of radically cross-linked 

polyacrylamide (p(Aam)) hydrogels to prepare functional hydrogels with multiple 

anchor points for post-synthetic Diels-Alder reactions.  
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Beyond the bulk functionalization of hydrogels, I want to investigate whether PFGEp-

b-PEGq macromonomers can be used for the surface functionalization of hydrogels 

without functionalizing the hydrogel bulk. To our knowledge no one used 

multifunctional macromonomers to exclusively functionalize the air-hydrogel interface 

without functionalizing the hydrogel bulk. Hence, I want to gain knowledge about the 

film formation ability and the structure-property relations of PFGEp-b-PEGq 

macromonomers at the air-water interface to evaluate whether they are suitable 

surface functionalization reagents. The air-water interface serves as a simplified model 

of the air-hydrogel precursor solution interface.  

So, the hypothesis II, which will be investigated for the hydrogel surface 

functionalization ability of PFGEp-b-PEGq macromonomers, is:  

Hypothesis II: 

Multifunctional PFGEp-b-PEGq macromonomers are able to form thin films at the air-

water interface, whereby the beginning of the film formation correlates with the 

molecular weight of the macromonomers. The beginning of the film formation is 

determined by the molecular area of the onset of the surface pressure-area isotherm. 

The stability of the macromonomer films is dependent on the hydrophilic-lipophilic 

balance (HLB) value. Furthermore, a molecular mechanism of the PFGEp-b-PEGq 

macromonomers at the air-water interface can be proposed, which is in accordance 

with the film stability and film recovery. PFGEp-b-PEGq macromonomers are promising 

functionalization reagents for the functionalization of the air-hydrogel interface of 

radically cross-linked p(Aam) hydrogels. 

Hypotheses I and II are both dedicated to the modification of the polymer network, 

whereas in the last part of this work I want to explore the synthesis and characterization 

of novel, water soluble pHP- and c4m-based PAGs for the potential modification of 

hydrogel swelling agents.  

As described in the introduction, pHPs and c4ms are well known for their excellent 

photochemical properties and are applied in numerous fields (Givens et al. 2012, 

Hagen et al. 2008, Klán et al. 2013b). However, in many water-based applications 

where high PAG concentrations are needed, strong electrolyte PAGs are preferred, 

even if they are toxic or need additional photosensitizers (Feng et al. 2015, Gargava 

et al. 2016, Kovalenko et al. 2016, Schlögl et al. 2012). This is presumambly based on 
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the good synthetic approachability and high water solubility of many strong electrolyte 

PAGs. To give an alternative to such compounds, I aim to design two easily accessible 

and highly water soluble c4m and pHP-based PAGs, as the substance classes of c4ms 

and pHPs are well suited for physiological applications and do not need additional 

sensitizers. Therefore, in this work, I will investigate c4m-ac and pHP-t regarding their 

synthetic accessibility, their solubility in aqueous media, their stability and photolysis 

to give a comprehensive insight into the properties of novel c4m and pHP-based PAGs. 

So, hypothesis III is focused on the exploration of c4m-ac and pHP-t: 

Hypothesis III: 

The photoacid generators c4m-ac and pHP-t show good synthetic approachability and 

high solubility in water and alkaline solutions with maximum solubilities 

(cmax) > 1 mmol L-1. The photochemical properties of c4m-ac and pHP-t, like the 

absorption maximum (λmax), the maximum molar extinction coefficient (εmax) and the 

quantum yield (ϕ), are pH dependent. Furthermore, the stability of c4m-ac and pHP-t 

is pH dependent, in contrast to the photolysis under UV irradiation within the studied 

conditions.  

The three hypotheses regarding the synthesis and characterization of multifunctional 

macromonomers and photoacid generators for the modification of hydrogels are the 

core pillar of this work and will be explored and discussed in the following sections. 
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Stuttgart (IOC) and Silke Keller helped me with the LSM experiments. I analyzed and 

interpreted all the data and wrote the manuscript.  

5.1 Abstract 

Functional polyacrylamide hydrogels containing multiple furfuryl anchor points for 

Diels-Alder reactions were prepared employing new macromonomers. For this 

purpose, α-diphenylmethyl-ω-4-vinylbenzyl-poly(furfuryl glycidyl ether)-block-

poly(ethylene glycol) (PFGEp-b-PEGq) macromonomers were synthesized via anionic 

ring opening polymerization in four different block lengths: PFGE10-b-PEG25, PFGE8-

b-PEG79, PFGE18-b-PEG66 and PFGE13-b-PEG111. These furan containing building 

blocks were characterized by 1H NMR, 13C NMR and FT-IR spectroscopy, SEC and 

MALDI TOF MS and revealed low molar mass dispersities between 1.05 and 1.09 and 
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number average molar masses between 2 330 g mol-1 and 6 660 g mol-1. The block 

lengths of the macromonomers were adjustable via the MIR and high end group 

functionalization degrees between 72 % and 98 % were achieved. The 

macromonomers were characterized by DSC and TGA regarding their thermal 

properties (-43 °C ≤ Tg ≤ -32 °, 32 °C ≤ Tm ≤ 45 °C, 369 °C ≤ Td ≤ 381 °C) and by 

tensiometry regarding their surface activity, revealing a critical micelle concentration 

around 0.3 mg mL-1 in aqueous solution. The furfuryl groups of the PFGEp-b-PEGq 

macromonomers were reactive in Diels-Alder reactions in solution as well after their 

integration into polyacrylamide hydrogels by radical copolymerization, as shown by 

fluorescence labeling employing a maleimide-functionalized dye. Thus, a new 

synthetic route is opened up to access functional hydrogels providing clickable anchor 

points in high density for conjugation of maleimide-functional substrates. 

5.2 Introduction 

From the beginning of hydrogel science in 1960 when Wichterle and Lim proposed 

poly(hydroxyethyl methacrylate) hydrogels as materials for contact lenses, hydrogels 

were considered as functional materials with favorable properties originating from their 

composition of a hydrophilic network and an aqueous swelling medium (Wichterle et 

al. 1960). Since then, areas of applications for hydrogels have grown tremendously so 

that today hydrogels can be found in pharmacy (Hamedi et al. 2018, Kamoun et al. 

2017, Klara et al. 2018, Qiu et al. 2001), biomedicine (Pellá et al. 2018, Tavakoli et al. 

2017), biotechnology (Abd El-Mohdy et al. 2008, Ullah et al. 2015) tissue engineering 

(El-Sherbiny et al. 2013, Lee et al. 2001), cosmetics (Parente et al. 2015) agriculture 

(Guilherme et al. 2015), 3D printing (Joas et al. 2018, Kraut et al. 2017, Li et al. 2015) 

and waste water treatment (Mohammadzadeh Pakdel et al. 2018, Ullah et al. 2015). 

Due to the broad range of applications with specific requirements, customized 

hydrogels with adjustable properties are in the focus of current research (Buwalda et 

al. 2017, Schauenburg et al. 2018, Singhal et al. 2016, Soontornworajit et al. 2010, Wu 

et al. 2018). 

A frequently used strategy to introduce tailor-made functionalities into hydrogels is the 

usage of functional building blocks, which exhibit molecular anchor points for post-

synthetic reactions (Altin et al. 2010, Baker et al. 2017, DeForest et al. 2012, Gould et 

al. 2012, Grevesse et al. 2013, Grevesse et al. 2014, Schauenburg et al. 2018, Yilmaz 
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et al. 2011). In chemical and biochemical research, furan building blocks are 

particularly interesting as they can undergo Diels-Alder click reactions and are often 

used for bioconjugations (Gandini 2013, Nimmo et al. 2011, Smith et al. 2018, Steven 

et al. 2008, Tasdelen 2011, Yu et al. 2013). 

Hence, to create a hydrogel with pendent furan groups for post-synthetic Diels-Alder 

reactions, a multifunctional building block with three features is needed: I) a 

polymerizable unit for the covalent incorporation into the hydrogel; II) a spacer for 

sufficient flexibility and water solubility and III) pendent furan groups as molecular 

anchor points. Apparently, the higher the number of furan groups per building block, 

the more anchor points per molecule can be introduced into the hydrogel. We think 

α-diphenylmethyl-ω-4-vinylbenzyl-poly(furfuryl glycidyl ether)-block-poly(ethylene 

glycol) (PFGEp-b-PEGq) macromonomers are fascinating multifunctional building 

blocks as they fulfill all the above mentioned criteria.  

In the last years, intensive research was conducted on the development of furan-

containing hydrogels (Baker et al. 2017, García-Astrain et al. 2013, García-Astrain et 

al. 2014, Smith et al. 2018). However, the amount of furan anchor points in the hydrogel 

was often restricted by using the furans for cross-linking and functionalization reactions 

simultaneously (García-Astrain et al. 2013, García-Astrain et al. 2014, Smith et al. 

2018). Therefore, in the following we will present the synthesis and characterization of 

multifunctional PFGEp-b-PEGq building blocks with orthogonal cross-linking and post-

modification chemistry to establish highly functional hydrogels for post-synthetic Diels-

Alder reactions.  

5.3 Experimental section 

Chemicals. Potassium (98 %), 4-vinylbenzyl chloride (4VBC) (90 %), acrylamide 

(99 %), N,N’-methylenebisacrylamide (MBA) (99 %), α-ketoglutaric acid (99 %), 

calcium hydride (95 %), naphthalene (99 %), trans-2-[3-(4-tert-Butylphenyl)-2-methyl-

2-propenylidene]-malononitrile (DCTB) (98 %), 3-Phenyl-1-propanol (3PP) (98 %) and 

petroleum ether (PE) (ACS reagent) were purchased from Sigma Aldrich (Darmstadt, 

Germany). Diphenylmethane (DPM) (99 %), silica gel 60 with a particle size of 

0.063 mm – 0.200 mm and active basic aluminium oxide 66 with a particle size of 

0.063 mm – 0.200 mm was bought from Merck KGaA (Darmstadt, Germany). Furfuryl 

glycidyl ether (FGE) was bought from Acros Organics (Geel, Belgium) and ethylene 
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oxide (EO) from the Linde group (Dublin, Ireland). Sodium trifluoroacetate was 

obtained from Fluka Analytical (Munich, Germany).The fluorescence dye Atto 488 

maleimide was purchased from Atto-Tec GmbH (Siegen, Germany). Tetrahydrofuran 

(THF), methanol (MeOH) and diethyl ether were obtained in HPLC grade from VWR 

chemicals (Radnor, USA). Ethyl acetate (EtOAc) was obtained from J.T. Baker 

(Phillipsburg, USA).  Furfuryl glycidyl ether was purified by column chromatography 

(silica gel, solvent gradient from EtOAc : PE = 1 : 1 to EtOAc : PE = 3 : 1). THF was 

dried at least 2 days over calcium hydride and freshly destilled under argon before 

usage. EO was dried by passing through a column of calcium hydride. 4VBC was 

flashed over basic aluminum oxide, stirred over calcium hydride for 4 days and destilled 

under reduced pressure at 50 °C and 10-1 mbar. All other chemicals were used as 

received. 

Instrumentation. 1H NMR and 13C NMR spectra were recorded on an “Avance 500” 

(500 MHz) spectrometer from Bruker (Billierica, USA) with chloroform-d1 as solvent 

and tetramethylsilane as internal standard. For size exclusion chromatography (SEC), 

samples were prepared by dissolving the polymers at a concentration of 2 mg mL-1 in 

THF, mixing them at 40 °C for 24 h and subsequently filtering them through a 0.2 µm 

PTFE syringe filter. The SEC measurements were performed at 40 °C on a “SECurity 

System” from PSS GmbH (Darmstadt, Germany) with a PSS SDV precolumn (8 mm x 

50 mm) and two PSS SDV 1000 Å (8 mm x 300 mm) columns. For the detection a 

refractive index (RI) detector was used. The injection volume was 50 µL per run, THF 

(HPLC grade) was used as solvent, the flow rate was 0.5 mL min-1 and the columns 

were calibrated with polystyrene standards “ReadyCal” from PSS GmbH (Mainz, 

Germany). The SEC results are shown as abundance mass distributions in order to be 

able to compare the molar mass distributions with the mass spectrometry data. PSS 

WinGPC Unichrom software version 8.10 was used for the analysis of the 

measurements. For matrix assisted laser desorption/ionization time of flight mass 

spectrometry (MALDI TOF MS), solutions of 2.0 mg mL-1 macromonomer, 

13.6 mg mL-1 sodium triflate and 10.0 mg mL-1 trans-2-[3-(4-tert-Butylphenyl)-2-

methyl-2-propenylidene]-malononitrile (DCTB) in THF were prepared and 20 µL of 

macromonomer solution, 10 µL of the sodium triflate solution and 1 µL of the DCTB 

solution were mixed. 1 µL of the mixture was placed on a “MTP 384 target plate ground 

steel TF” target plate from Bruker Daltronik GmbH (Billerica, USA). After the mixture 

dried on the target plate the measurement was performed using an “Ultraflex II 
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TOF/TOF” from Bruker Daltronik GmbH (Billerica, USA). PFGE10-b-PEG25, PFGE8-b-

PEG79 and PFGE18-b-PEG66 were measured in reflective mode and PFGE13-b-PEG111 

was measured in linear mode. For all samples the mass range was from 0 Da – 

20 000 Da and the laser intensity was 30 %. The analysis was performed with 

“flexAnalysis 3.3” from Bruker Daltronik GmbH (Billerica, USA). Attenuated total 

reflection infrared spectra (ATR-IR) were recorded on a FTIR “Equinox 55” from Bruker 

(Billerica, USA) using a DTGS detector. DSC measurements were performed on a 

“DSC 200 F3 Maia” from Netzsch Group (Selb, Germany). 15 mg of the sample were 

measured in an aluminum crucible between -150 °C and 150 °C with a heating/cooling 

ramp of 10 K min-1 under nitrogen atmosphere. The glass transition temperature (Tg) 

and the melting temperature (Tm) were determined from the second heating curve. 

TGA was measured under nitrogen flow on a “Jupiter STA 449 F3” from Netzsch Group 

(Selb, Germany) between 30 °C and 1 000 °C and a heating ramp of 10 K min-1. The 

decomposition temerature (Td) was determined by calculating the extrapolated onset 

temperature. Dynamic surface tensions of polymer solutions were determined using a 

bubble pressure tensiometer “BP50” from Kruess GmbH (Hamburg, Germany) in the 

range of 1 500 ms to 12 000 ms at room temperature. The tensiometer was callibrated 

to the surface tension of water (72.6 mN m-1) at room temperature (21 °C) before 

usage. Confocal Laser Scanning Microscopy (LSM) measurements were carried out 

using a Zeiss LSM 710 inverted confocal microscope from Carl Zeiss AG 

(Oberkochen, Germany). The hydrogels were placed in between two glass cover slips 

(thickness: 0.13 mm – 0.16 mm). Functionalized polyacrylamide (p(Aam)) hydrogels 

as well as the respective unfunctionalized control hydrogels were investigated using 

the objective EC Plan-Neofluar 10x/0.30 M27 from Carl Zeiss AG (Oberkochen, 

Germany). In order to provide comparability between the two hydrogel types, 

microscope settings were kept identical. To collect the ATTO 488 signal from the 

measured hydrogel height, z-stack images were generated using an Argon 488 nm 

laser for excitation. The acquired 3D data were then projected into a single 2D image 

(maximum intensity projection) along the z-axis by transfering the brightest pixel 

(voxel) in each layer into the final 2D image. Image processing was performed using 

the software ImageJ 1.46r. For the quantification of the fluorescence signal of the 

fluorescence labeled p(Aam) hydrogels, fluorescence images were first converted into 

8-bit grayscale images. The total relative fluorescence intensity I was determined from 
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the corresponding histograms by calculating an abundance-weighted average of the 

gray scale values g using their respective abundance cg according to equation (1). 

 
𝐼 =

∑ ൫𝑐௚ ∙ 𝑔൯ଶହହ
௚ୀ଴

∑ 𝑐௚
ଶହହ
௚ୀ଴

 
(1) 

Diphenylmethyl potassium synthesis. Based on the procedure described by Duran 

et al., diphenylmethyl potassium (DPMK) was synthesized in a vacuum dried schlenk 

flask by dissolving 4.1 g (104.6 mmol, 2.0 eq.) potassium in 75 mL freshly destilled, 

dry THF and adding a naphthalene solution, containing 6.6 g (51.7 mmol, 1.0 eq.) of 

sublimated naphthalene and 100 mL freshly distilled, dry THF (Francis et al. 2003). 

After the mixture turned dark green, 17.4 mL (104.5 mmol, 2.0 eq.) diphenylmethane 

was added. The dark red DPMK solution was stirred for 8 days at room temperature. 

The whole synthesis was performed under dry and inert conditions. The DPMK 

concentration was determined to be 0.8 mol L-1 ± 0.1 mol L-1 by water free titration. For 

this, three DPMK aliquots were titrated with dry 3-phenyl-1-propanol under argon until 

the dark red color of the DPMK solution turned into a slightly yellow solution. DPMK 

was stored at -20 °C under inert gas. 

Macromonomer synthesis. The synthesis of PFGE10-b-PEG25 is described 

exemplarily as the other macromonomers PFGE8-b-PEG79, PFGE18-b-PEG66 and 

PFGE13-b-PEG111 only differ in their block lenghts. Under dry and inert conditions 

2.1 mL DMPK solution (c = 0.8 mol L-1, 1.2 mmol DPMK, 1.0 eq.) were dissolved in 

12.0 mL freshly distilled, dry THF. 1.4 mL purified FGE (9.7 mmol, 8.0 eq.) were added 

quickly to the initator solution and stirred for 41 h at 45 °C. Then the living poly(furfuryl 

glycidyl ether) (PFGE)-block was cooled to -10 °C in an ice/acetone bath and 1.0 g 

ethylene oxide (23.6 mmol, 20.0 eq.) were condensed into the flask. The mixture was 

stirred at 40 °C for 24 h and terminated with 0.9 mL (6.0 mmol, 5.0 eq.) dry 

4-vinylbenzyl chloride. After 18 h of stiring at room temperature the solvent was 

evaporated. PFGE10-b-PEG25 was purified via column chromatography (silica gel, 

EtOAc (100%) → EtOAc : MeOH (85% : 15%)) and dried under vacuum, yielding in 

2.1 g amber-coloured viscous oil (yield: 72%). PFGE8-b-PEG79, PFGE18-b-PEG66 and 

PFGE13-b-PEG111 in contrast were redissolved in 10 mL THF and purified by seven 

precipitations in diethyl ether, which was cooled with ice. After the solvent was 

evaporated, the precipitate was dissolved in 2 mL CHCl3 and dialysed against water 

for 7 days, whereby the water (5 L) was changed twice a day. The moleucular cutoff of 
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the dialysis membrane “Spectra/Por biotech CE” from spectrum labs was 500 g mol-1. 

After dyalsis, the macromonomers were lyophylized and PFGE18-b-PEG66 was 

obtained as amber-coloured highly viscous material in 35% yield. PFGE8-b-PEG79 and 

PFGE13-b-PEG111 resulted in a white solid of 55% and 25% yield. 

1H NMR (500 MHz, CDCl3): δ [ppm] = 3.22 – 3.72 (m, 150, a, b, c, h, i), 4.13 (m, 1 H, 

o), 4.42 – 4.45 (m, 20, d), 4.55 (s, 2 H, j), 5. 22 – 5.24 (m, 1 H, n), 5.72 – 5.75 (m, 1 H, 

n), 6.26 – 6.30 (m, 20, e, f), 6.69 – 7.13 (m, 1 H, m), 7.12 -7.24 (m, 10 H, p), 7.29 -7.30 

(m, 4 H, k), 7.34 – 7.39 (m, 10 H, g). The alphabetical proton assignments refer to 

Figure 10 and Figure 14 - Figure 17. 

13C NMR (500 MHz, CDCl3): δ [ppm] = 152.05, 142.7, 138.03, 137.01, 136.64, 128.59, 

128.46, 128.30, 128.03, 127.83, 126.29, 126.12, 113.83, 110.31, 109.25, 78.80, 73.04, 

70.65, 70.03, 69.75, 69.49, 65.22, 61.75. 

ATR-IR: ṽ [cm-1] = 3118 (w, Ar-H), 2882 (s, C-H), 1465 (m, C-H), 1107 (s, C-O-C). 

Determination of the macromonomer yield. The synthesis yield (Ys) of the 

macromonomers was determined according to equation (2). 

 𝑌௦ =  
𝑚௘

𝑚௜௡௜ + 𝑚ிீா+ 𝑚ாை + 𝑚ସ௏஻஼
∙ 100% (2) 

Whereby me is the experimentally determined mass of the macromonomer, mini is the 

mass of the initiatior, mFGE is the mass of FGE, mEO ist the mass of EO and m4VBC is 

the mass of the 4 vinylbenzyl end group. 

Quantification of end group functionalization and block lengths. Quantification of 

the end group functionalization of the macromonomers was performed by 1H NMR 

spectroscopy as reported by Semple et al. (2016b). The end group functionalization 

degree (f) is given by the 1H NMR integral ratio between the initiator signals (Intini) 

caused by nini protons of the DPM-initiator and the end group signals (Intend) caused 

by nend protons belonging to the 4 vinylbenzyl end group (equation (3)). 

 
𝑓 =  

𝑛୧୬୧ ∙ 𝐼𝑛𝑡ୣ୬ୢ

𝑛ୣ୬ୢ ∙ 𝐼𝑛𝑡୧୬୧
∙ 100% =  

j + m + n

5o
∙ 100% 

(3) 

The letters in equation (3) refer to the proton assignments in Figure 10 and Figure 14 

- Figure 17. As the aromatic signals of the macromonomers in these NMR spectra were 

not properly baseline seperated, only the aliphatic signals were used for the end group 
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quantification. Block lengths of the macromonomers were also determined by 1H NMR 

spectroscopy. The number of FGE repeating units (p) in the PFGE-block was 

calculated according to equation (4) relative to Intini. 

 
𝑝 =  

𝑛୧୬୧ ∙ 𝐼𝑛𝑡୤୳୰ୟ୬

𝑛୤୳୰ୟ୬ ∙ 𝐼𝑛𝑡୧୬୧ 
=

d + e + f

4o
 

(4) 

Here, Intfuran is the combined integral of used furfuryl signals and nfuran is the number 

of contributing protons per FGE repeating unit. The side chain protons c between 

3.22 ppm and 3.72 ppm as well as proton g of the furan moiety at 7.39 ppm were not 

taken into account as they are not baseline separated from other signals. Similarly, the 

number of EO repeating units (q) in the PEG-block was determined according 

equation (5):  

 
𝑞 =  

𝑛୧୬୧(𝐼𝑛𝑡୆୆ − 5𝑝)

𝑛୉୓ ∙ 𝐼𝑛𝑡୧୬୧
=  

a + b + c + h + i − 5𝑝

4o
  

(5) 

In equation (5), IntBB is the signal caused by the macromonomer backbone between 

3.47 ppm and 3.74 ppm and nEO is the number of contributing protons per EO 

repeating unit.  

The block length ratio (B) is defined as the ratio of PEG repeating units q to FGE 

repeating units p: 

 𝐵 =   
𝑞

𝑝
  (6) 

Diels-Alder reaction in polymer solution. 21.3 mg (0.004 mmol, 1 eq.) PFGE8-b-

PEG79 were dissolved in 10 mL MilliQ water and 39.4 mg N-ethylmaleimide (NEM) 

(0.315 mmol, 79 eq.) were added. The furan to maleimide ratio was 1:10 as PFGE8-b-

PEG79 contains eight furan moeities in average. The mixture was stirred for 24 h at 

room temperature and the solvent was evaporated. The conversion of the Diels-Alder 

reaction (CDA) was determined from the raw product. Similar to Habibi et al. the CDA  

was quantified via 1H NMR spectroscopy according to equation (7) (Buono et al. 2017). 

 

𝐶஽஺ =

𝐼𝑛𝑡௣

𝑛௣

𝐼𝑛𝑡௘

𝑛௘
+

𝐼𝑛𝑡௣

𝑛௣

∙ 100% =

𝑔ᇱ + 𝑠ᇱ

3
𝑑
2

+
𝑔ᇱ + 𝑠ᇱ

3

∙ 100% 

(7) 

Here, Intp is the integral of the used Diels-Alder product signals at 5.24 ppm (g’) and 

1.01 ppm (s’) from Figure 25 and np is the number of protons of the used Diels-Alder 
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product signals. Respectively, Inte is the integral of the educt signal at 4.43 ppm (d) 

and ne is the number of protons of the educt signal. Only signals g’, s’ and d from Figure 

25 were used for the quantification because other signals were not clearly baseline 

separated. 

Hydrogel preparation. Functionalized polyacrylamide (p(Aam)) hydrogels were 

prepared by mixing 15 w% acrylamide, 2 w% N,N’-methylenebisacrylamide (MBA), 

1 w% α-glutaric acid, 1 w% of the respective macromonomer (PFGE8-b-PEG79 or 

PFGE18-b-PEG66 or PFGE13-b-PEG111) and 82 w% water. For unfunctionalized 

hydrogels extra water instead of macromonomer was added. 200 µL of the mixture 

was poured into a cylindrical aluminum mold with 150 mm diameter and 1 mm height. 

The hydrogel precursor solution was covered with a quartz glas pane, which was based 

on a spacer in order to leave a gap between the glass and the mixture. Then, the 

hydrogel was cured in a “hartmann.gs UH-H 255” UV chamber from Hartmann 

Feinwerkbau GmbH (Ober-Moerlen, Germany) for 15 min. The irradiation intensity was 

approx. 40 mW cm-². 

Equilibrium degree of swelling and gel yield. The equilibrium degree of swelling 

(EDS) of the functionalized and unfunctionalized hydrogels were determined 

gravimetrically. The EDS is defined as follows: 

 𝐸𝐷𝑆 =  
𝑚ୱ୵୭୪୪ୣ୬ − 𝑚ୢ୰୷

𝑚ୢ୰୷
∙ 100% (8) 

Here, mswollen is the mass of the swollen hydrogel after washing it for three days in 

water and mdry is the mass of the dried hydrogel after washing it for three days and 

drying it for 24 h at 50 °C and 30 mbar in a vacuum chamber. 

The gel yields (Yg) of the hydrogels were determined gravimetrically according to the 

following eqation: 

 𝑌௚ =  
𝑚ୢ୰୷

𝑚୮୭୪ ∙ 𝑓୫
∙ 100% (9) 

mpol is the the mass of the hydrogel directly after curing, mdry is the mass of the dried 

hydrogel after washing the hydrogels for 3 days and drying them in the vacuum 

chamber for 24 h at 50 °C and 30 mbar. The mass fraction (fm) is the sum of monomer, 

cross-linker and macromonomer fractions in the hydrogel (fm = 0.17 for hydrogels 

without and fm = 0.18 for hydrogels with macromonomer). 
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Fluorescence labeling of hydrogels. Polyacrylamide (p(Aam)) hydrogels from 

200 µL hydrogel precursor solution were prepared as described before and washed 

for three days in water, changing the water (20 mL) twice a day. Then one half of the 

hydrogel was put into 950 µL demineralized water and 50 µL of the fluorescence dye 

Atto 488 maleimide (1.39 mM in DMSO) were added to the hydrogel. All steps which 

involve the fluorescent dye were performed under light exclusion. The molecular 

structure of Atto 488 maleimide is shown in Figure 28. The mixtures were heated to 

65 °C for 2 h, before the gels were washed six times by changing the water every 

30 minutes in the dark. The fluorescence labeled hydrogels were immediately used for 

microscopic investigations using the LSM to avoid bleaching of the dye.  

Statistical evaluation. OriginPro 9.1 from OriginLab was used for statistical analysis 

by one-way analysis of variance (ANOVA). An effect was encountered as significant 

when the differences between individual mean values were significant with p < 0.05. 

The individual mean values were evaluated using the Holm-Bonferroni correction. 
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5.4 Results and discussion 

The fundamental concept for hydrogel functionalization with multiple furan anchor 

points reactive in Diels-Alder reactions is visualized in Scheme 13. The approach is 

based on the copolymerization of the monomers acrylamide and MBA with the 

macromonomer PFGEp-b-PEGq, which exhibits multiple furan side chains for post-

synthetic Diels-Alder click reactions.  

 

Scheme 13: Schematic representation of the fundamental concept for hydrogel functionalization with 
multiple clickable anchor points in this study. 

Macromonomer synthesis. The macromonomer α-diphenylmethyl-ω-4-vinylbenzyl-

poly(furfuryl glycidyl ether)-block-poly(ethylene glycol) (PFGEp-b-PEGq) is a promising 

multifunctional building block since it has a vinylbenzyl end group for radical 

polymerization and a hydrophilic PEG-block, which is often used in the literature to 

increase water solubility (Bolourchian et al. 2013, Sill et al. 2017). It is important that 

the macromonomers are water-soluble, so that they can be used directly in hydrogel 

formulations. Moreover, the poly(furfuryl glycidyl ether) (PFGE) block exhibits multiple 

furan side chains for post-synthetic Diels-Alder click reactions with maleimides, which 

are frequently applied in bioconjugation reactions (Steven et al. 2008, Tasdelen 2011). 

Additionally, Diels-Alder reactions are orthogonal to radical polymerization reactions 

(Barthel et al. 2012, Laita et al. 1997, Pramanik et al. 2017).  

Based on the pioneering work of the Schubert group on FGE polymerization (Barthel 

et al. 2012), we developed a synthesis strategy for end group functionalized PFGEp-b-

PEGq macromonomers. Our approach aimed towards the introduction of a 

polymerizable end group on the hydrophilic PEG-block, which can not be accieved with 

the synthesis strategy of Barthel et al. (2012). As shown in Scheme 14, we started the 
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macromonomer synthesis with AROP of FGE and subsequently added EO to it. In the 

final step the living chain ends were terminated with 4VBC. 

 

Scheme 14: Synthesis of functional α-diphenylmethyl-ω-4-vinylbenzyl-poly(furfuryl glycidyl ether)-block-
poly(ethylene glycol) macromonomers (PFGE10-b-PEG25, PFGE8-b-PEG79, PFGE18-b-PEG66 and 
PFGE13-b-PEG111) using sequential living anionic ring opening polymerization. 

During optimization of the macromonomer synthesis, first the polymerization of the 

PFGE-block was investigated similar to Barthel et al (2012). In our experiments, PFGE 

homopolymers with molar masses Mn,SEC between 1 022 g mol-1 and 3 699 g mol-1 and 

low molar mass dispersities ĐSEC (1.10 ≤ Đ ≤ 1.16) were obtained, which are 

comparable to Barthel et al. (2012). In these cases, the resulting molar masses could 

be adjusted by the MIR ratio. Upon increasing the MIR, higher number average molar 

masses Mn,SEC up to 14 000 g mol-1 could be acchieved, however, with relatively large 

Đ values around 1.92, probably due to chain transfer reactions (Gatzke 1969). Similar 

results were found using potassium naphthanelide as an initiator. Interestingly, in 

contrast to Barthel et al. (2012), no conversion was observed with potassium tert-

butoxide as an initiator. Due to the better storage stability of DPMK solutions compared 

to potassium naphthanelide solutions, the macromonomer sytheses were carried out 

using DPMK. Also, targeted molar masses of the PFGE blocks were not higher than 

3 000 g mol-1 in order to ensure that the majority of the PFGE-chain ends were “alive” 

when EO was added to the reaction mixture.  
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Due to the absence of side reactions during AROP of EO in THF (Nagasaki et al. 1995), 

no specific optimization was necessary for the synthesis of the hydrophilic block. 

Termination of the reaction was carried out either with acryloyl chloride or 4VBC. 

However, termination with acryloyl chloride resulted in insoluble products, possibly due 

to a Diels-Alder reaction between the acryloyl group and the furan moieties or auto 

polymerization (Hiyoshizo et al. 1984). On the other hand, termination with 4VBC 

resulted in products with good solubility in organic solvents like MeOH, THF and CHCl3. 

In contrast to PFGE10-b-PEG25, the three macromonomers PFGE8-b-PEG79, PFGE18-

b-PEG66 and PFGE13-b-PEG111 were soluble in water, which makes them appealing 

for the usage in hydrogel systems. In summary this approach enabled us to synthesize 

PFGEp-b-PEGq macromonomers with 25 to 111 EO repeating units and 8 to 18 FGE 

repeating units, whereby each FGE repeating unit contributes one furfuryl anchor point. 

Characterization of macromonomer composition. 1H NMR and 13C NMR spectra in 

Figure 10 and Figure 14 - Figure 21 indicated a successful synthesis of PFGEp-b-PEGq 

macromonomers. The 1H NMR signals of the furfuryl glycidyl ether at 4.41 ppm and 

6.26 ppm as well as the EO repeating units from 3.22 ppm to 3.72 ppm were in 

accordance with the literature (Barthel et al. 2012, Truong et al. 2017). Also FT-IR 

spectroscopy in Figure 27 showed the presence of the furan moieties at 3117 cm-1 

(Barthel et al. 2012, Truong et al. 2017). Furthermore, the 1H NMR spectra in Figure 

10 and Figure 14 - Figure 17 proved the absence of remaining monomer because no 

epoxide signals were detected (Karateev et al. 2008). Also signals belonging to the 

initiator DPMK at 4.13 ppm (o) and 7.12 ppm – 7.24 ppm (p) and to the vinylbenzyl end 

group at 4.55 ppm (j), 5.22 ppm – 5.24 ppm (n), 5.72 ppm – 5.75 ppm (n) and 

6.69 ppm – 7.13 ppm (m) were found.  

PEG- and PFGE-block lengths were calculated according to equations (4) and (5) and 

the following average compositions were obtained: PFGE10-b-PEG25, PFGE8-b-PEG79, 

PFGE18-b-PEG66 and PFGE13-b-PEG111. These block lengths were quite close to the 

targeted values (Table 4), showing the good control over molar masses and block 

length ratios by tuning the MIR. Reasons for divergence between the targeted and 

synthesized macromonomers might be found in uncertainties during the titration of the 

initiator concentration or the handling of small monomer amounts (especially EO) 

under dry conditions.  
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To be able to use the macromonomers as multifunctional building block for hydrogel 

functionalization, a high end group functionalization is of crucial importance. The end 

group functionalization degree f was calculated according to equation (3) from the 

1H NMR spectra in Figure 10 and Figure 14 - Figure 17. Resulting f values were rather 

high with 98 % for PFGE18-b-PEG66, 92 % for both PFGE10-b-PEG25 and PFGE13-b-

PEG111, and 72 % for PFGE8-b-PEG79 (Table 2). Schlaad et al. determined end group 

functionalizations of their α,ω-bifunctional PEGs between 80% - 100%, which is in the 

range of our results (Schlaad et al. 2001). This indicates that the macromonomer 

synthesis generally proceeded in a controlled, living way with an efficient termination 

reaction using 4VBC. 

 

Figure 10: 1H NMR spectrum of macromonomer PFGE18-b-PEG66. 

In order to further shed light into the outcome of the macromonomer synthesis, the 

molar mass distributions (MMD) were analyzed by SEC and MALDI TOF MS (Figure 

11and Figure 22). The SEC measurements showed that all four macromonomers had 

a monomodal and narrowly distributed MMD with a ĐSEC of 1.05 – 1.09 (Figure 11), 

similar as reported before FGE-based block copolymers (Barthel et al. 2012). The 

number average molar masses Mn,SEC were in the same range of the number average 
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molar masses Mn,NMR determined by 1H NMR spectroscopy (Table 2). Similar results 

were obtained by MALDI TOF MS (Figure 11b, Figure 22 and Table 2), with lower 

masses compared to SEC probably caused by mass discrimination during the MALDI 

TOF MS measurements or due to the relative molar masses obtained by SEC (Mori et 

al. 2013, Nielen 1999, Wu et al. 1998). MALDI TOF MS furthermore confirmed the 

absence of lower molar mass homopolymers which would show a distinct spacing 

between individual signals corresponding to the mass of the repeating units (154.06 

Da for FGE and 44.03 Da for EO) (Barthel et al. 2012). In summary, the NMR, SEC 

and MALDI TOF MS data confirm the successful synthesis of well-defined vinylbenzyl 

terminated poly(furfuryl glycidyl ether)-block-poly(ethylene glycol) macromonomers in 

different block lengths, making them suitable multifunctional building blocks for 

hydrogel functionalization. 

 

Figure 11: a) SEC traces of the studied macromonomers from Table 2 and b) MALDI TOF MS spectrum 
of PFGE18-b-PEG66. The MALDI TOF MS spectra from PFGE10-b-PEG25, PFGE8-b-PEG79 and PFGE13-
b-PEG111 are given in Figure 22. 

To deepen the knowledge of the structure-property relations of the synthesized 

macromonomers, the thermal properties were investigated. For this, the thermal 

properties of the macromonomers were characterized by DSC and TGA as shown in 

Figure 24 and are summarized in Table 3. Glass transition temperatures Tg were 

determined to be between -43 °C and -32 °C and melting temperatures between 32 °C 

and 45 °C.  

Only one distinct Tg was observed for all macromonomers which can be attributed to 

the PFGE-segments. The Tg of PFGE homopolymers was previously reported to be 

at -40 °C (Barthel et al. 2013b, Roos et al. 2016). In this study, no second Tg at -79 °C 
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was observed in contrast to a report on PFGE-b-PEG (PFGE10-b-PEG330 and PFGE20-

b-PEG330) block copolymers (Barthel et al. 2013b). The presence of two separated Tg 

values was interpreted as a hint for phase separation (Barthel et al. 2013b). The 

present macromonomers therefore might not show similar phase separation due to 

lower molar masses (2 927 g mol-1 – 7 177 g mol-1) than the reported ones 

(16 000 g mol-1 – 17 600 g mol-1) (Barthel et al. 2013b). However, then one would 

expect a shift of Tg to lower temperatures with higher PEG content as described for 

example for statistic poly(furfuryl glycidyl ether)-co-poly(propylene oxide) copolymers 

(Roos et al. 2016). Therefore, we rather tend to the conclusion that the Tg signal during 

DSC analysis is too shallow to be analyzed as is often observed for PEG (Faucher et 

al. 1966). This reasoning is further supported by the pronounced melting peaks in the 

DSC at a melting temperature Tm around 40 °C which were attributed to the PEG 

segments, as PEG (molar mass ~ 4,000 g mol-1) has a Tm of 56 °C and the 

homopolymer PFGE55 does not exhibit a melting temperature between -100 °C and 

125 °C (Barthel et al. 2013b, Lloyd et al. 1997). The melting enthalpy (ΔHm) increased 

from 0.16 g J-1 for PFGE10-b-PEG25 to 75.04 g J-1 to PFGE13-b-PEG111 with growing 

PEG-block length (Table 3).This is in line with reports from the Zhou group, who also 

measured higher ΔHm values for their poly(ethylene 2,5-furandicarboxylate)-block-

poly(ethylene glycol) block copolymers with increasing PEG content (Wang et al. 

2017). 

Table 2: Number average molar masses (Mn) and mass average molar masses (Mw), molar mass 
dispersity (Đ) and end group functionalization degree (f) of the PFGEp-b-PEGq macromonomers in this 
study. The indices refer to the determination method: NMR = nuclear magnetic resonance spectroscopy, 
SEC = size exclusion chromatography and MS = MALDI TOF mass spectrometry. 

sample Mn,NMR  

[g mol-1] 

Mn,SEC 

[g mol-1] 

Mw,SEC 

[g mol-1] 

ĐSEC
 Mn,MS 

[g mol-1] 

Mw,MS 

[g mol-1] 

ĐMS f  

[%] 

PFGE10-b-PEG25 2 930 2 320 2 550 1.09 1 950 2 150 1.10 92 

PFGE8-b-PEG79 5 000 5 140 5 450 1.06 3 760 4 260 1.13 72 

PFGE18-b-PEG66 5 970 5 110 5 430 1.06 3 960 4 520 1.14 98 

PFGE13-b-PEG111 7 180 6 660 7 300 1.09 5 590 6 480 1.16 92 

 

Thermal properties of macromonomers. Additionally, the macromonomer 

decomposition temperatures Td were determined by TGA (Figure 23b). The 

macromonomers showed Td values between 369 °C and 381 °C and a thermal stability 

of approximately 330 °C under nitrogen. This fits very well to the reported thermal 
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stability of 335 °C for PFGE-b-PEG block copolymers (Barthel et al. 2013b), revealing 

that the end group functionalization has a minor effect on the thermal properties. Our 

macromonomers exhibit excellent thermal stability under nitrogen atmosphere with 

decomposition temperatures at 5% mass loss (Td,5) over 355 °C compared to other 

very stable PEG based block copolymers with Td,5 of 300 °C (Table 3) (Wang et al. 

2017). 

Surface activity of macromonomers. Due to their amphiphilic structure with on the 

one hand a hydrophilic PEG-block end functionalized with a hydrophobic vinylbenzyl 

group and on the other hand a hydrophobic PFGE block, the surface activity of the 

macromonomers was analyzed by tensiometry. One key value for surface active 

substances is their cmc, which defines the surfactant concentration above which the 

surface is saturated with surfactant molecules and micelles are formed. Similar to 

Schramm and Green (1992), the surface tension of aqueous macromonomer solutions 

was measured at different concentrations between 0.08 mg mL-1 and 5.00 mg mL-1. As 

demonstrated in Figure 12 the surface tension decreased with increasing 

macromonomer concentration until a plateau was reached at approximately 

52 mN m-1. The cmc values were obtained at the intersection between the extrapolated 

line of the concentration dependent region and the line passing through the plateau 

(Patist et al. 2000). Cmc values were determined to be 0.25 mg mL-1 (0.04 mM) for 

PFGE18-b-PEG66, 0.32 mg mL-1 (0.06 mM) for PFGE8-b-PEG79 and 0.33 mg mL-1 

(0.05 mM) for PFGE13-b-PEG111 (Table 3).  

For PFGE10-b-PEG25 a cmc could not be measured due to lacking solubility in water 

caused by the relatively short PEG-block. The cmc values of the other three water 

soluble macromonomers fit into the cmc range of non-ionic PEG-based block 

copolymers like Pluronic P85 (PEO26-PPO40-PEO26, molar mass = 4 600 g mol-1) with 

a cmc of 0.06 mM (Kabanov et al. 2002). 

Owen et al. (2012) explained that for block copolymers an increase of the hydrophobic 

chain length correlates with an increased micelle stability and therefore reduces the 

cmc values. As the macromonomers did not have a constant hydrophilic block length, 

the cmc dependency was evaluated regarding the hydrophilic to hydrophobic block 

length ratio B (equation(6)). 
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Figure 12: Surface tension (σ) of aqueous macromonomer solutions at different concentrations (c). The 
critical micelle concentration (cmc) of macromonomers a) PFGE8-b-PEG79, b) PFGE18-b-PEG66 and 
c) PFGE13-b-PEG111 was determined at the intersection between the extrapolated line of the 
concentration dependent region and the line passing through the concentration plateau. The cmc is 
marked with an arrow. 

For B (PFGE18-b-PEG66) = 3.5 the cmc was 0.04 mM, for B (PFGE13-b-PEG111) = 8.1 

the cmc was 0.05 mM and for B (PFGE8-b-PEG79) = 8.6 the cmc was 0.06 mM, which 
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means that with increasing B the cmc increases. Therefore, our observations fit to the 

conclusions of Owen et al. (2012). Similar observations were reported by Adams and 

Kwon et al. (2002, 2003a) for poly(ethylene oxide)-block-poly(N-hexyl-L-aspartamide)-

acyl copolymers and by Gaucher et al. (2005) for polyvinylpyrrolidone-block-poly(D,L-

lactide)-block-polyvinylpyrrolidon.  

Table 3: Glass transition temperature (Tg), melting temperature (Tm), melting enthalpy (ΔHm), 
decomposition temperature (Td), decomposition temperature at 5 % mass loss (Td,5) and critical micelle 
concentration (cmc) of the studied PFGEp-b-PEGq macromonomers. Tg, Tm and ΔHm were determined 
by differential scanning calorimetry. Td and Td,5 were measured by thermogravimetric analysis and the 
cmc was obtained using bubble pressure tensiometry. 

sample Tg [°C] Tm [°C] ΔHm [J g-1] Td [°C] Td,5 [°C] cmc [mg mL-1] cmc  

[mM] 

PFGE10-b-PEG25 -43 44 0.16 369 355 / / 

PFGE8-b-PEG79 -33 43 74.06 381 365 0.32 0.06 

PFGE18-b-PEG66 -32 32 47.25 377 380 0.25 0.04 

PFGE13-b-PEG111 -33 45 75.04 377 372 0.33 0.05 

 

Hydrogel functionalization. In order to create functional hydrogels with multiple furan 

anchor points, we need to ensure that all functionalities of our multifunctional PFGEp-

b-PEGq building blocks are reactive and accessible. In particular, the furan groups of 

our macromonomer need to be able to undergo Diels-Alder click reactions and the 4-

vinylbenzyl end group has to covalently bind to hydrogels. 

To investigate the first, we observed the Diels-Alder reaction of the block copolymer 

PFGE8-b-PEG79 with the model substrate N-ethylmaleimide (NEM) via 1H NMR 

spectroscopy. After 24 h at room temperature we obtained a conversion of the Diels-

Alder reaction CDA of 75 %, whereby the newly emerged Diels-Alder product signals at 

2.83 ppm, 2.91 ppm and 5.24 ppm in Figure 25 are in accordance with the literature 

(Elter et al. 2018). The conversion CDA is similar to Habibi et al. who published a CDA 

of 71 % for their furan-maleimide based Diels-Alder reaction (Buono et al. 2017). We 

could increase CDA from 31 % to 75 % by using water instead of THF as solvent. The 

supporting effect of water during Diels-Alder reactions due to hydrogen bond 

interactions and solvatophobic effects is intensively discussed in the literature 

(Chiappe et al. 2010, Rideout et al. 1980). This makes it especially interesting to use 

the Diels-Alder reaction for post-synthetic modification reactions in hydrogels. In 
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conclusion we could proof that the furan side chains of our macromonomers provide 

the desired reactivity and accessibility for Diels-Alder reactions. 

In the next step we examined the reactivity of the 4-vinylbenzyl group by polymerizing 

the macromonomers into radically cross-linked p(Aam) hydrogels with MBA as cross-

linker. The functionalized p(Aam) hydrogels contained 1 w % macromonomer in 

contrast to unfunctionalized hydrogels, where the macromonomer was substituted by 

water. ATR-IR measurements in Figure 27 of the functionalized and unfunctionalized 

p(Aam) hydrogels revealed that the functionalized hydrogels showed two new 

vibrational bands at 2 870 cm-1 and 1 110 cm-1 compared to the unfunctionalized 

p(Aam) hydrogels. The vibrational band at 2 870 cm-1 can be assigned to the CH 

stretching mode of the PEG backbone (Shinzawa et al. 2017) and the signal increase 

at 1 110 cm-1 is attributed to asymmetric ether stretching vibration of PEG backbone 

of the macromonomers (McCullough et al. 2013). The furan signal of the 

macromonomer at 3 120 cm-1 from Figure 23 could not be detected because of the 

strong overlapping CH and NH vibration bands between 2 980 cm-1 and 3 660 cm-1 of 

the p(Aam) hydrogel (Murugan et al. 1998). Furthermore, there is an optical difference 

after drying between the yellowish functionalized and colorless unfunctionalized 

hydrogels as shown in Figure 26. The yellow color is most probably based on aging 

processes of the furans, which were studied intensively by Taher and Cates (Taher et 

al. 1974). In conclusion, the appearance of two new IR bands and the color difference 

of the functionalized hydrogels compared to the unfunctionalized hydrogel indicate that 

the macromonomers were covalently incorporated into the p(Aam) hydrogels, which 

confirms that the 4-vinylbenzyl end group can be used as polymerizable unit of the 

macromonomers.  

The functionalized and unfunctionalized p(Aam) hydrogels were furthermore 

characterized regarding their gel yield (Yg) and their equilibrium swelling degree (EDS). 

As shown in Figure 30, Yg of all hydrogels are roughly in the same region between 

111 % ± 2 % and 121 % ± 5 %. The Yg of the unfunctionalized p(Aam) hydrogel is 

significantly higher (Yg = 121 % ± 5 %) compared to the functionalized hydrogels (Yg = 

111 % ± 2 % -113 % ± 0 %) but still in the same range. This means that the photo 

polymerizations of the p(Aam) hydrogels were successful and the hydrogels are 

comparable among each other. The range of the Yg is in accordance with the literature, 

where gel yields between 105 % - 125 % are reported for p(Aam) hydrogels with 0.2 % 
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to 1.0 % MBA (Götz et al. 2018). As explained in the literature gravimetrically 

determined gel yields above 100 % are a result of remaining water in the hydrogels 

after drying because of the strong hydrogen bonds with the amide groups in the 

polymer network (Götz et al. 2018, Zhang et al. 2015). Moreover, the EDS of the 

unfunctionalized p(Aam) hydrogels with 432 % ± 7 % is significantly higher than the 

EDS of functionalized hydrogels with EDS values between 393 % ± 1 % and 402 % ± 

7 %. The literature shows the higher the MBA content, the higher the cross-linking rate 

and therefore the lower the EDS of the respective p(Aam) hydrogel (Götz et al. 2018) 

For example for p(Aam) hydrogels with 1 % MBA the EDS is around 1 100 % and for 

0.2 % MBA the EDS increases to roughly 1 700 %.(Götz et al. 2018) Hence, our EDS 

values around 400 % seem reasonable for p(Aam) hydrogels with 2 % MBA. All Yg and 

EDS are summarized in Table 5. 

After confirming the reactivity of our multifunctional PFGEp-b-PEGq building blocks, we 

investigated whether the furan groups are still intact and accessible within the 

hydrogels. Therefore we incubated the functionalized and unfunctionalized hydrogels 

with the fluorescence dye Atto 488 maleimide, so that the maleimides of the dye could 

react in a Diels-Alder reaction with the furan groups of the hydrogel bound 

macromonomers (Diels et al. 1926). The molecular structure of Atto 488 maleimide 

and the reaction of the fluorescent dye with our macromonomers are shown in Figure 

28 - Figure 29. The labeled gels were washed five times to minimize unspecific binding 

and subsequently analyzed with confocal LSM. In Figure 13a – Figure 13d the 

maximum intensity projections of the functionalized and unfunctionalized p(Aam) 

hydrogels are shown.  

The functionalized hydrogels in Figure 13a – Figure 13c exhibit much stronger green 

fluorescence signals than their unfunctionalized counterpart in Figure 13d. To quantify 

the fluorescence signal of the fluorescence labeled hydrogels the histograms of the 

maximum intensity projection from Figure 32 were converted according equation (1). 

The results of the fluorescence quantification are summarized in Figure 13e, which 

demonstrates fluorescence intensities I between 71 ± 1 and 79 ± 5 for hydrogels with 

macromonomer and a significantly lower I of 6 ± 1 for the unfunctionalized hydrogels. 

The remaining fluorescence signal of the negative control is most probably due to 

unspecific interactions of the fluorescence marker and the hydrogel network. The 

significantly higher I of the functionalized hydrogels proof that the fluorescent dye binds 
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specifically to the furan side chains of the macromonomer and therefore leaves the 

hydrogel containing no macromonomer almost unlabeled. The experiments also 

confirm that the macromonomers can covalently bind to the hydrogels as the gels were 

washed for three days, changing the water twice a day, to remove unpolymerized 

material. Hynd et al. (2007) also used fluorescence labeling to verify the covalent 

incorporation of streptavidin-acrylamide into p(Aam) hydrogels and concluded ligand 

specific binding between their streptavidin-functionalized hydrogel and their biotin-

linked fluorescent marker as their functionalized hydrogel showed a significant higher 

fluorescence signal compared to the unfunctionalized hydrogel.  

 

Figure 13: Maximum intensity projection (MIP) of light scanning microscopy (LSM) measurements from 
fluorescence labeled polyacrylamide (p(Aam)) hydrogels with macromonomers a ) PFGE8-b-PEG79,  
b ) PFGE18-b-PEG66, c) PFGE13-b-PEG111 compared to fluorescence labeled p(Aam) without 
macromonomer. E) Fluorescence intensity (I) of fluorescence labeled p(Aam) with and without 
macromonomers. 

In summary, the fluorescence experiments showed that the macromonomers are able 

to bind covalently into p(Aam) hydrogels and that the water-soluble macromonomers 

are attractive multifunctional building blocks for the development of functional 

hydrogels with multiple clickable anchor points. Based on the fluorescence labeling 

experiments with the maleimide-functionalized dye, these multifunctional PFGEp-b-

PEGq building blocks open up the way to conjugate any molecule possessing 

maleimide groups onto the functional hydrogel using Diels-Alder reactions. 

5.5 Conclusions 

We developed functional hydrogels with multiple clickable anchor points for post-

synthetic Diels-Alder reactions by using multifunctional PFGEp-b-PEGq building blocks. 

For this, PFGEp-b-PEGq macromonomers were synthesized via anionic ring opening 
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polymerization with in average 8 to 18 anchor points per building block. 1H NMR 

analysis showed that the block lengths of our macromonomers are well adjustable and 

that a high end group functionalization degree f with 4-vinylbenzyl end groups between 

72 % and 98 % could be achieved. This is important for the covalent incorporation of 

the macromonomers into the hydrogel. Furthermore, the macromonomer properties 

were measured by SEC, MALDI TOF MS, DSC, TGA and bubble pressure tensiometry 

to deepen the knowledge of the molecular structure and to understand the structure-

property relations of the macromonomers. Beyond the polymer characterization, we 

demonstrated the intact reactivity and accessibility of the functional groups of the 

macromonomers in solution, as well as in hydrogel bound macromonomers. 

Fluorescence labeling experiments with a maleimide-functionalized dye proved that it 

was not only possible to functionalize polyacrylamide hydrogels with the PFGEp-b-

PEGq macromonomers, but that the furan groups also participate in post-synthetic 

Diels-Alder reactions. Hence, this elegant hydrogel functionalization strategy based on 

multifunctional furan building blocks might open up the way to conjugate any molecule 

possessing maleimide groups to the hydrogel using Diels-Alder click reactions. 
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5.7 Supporting information 

 

Figure 14: 1H NMR spectrum of macromonomer PFGE10-b-PEG25. 

 

Figure 15: 1H NMR spectrum of macromonomer PFGE8-b-PEG79. 
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Figure 16: 1H NMR spectrum of macromonomer PFGE18-b-PEG66. 

 

Figure 17: 1H NMR spectrum of macromonomer PFGE13-b-PEG111. 
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Figure 18: 13C NMR spectrum of macromonomer PFGE10-b-PEG25.  

 

Figure 19: 13C NMR spectrum of macromonomer PFGE8-b-PEG79.  
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Figure 20: 13C NMR spectrum of macromonomer PFGE18-b-PEG66.  

 

Figure 21: 13C NMR spectrum of macromonomer PFGE13-b-PEG111. 
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Table 4: Number of poly(furfuryl glycidyl ether) repeating units (p), poly(ethylene oxide) repeating units 
(q) and block length ratio (B) determined by 1H NMR. Targeted parameters are marked with the subscript 
“t” and experimentally obtained parameters are labeled with a subscripted “e”. “Δ” indicates the 
difference between the targeted and the experimentally obtained parameters. 

sample pt pe Δp [%] qt qe Δq [%] Bt Be ΔB [%] 

PFGE10-b-PEG25 8 10 25 20 25 25 2.5 2.5 0 

PFGE8-b-PEG79 8 8 0 69 79 15 9.9 8.6 13 

PFGE18-b-PEG66 15 18 20 52 66 27 3.7 3.5 5 

PFGE13-b-PEG111 15 13 13 121 111 8 8.5 8.1 5 

 

 

Figure 22: MALDI TOF MS spectra of macromonomers a) PFGE10-b-PEG25, b) PFGE8-b-PEG79 and c) 
PFGE13-b-PEG111. 
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Figure 23: ATR-IR spectra of macromonomers PFGE10-b-PEG25, PFGE8-b-PEG79, PFGE18-b-PEG66 
and PFGE13-b-PEG111. 

 

Figure 24: a) DSC thermograms and b) TGA measurements under nitrogen of macromonomers PFGE10-
b-PEG25, PFGE8-b-PEG79, PFGE18-b-PEG66 and PFGE13-b-PEG111. 
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Figure 25: 1H NMR spectrum of the Diels-Alder reaction between macromonomer PFGE8-b-PEG79 and 
N-ethylmaleimide (NEM). 

 

 

Figure 26: Photograph of dried a) unfunctionalized and functionalized polyacrylamide (p(Aam)) 
hydrogels with macromonomers b) PFGE8-b-PEG79 c) PFGE18-b-PEG66 and d) PFGE13-b-PEG111.  
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Figure 27: ATR-IR spectra of functionalized polyacrylamide (p(Aam)) hydrogels with macromonomers 
a) PFGE8-b-PEG79 b) PFGE18-b-PEG66 and c) PFGE13-b-PEG111. in comparison to d) unfunctionalized 
p(Aam). The ether stretching vibration at 1 100 cm-1 and the CH stretching vibration at 2 870 cm-1 of the 
macromonomer back bone are highlighted in gray. 

 

 

Figure 28: Molecular structure of the fluorescent dye Atto 488 maleimide. 
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Figure 29: Diels-Alder reaction of the fluorescent dye Atto 488 maleimide and the macromonomers 
PFGE8-b-PEG79, PFGE18-b-PEG66 and PFGE13-b-PEG111.  

 

Figure 30: Gel yield (Yg) and equilibrium degree of swelling (EDS) of functionalized polyacrylamide 
(p(Aam)) hydrogels with macromonomers PFGE8-b-PEG79, PFGE18-b-PEG66 and PFGE13-b-PEG111 in 
comparison to unfunctionalized p(Aam) hydrogels without macromonomer. * = p < 0.05. 
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Table 5: Gel yield (Yg) and equilibrium degree of swelling (EDS) of functionalized polyacrylamide 
(p(Aam)) hydrogels with macromonomers PFGE8-b-PEG79, PFGE18-b-PEG66 and PFGE13-b-PEG111 in 
comparison to unfunctionalized p(Aam) hydrogels without macromonomer. All experiments were 
repeated three times (n = 3). The figures are given as mean values ± standard deviation. 

sample Yg [%] EDS [%] 

+ PFGE8-b-PEG79 111 ± 2 402 ± 1 

+ PFGE18-b-PEG66 112 ± 2 394 ± 7 

+ PFGE13-b-PEG111 113 ± 0 393 ± 1 

without macromonomer 121 ± 5 432 ± 7 

 

 

Figure 31: Maximum intensity projection (MIP) of fluorescence labeled polyacrylamide ((p(Aam)) 
hydrogels with macromonomers a – c) PFGE18-b-PEG66, d – f) PFGE8-b-PEG79, g – i) PFGE13-b-PEG111 
and j – l) p(Aam) hydrogels without macromonomer in comparison to m) the background signal. 
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Figure 32: Histogram of fluorescence labeled polyacrylamide (p(Aam)) hydrogels with macromonomers 
PFGE8-b-PEG79, PFGE18-b-PEG66 and PFGE13-b-PEG111 compared to fluorescence labeled p(Aam) 
hydrogels without macromonomer. 
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6.1 Abstract 

To deepen our knowledge of the film formation and the structure-property relations of 

poly(furfuryl glycidyl ether)-block-poly(ethylene glycol) (PFGEp-b-PEGq) 

macromonomers at the air-water interface, we synthesized PFGEp-b-PEGq in six 

different block lengths. The molar mass of the PFGEp-b-PEGq macromonomers varied 

from ~2 000 g mol-1 to ~7 000 g mol-1 and included a wide range of HLB values 

between 3.6 and 13.9. The π-A isotherms of these amphiphilic macromonomers 

revealed that the block lengths and the molar mass influence the isotherm shape and 
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onset. Smaller, more hydrophobic macromonomers (HLB < 8) showed a steeper 

surface pressure increase in the liquid condensed phase compared to larger, more 

hydrophilic macromonomers with HLB > 8. The molecular area for isotherm onsets 

increased almost linearly with growing molar mass of the macromonomers. Static and 

dynamic film stability measurements demonstrated limited stability of all 

macromonomer monolayers at the air-water interface. The more hydrophilic 

macromonomers PFGE8-b-PEG79, PFGE18-b-PEG66 and PFGE13-b-PEG111 (HLB > 8) 

showed higher film stability compared to the more hydrophobic macromonomers 

(HLB < 8). Hysteresis experiments displayed an almost linear increase of the film 

degradation with rising HLB values of the macromonomers. Due to partial film recovery 

of our macromonomers, we propose an interplay between a reversible folding and an 

irreversible submersion mechanism for the macromonomer monolayers at the air-

water interface. The molecular structure and the film forming ability of the 

macromonomers at the air-water interface indicate that they are promising surface 

functionalization reagents for materials formed from aqueous solutions, such as 

hydrogels. In this regard, PFGE10-b-PEG9 is the most promising hydrogel surface 

functionalization reagent, because it can introduce the highest number of functional 

groups per surface area. 

6.2 Introduction 

The Langmuir film balance technique is a highly valuable method for the preparation 

and characterization of monolayers formed by amphiphilic molecules at the air-water 

interface (Brugger et al. 2010, Dynarowicz-Łątka et al. 2001, Langmuir 1917, Nutting 

et al. 1939, Shimizu et al. 2015).  

In the last 100 years it has been applied to a broad range of substances such as small 

molecules (Fazio et al. 1998, Komitov et al. 1994, Modlińska et al. 2011), polymers 

(Faure et al. 1998, Miñones et al. 2009), particles (Holm et al. 2019), metal complexes 

(Liu et al. 1997, Yoo et al. 1999) and supra-molecular assemblies (Culp et al. 2002, Ni 

et al. 2004) to explore monolayer formation, molecular area per amphiphile, interfacial 

organization and  film stability (Dynarowicz-Łątka et al. 2001). 

In particular, amphiphilic macromolecules based on PEG, such as PEG-based 

poly(benzyl ether) monodendrons (Kampf et al. 1999), poly(ethylene glycol)-block-

polystyrene (PEG-b-PS) (Da Silva et al. 1996, Faure et al. 1998, Fauré et al. 1999) 
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and PEGylated-lipomers (Baekmark et al. 1995) have been intensively investigated to 

broaden the knowledge of their molecular features at the air-water interface 

(Bijsterbosch et al. 1995, Cardenas-Valera et al. 1993, Joncheray et al. 2006, Malzert 

et al. 2001, Napoli et al. 2002). Kampf et al. (1999) for example demonstrated that the 

molecular area of PEG-based poly(benzyl ether) monodendrons grew linearly with the 

molar mass and that a longer hydrophilic tail improved the film stability. Furthermore, 

PEG-containing macromolecules often display conformational changes from pancake-

like to mushroom-like to brush-like structures during monolayer compression 

(Baekmark et al. 1995). However, this model is not applicable to all PEG-containing 

polymers, as shown by Faure et al. for PEG-b-PS block copolymers (Faure et al. 1998). 

This indicates that the surface characteristics of PEG-based macromolecules are 

diverse, and each molecular composition may need individual exploration. 

In the case of PFGEp-b-PEGq macromonomers, there is almost no knowledge 

available regarding their behavior at the air-water interface. In fact, only the micelle 

formation in water of poly(furfuryl glycidyl ether)-block-poly(ethylene glycol) block 

copolymers and the critical micelle concentration of PFGEp-b-PEGq macromonomers 

has been reported (Adatia et al. 2019, Barthel et al. 2012). In previous work, we used 

PFGEp-b-PEGq macromonomers for hydrogel functionalization with multiple, clickable 

anchor points. The terminal 4-vinylbenzyl moiety of the macromonomer was utilized as 

a polymerizable unit for the covalent immobilization of the macromonomer in the 

hydrogel bulk and the furan side chains served as molecular anchor points for post-

synthetic Diels-Alder reactions (Adatia et al. 2019). To explore whether PFGEp-b-PEGq 

macromonomers are not only able to functionalize the hydrogel bulk, but also could 

self-assemble to form monolayers at the surface of aqueous solutions and thus result 

in hydrogel surface functionalization after curing, further knowledge about the film 

forming properties and the monolayer stability is needed. Surface functionalized 

hydrogels are especially attractive for tissue engineering (Brynda et al. 2009), drug 

delivery (Hu et al. 2016, Sajeesh et al. 2010) and biochemical applications (Hynd et al. 

2007).  

Therefore, PFGEp-b-PEGq macromonomers with different average molar masses and 

block ratios were synthesized and characterized with the Langmuir film balance 

technique. This will contribute to a deeper understanding of the structure-property 

relations of PFGEp-b-PEGq macromonomers at the air-water interface and facilitate an 
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evaluation of PFGEp-b-PEGq macromonomers as potential hydrogel surface 

functionalization reagents. 

6.3 Experimental section 

Materials. Potassium (98%), 4-vinylbenzyl chloride (4VBC) (90%), and calcium 

hydride (95%), were purchased from Sigma Aldrich (Darmstadt, Germany) and 

ethylene oxide (EO) from the Linde group (Dublin, Ireland). Diphenylmethane (DPM) 

(99%), silica gel 60 with a particle size of 0.063 mm – 0.200 mm and active basic 

aluminium oxide 66 with a particle size of 0.063 mm – 0.200 mm were bought from 

Merck KGaA (Darmstadt, Germany). Furfuryl glycidyl ether (FGE) was obtained from 

Acros organics (Geel, Belgium) and purified by column chromatography (silica gel, 

solvent gradient from EtOAc : PE = 1 : 1 to EtOAc : PE = 3 : 1). Tetrahydrofuran (THF), 

isopropanol (iPrOH), ethanol (EtOH), methanol (MeOH), chloroform (CHCl3) and 

diethylether were purchased in HPLC grade from VWR chemicals (Radnor, USA) and 

ethyl acetate (EtOAc) was obtained from J.T. Baker (Phillipsburg, USA). For the 

macromonomer synthesis, THF was dried at least 2 days over calcium hydride and 

freshly distilled under argon before use. EO was dried by passing through a column of 

calcium hydride. 4VBC was flashed over basic aluminium oxide, stirred over calcium 

hydride for 4 days and distilled under vacuum at 50 °C and 10-1 mbar. If not further 

explained, all chemicals were used as received. 

 

Synthesis. PFGEp-b-PEGq macromonomers were synthesized via anionic 

polymerization as described previously (Adatia et al. 2019). Briefly, DPMK was used 

as an initiator for the polymerization of FGE. Then EO was added to the living PFGE 

chains to form the second block. The living chain ends were terminated with 4VBC for 

vinylbenzyl end groups. For hydroxyl end groups, the termination was performed with 

MeOH. The block lengths were determined via 1H NMR spectroscopy by calculating 

the ratio between the integral of the initiator protons and the integral of the protons of 

the respective repeating unit (Adatia et al. 2019).  

1H NMR (500 MHz, CDCl3): δ [ppm] = 3.22 – 3.72 (m, 150, a, b, c, h, i), 4.13 (m, 1 H, 

o), 4.42 – 4.45 (m, 20, d), 4.55 (s, 2 H, j), 5. 22 – 5.24 (m, 1 H, n), 5.72 – 5.75 (m, 1 H, 

n), 6.26 – 6.30 (m, 20, e, f), 6.69 – 7.13 (m, 1 H, m), 7.12 -7.24 (m, 10 H, p), 7.29 -7.30 
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(m, 4 H, k), 7.34 – 7.39 (m, 10 H, g). The alphabetical proton assignments refer to 

Figure 37 - Figure 40. 

 

Polymer characterization. 1H NMR spectra were recorded on an “Avance 500” 

(500 MHz) spectrometer from Bruker (Billierica, USA). Chloroform-d1 was used as 

solvent and tetramethylsilane as internal standard. For SEC the macromonomers were 

dissolved in THF for 24 h through a 0.2 µm poly(tetrafluoroethylene) syringe filter 

before injecting 50 µL of the sample into a “SECurity System” from PSS GmbH 

(Darmstadt, Germany). The system had a PSS SDV precolumn (8 mm x 50 mm), two 

PSS SDV 1000 Å (8 mm x 300 mm) columns and a RI detector. THF (HPLC grade) 

was used as solvent, the flow rate was 0.5 mL min-1 and the columns were calibrated 

with polystyrene standards “ReadyCal” from PSS GmbH (Darmstadt, Germany). For 

the analysis of the measurements PSS WinGPC Unichrom software version 8.10 was 

used.  

Langmuir film balance experiments. For Langmuir film balance experiments a KSV-

5 000 Nima Langmuir-Blodgett trough with the dimensions 150 mm x 580 mm from 

Biolin Scientific Holding AB (Stockholm, Sweden) was used. Before each experiment 

the barriers and the trough were cleaned carefully with a soft brush and then rinsed 

three times with deionized (DI) water, ethanol and finally again with DI water. About 

1 300 mL ultrapure MilliQ water from a Millipore system was used as subphase. After 

an equilibration time of 30 minutes to 21.7 °C (± 0.2 °C), the barriers were compressed 

with a constant speed of 50 mm min-1 to a trough area At of 100 cm² so that the surface 

could be cleaned by aspirating 50 mL from the surface. Then the barriers were 

expanded to the maximum At and few microliters of a 1 mg mL-1 macromonomer 

solution in CHCl3 (HPLC grade) were spread carefully on the surface using a 

microsyringe. The compression for the film isotherm experiments started at a At of 

780 cm² and ended at 100 cm². The amounts of the macromonomers were chosen in 

such a way that the isotherm onset appeared around 700 cm² (± 50 cm²) trough area. 

The exact amount of block polymer used in each experiment is given in the supporting 

information (Table 8). All glassware for the preparation of the macromonomer solutions 

were cleaned in a base bath containing 8 L iPrOH, 2 L DI water and 500 g potassium 

hydroxide and rinsed numerous times with DI and MillQ water before it was dried in 

the oven at 120 °C. After a waiting period of 20 minutes for solvent evaporation, the 
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experiments were performed with a constant barrier speed of 10 mm min-1 

(0.5 cm² s-1). π is defined as the difference between the surface tension γ0 of pure 

water and the surface tension γ of water with surfactant: 

 𝜋 = 𝛾௢ − 𝛾 (10) 

π was measured using a rinsed Wilhelmy plate connected to a highly sensitive film 

balance. The Wilhelmy plate method has an experimental error of approximately 

0.1 mN m-1 (Adatia et al. 2019, Kampf et al. 1999). For the Langmuir isotherms the 

barriers were compressed to a trough area of A = 100 cm². For the hysteresis and 

recovery experiments, the barriers were immediately expanded to the maximum trough 

area after compression. Compressions and expansions were carried out at the same 

constant barrier speed of 10 mm min-1 (0.5 cm² s-1). The isotherm onset was defined 

at π = 0.3 mN m-1. In the film stability experiments, the macromonomer film was 

compressed to a starting surface pressure (π0) of 5 mN m-1 and then the barriers 

stayed at that position for 1 h so that the surface pressure drop Δπd could be measured. 

 

Characteristic polymer values. In addition to their molar masss and molar mass 

dispersities, polymers were categorized by their HLB value (Adatia et al. 2019, Griffin 

1954, Griffin 1949):  

 
𝐻𝐿𝐵 = 20 ∙ ቆ1 −

𝑀௟

𝑀௡,
ቇ 

(11) 

The molecular structure of the PFGEp-b-PEGq macromonomers is shown in Figure 33 

and the HLB values were calculated by using the molar mass of the lipophilic moiety 

(Ml) and Mn, which were both determined by NMR (Table 6). In particular, the lipophilic 

part of the macromonomers comprises the PFGE-block and the 4-vinylbenzyl end 

group, whereas the hydrophilic part is given by the PEG-block (Figure 33, Table 6). 

Furthermore, the amount surface coverage factor ϴn and the mass surface coverage 

factor ϴm were calculated according to equation (12) and (13) to quantify how much 

polymer per area are needed to cause the onset surface pressure of π = 0.3 mN m-1.  

 𝜃௡ =
𝑛

𝑎଴
 (12) 

 𝜃௠ =
௡∙ெ೙

௔బ
 = 𝜃௡ ∙ 𝑀௡ (13) 
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Here, n is the amount of macromonomers used in the specific experiment and ao is the 

trough area at the isotherm onset.  

Derived from ϴn the surface functionality factor S can be calculated by multiplication 

with p, which is the number of repeating units of the PFGE-block. 

 𝑆 =
𝑛 ∙ 𝑝

𝑎௢
= 𝜃௡ ∙ 𝑝 (14) 

In theory, each FGE repeating unit exhibits a furan moiety, which is available for post-

synthetic modification reactions (Adatia et al. 2019). In contrast to the surface coverage 

factor ϴn, the surface functionalization factor S expresses how many functional furan 

groups per area are available through our macromonomers. 

Furthermore, the recovery of the macromonomers to the air-water interface after five 

hysteresis cycles was measured by the surface pressure difference Δπ between the 

hysteresis maximum of the recovery cycle (πHM,r) and the hysteresis maximum of the 

fifth hysteresis cycle (πHM,5) (equation (15)). For normalized values the surface 

pressure of the hysteresis maximum of the first hysteresis cycle (πHM,1) was set to 

100%. 

 Δπ= πHM,r- πHM,5 (15) 

Statistical data evaluation. The statistical analysis was performed by one-way 

analysis of variance (ANOVA) using the Holm-Bonferroni post-hoc test with the 

software OriginPro 9.1 from OriginLab Corporation (Northampton, USA). An effect was 

judged significant when the differences between individual mean values were 

significant with p < 0.05. 

6.4 Results and discussion 

Macromonomer synthesis. The aim of this work is to deepen the knowledge of film 

formation and structure-property relations of poly(furfuryl glycidyl ether)-block-

poly(ethylene glycol) macromonomers at the air-water interface  and to evaluate them 

as potential hydrogel surface functionalization reagents. Therefore, we synthesized six 

different α-diphenylmethyl-ω-4-vinylbenzyl-poly(furfuryl glycidyl ether)-block-

poly(ethylene glycol) macromonomers, which are abbreviated with PFGEp-b-PEGq, 

whereby p is the number of repeating units in the PFGE-block and q is the numer of 

repeating units in the PEG-block (Figure 33). The PFGE-block lengths varied from 
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p = 8 – 18 and the PEG-block contained 9 to 111 repeating units. This led to number 

average molar masses Mn,NMR from 2 220 g mol-1 to 7 180 g mol-1 and a broad range 

of HLB values between 3.6 and 13.9 (Table 6). Furthermore, the macromonomer 

PFGE11-b-PEG26 was synthesized with a hydrophobic 4-vinylbenzyl end group (like all 

the other macromonomers) and with a hydrophilic hydroxy end group (PFGE11-b-

PEG26H) to explore the influence of the end group at the air-water interface. The 

molecular structures and a matrix depiction of all macromonomers are shown in Figure 

33. Additionally, the number average molar masses and the HLB values are 

summarized in Table 6.   

 

Figure 33: a) Molecular structure and b) matrix depiction of α-diphenylmethyl-ω-4-vinylbenzyl-
poly(furfuryl glycidyl ether)-block-poly(ethylene glycol) (PFGEp-b-PEGq) macromonomers. p is the 
number of repeating units in the PFGE-block and q is the numer of repeating units in the PEG-block of 
the respective macromonomer. 

1H NMR spectra (Figure 37 - Figure 40) confirmed the successful synthesis of all 

macromonomers described in Figure 33, since the proton signals are in accordance 

with the literature. Additionally, SEC traces showed narrow, monomodal molar mass 

distributions with low molar mass dispersities (Figure 41). Overall, the molar masses 

determined by 1H NMR (Mn,NMR) and SEC (Mn,SEC) in Table 6 were in good agreement. 

All macromonomers from Table 6 showed good solubility in organic solvents like THF, 

CHCl3 and MeOH. In addition, the three previously published macromonomers PFGE8-

b-PEG79, PFGE18-b-PEG66 and PFGE13-b-PEG111 were soluble in water because of 

their comparatively long PEG-block (Adatia et al. 2019, Bolourchian et al. 2013, Sill et 

al. 2017). 

Table 6: Overview of number average molar mass (Mn), average molar mass of the lipophilic polymer 
moiety (Ml), average molar mass of the hydrophilic polymer moiety (Mh), weight average molar mass 
(Mw), molar mass dispersity (ĐSEC) and hydrophilic-lipophilic balance (HLB) values of macromonomers 
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used in this study. The molar masses and molar mass dispersities were determined by nuclear magnetic 
resonance spectroscopy (NMR) or size exclusion chromatography (SEC), which is indicated by the 
subscript. 

sample Mn,NMR 

[g mol-1] 

Ml,NMR 

[g mol-1] 

Mh,NMR 

 [g mol-1] 

Mn,SEC 

[g mol-1] 

Mw,SEC 

 [g mol-1] 

ĐSEC HLB 

PFGE10-b-PEG9 2 220 1 830 400 4 530 4 950 1.09 3.6 

PFGE11-b-PEG16 2 690 1 980 710 2 650 2 960 1.12 5.2 

PFGE11-b-PEG26H 3 010 1 870 1 150 3 000 3 260 1.09 7.6 

PFGE11-b-PEG26 3 130 1 980 1 150 3 140 3 390 1.08 7.3 

PFGE8-b-PEG79 5 000 1 520 3 480 5 020 5 260 1.05 13.9 

PFGE18-b-PEG66 5 970 3 060 2 910 5 190 5 440 1.05 9.7 

PFGE13-b-PEG111 7 180 2 290 4 890 6 660 7 250 1.09 13.6 

 

π-A Isotherms. Film formation at the air-water interface of all macromonomers from 

Table 6 was assessed by the Langmuir technique. The good reproducibility of our π-A 

isotherm experiments, especially for PFGE11-b-PEG16, is shown in Figure 42. 

Furthermore, the π-A isotherm onsets did not significantly change upon varying the 

barrier speed in the range of 10 mm min-1 to 50 mm min-1 (Figure 43 and Figure 44), 

which is in line with π-A isotherms of other amphiphiles like ytterbium 

bisphthalocyanine or arachidic acid (Angelova et al. 1996, Dhanabalan et al. 1999). 

We chose a barrier speed of 10 mm min-1 for our further experiments, which is 

frequently used in the literature, to give the system as much time as possible to 

equilibrate and to avoid kinetic effects (Angelova et al. 1996, Constantino et al. 1999, 

Dhanabalan et al. 1999, Kampf et al. 1999). 

As shown in Figure 34, all macromonomers caused an increase of surface pressure π 

when compressed to smaller areas per molecule A, which demonstrates that the 

macromonomers were present at the air-water interface. This is a clear proof of their 

surface activity, which is in accordance with previous surface activity measurements 

via bubble pressure tensiometry of the water-soluble macromonomers PFGE8-b-

PEG79, PFGE18-b-PEG66 and PFGE13-b-PEG111. The tensiometry measurements 

revealed π up to 18 mN m-1 for PFGE13-b-PEG111, 19 mN m-1 for PFGE18-b-PEG66 and 

21 mN m-1 for PFGE8-b-PEG79 when the polymer concentration was increased above 

the critical micelle concentration of roughly 0.3 mg mL-1(Adatia et al. 2019). 
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Figure 34: a) Surface pressure-area (π-A) isotherms and b) correlation of the area per molecule at the 
onset (Ao) with the molar mass (Mn,NMR) of the macromonomers from Table 6. Ao was defined at 
π = 0.3 mN m-1. For the rather hydrophobic macromonomers PFGE10-b-PEG9, PFGE11-b-PEG16, 
PFGE11-b-PEG26H and PFGE11-b-PEG26 the error bars of the standard deviation are roughly the same 
size as the symbols. 

π-A isotherms (Figure 34a) of the macromonomers (Figure 33a and Table 6) revealed 

the influence of block lengths and molar masses on the isotherm shape and onset. All 

macromonomers started in the gas phase with a low π and transferred into the liquid-

expanded state with a steeper slope during compression. The larger the amphiphile, 

the more the course of the π-A isotherm was shifted to larger areas per molecule A. 

This is in line with Kampf et al., who reported a π-A isotherm shift to a growing A with 

increasing monodendron size (Kampf et al. 1999). Moreover, the smaller, more 

hydrophobic macromonomers (HLB < 8) showed a steeper ascent in the liquid 

condensed phase compared to larger, more hydrophilic macromonomers with 

HLB > 8. A similar trend was described for PEG-based monodendrons with growing 

PEG-tails (Kampf et al. 1999). 

The change in slope of the π-A isotherm for the macromonomer PFGE13-b-PEG111 

around 6 mN m-1 may suggest a transition from pancake-like structure to a mushroom-

like or brush-like structure of the PEG chains at the water air interface, as observed by 

Yang et al. for fluoroalkyl-terminated PEGs (Yang et al. 2009). Similar transitions of 

PEG-based polymers were also reported by Fauré et al. (1998), Baekmark et al. (1995) 

and Wiesenthal et al. (1999). We did not observe a transition state for the other 

macromonomers, presumably due to the shorter PEG-chains, which is in line with Clop 

et al. who explained that a certain chain length is necessary for a transition state to 

occur (Clop et al. 2016). 
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We further investigated the structure-property relations of the macromonomers at the 

air-water interface and found that the area per molecule at the isotherm onset (A0) 

correlates with the number average molar mass Mn,NMR of the macromonomers (Figure 

34b). Hereby, Mn,NMR of our macromonomers were between 2 220 g mol-1 and 

7 180 g mol-1 and the measured A0 varied between 279 Å² and 9 386 Å². Figure 34b 

shows that an increase of Mn,NMR correlates in an almost linear way with A0, whereby 

the mean values of A0 differ significantly from each other with p < 0.01. Except for 

PFGE18-b-PEG66, the higher the Mn,NMR of the macromonomer, the more area each 

polymer occupies at the air-water interface. A similar trend was also published by Clop 

et al. (2016) for PEG-grafted dipalmitoyl phosphatidylethanolamines, in which A0 

increased from 660 Å² to 6 000 Å² when the molar mass of the PEG-block grew from 

350 g mol-1 to 5 000 g mol-1. Also Kampf et al. (1999) observed a linear correlation of 

the molar mass with the molecular area of their monodendrons at the air-water 

interface.  

Moreover, we examined whether the hydrophobic 4-vinylbenzyl unit at the end of the 

hydrophilic PEG-block has an influence on the surface coverage at the air-water 

interface. Therefore, we synthesized two analogous block copolymers PFGE11-b-

PEG26 and PFGE11-b-PEG26H, which only differ in their end group (Figure 33). 

PFGE11-b-PEG26 was terminated with a hydrophobic 4-vinylbenzyl end group (like all 

of our other macromonomers) and PFGE11-b-PEG26H ends with a hydrophilic hydroxyl 

moiety. According to equation (12), PFGE11-b-PEG26 shows a higher amount surface 

coverage factor ϴn with 25 pmol cm-2 ± 7 pmol cm-2 compared to PFGE11-b-PEG26H 

with ϴn = 22 pmol cm-2  ± 4 pmol cm-2 (Table 9). The mass surface coverage factor ϴm 

from equation (13) is also higher for PFGE11-b-PEG26 with ϴm = 79 ng cm-2 ± 

22 ng cm-2 than for PFGE11-b-PEG26H with ϴm = 65 ng cm-2 ± 1 ng cm-2 (Table 9). 

Though we measured small differences of ϴn and ϴm between the two differently 

terminated polymers, these differences are not significant with p > 0.05. Kyeremateng 

et al. in contrast described a change in the surface activity resulting from perfluorination 

of the end group of their poly(propylene)-block-poly(isopropylidene glycerol 

methacrylate) block copolymer, but did not mention the significance (Kyeremateng et 

al. 2008). They explained that the increase in hydrophobicity resulted in a different 

allocation of their polymer at the surface (Kyeremateng et al. 2008). In fact, the new 

fluoro-end group with Mn,NMR = 600 g mol-1 increased the molar mass of the 

poly(propylene) block with Mn,NMR = 1 570 g mol-1 up to 38 %, whereas our 
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4-vinylbenzyl end group (Mn,NMR = 117 g mol-1) caused a weight increase of only 10 % 

of the PEG-block (Mn,NMR = 1 150 g mol-1). Hence, we conclude that the relatively small 

structural change through the end group of our macromonomer caused very little 

differences in the conformation at the air-water interface and therefore did not influence 

the surface coverage significantly. This is advantageous for the synthesis, because the 

implementation of a more polar polymerizable unit in form of an acryloyl moiety led to 

auto polymerization (Adatia et al. 2019). 

Overall, the π-A isotherms revealed that all macromonomers are able to localize at the 

air-water interface and show film formation, which is a fundamental prerequisite for the 

application as surface-functionalization reagent for materials prepared from aqueous 

solution such as hydrogels. Compared to the end group, the molar mass of the 

macromonomers have a much stronger influence on the surface properties like the 

isotherm shape and onset. In fact, we observed an almost linear growth of the isotherm 

onsets with growing molar mass of the macromonomers.  

 

Film stability. Since we found that all PFGEp-b-PEGq macromonomers are able to 

form Langmuir monolayers at the air-water interface, we were interested in the film 

stability under static and dynamic conditions. For static investigations we used a very 

similar approach to Deschênes et al. (2015), as we monitored the π over time (t) at a 

starting surface pressure π0  of 5 mN m-1 and then kept the trough barriers at a constant 

area (Ac).  

Figure 35 shows that the π of all macromonomer films dropped over time and the 

jagged lines indicate a dynamic process at the air-water interface (Ramírez et al. 2011). 

Since π is defined in equation (10) as the difference between the surface tension of 

water γ0 and the surface tension of water with surfactant γ, a surface pressure drop 

Δπd indicates a decreasing amount of macromonomers at the surface (McNaught et 

al. 1997). 
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Figure 35: Film stability of the macromonomer films from Table 6 determined by measuring the surface 
pressure (π) over time (t) at constant trough area (Ac) with a starting surface pressure (π0) of 5 mN m-1. 

During 50 minutes, we observed a surface pressure drop Δπd for the more hydrophilic 

macromonomers PFGE8-b-PEG79, PFGE18-b-PEG66 and PFGE13-b-PEG111 between 

0.5 mN m-1 and 1.25 mN m-1 and a Δπd for the more hydrophobic macromonomers 

PFGE10-b-PEG9, PFGE11-b-PEG16, PFGE11-b-PEG26H and PFGE11-b-PEG26 between 

1.8 mN m-1 and 2.2 mN m-1 (Figure 35 and Figure 45). This demonstrates that the 

hydrophilic macromonomer films with HLB values > 8, are more stable compared to 

the hydrophobic films with HLB values < 8. We attribute this to the anchoring effect of 

the PEG-block at the air-water interface, which was analyzed previously by Kampf et 

al. (1999). 

To explain the surface pressure decrease over time, there are two possibilities in the 

literature how amphiphiles can leave a film at the air-water interface: Either they 

immerse to the subphase, or the molecules transfer from a two dimensional (2D) film 

to a three dimensional (3D) formation (Barentin et al. 1998, Goto et al. 2013). Both 

options seem reasonable for our macromonomers. Regarding the first, a submersion 

was observed for many PEG-based polymers before and PFGE-b-PEG block 

copolymers are additionally known to form micelles in the subphase (Barentin et al. 

1998, Barthel et al. 2012). Regarding the latter, it is likely that the asymmetric nature 

of our macromonomers induce monolayer bending which leads to a 2D-3D transition 

as it was described for multiple amphiphiles (Diamant et al. 2001, Gopal et al. 2001, 

Lee 2008, Safran et al. 1996, Ybert et al. 2002). Therefore, we believe that a 

combination of both mechanisms is likely. 
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We furthermore investigated the monolayer stability under dynamic conditions, for 

which we measured five hysteresis cycles of each macromonomer (Figure 46). For all 

macromonomers the surface pressures of the hysteresis maxima (πHM) decreased with 

ongoing hysteresis cycles. Moreover, the hysteresis loops, which display the difference 

between compression and expansion cycle, shrank with increasing number of cycles. 

This indicates that the system was approaching an equilibrium state. There are 

different processes in the literature that explain hysteresis loops of a monolayer 

(Ivanova et al. 1991): I) the Marangoni effect, which describes mass transfer along the 

interface of two fluids due to a gradient of the surface tension ; II) conformation and 

relaxation processes in the monolayer; III) a collapse of the monolayer into a 3D phase 

and IV) interchange of molecules between the soluble monolayer and the subphase. 

We think that our hysteresis loops are most probably a result of an interplay of all these 

four points. Concerning point I, our macromonomers are exposed to the Marangoni 

effect, since the movable barriers, which have a different deformation effect on the 

subphase compared to the film, lead to a surface pressure gradient (Ivanova et al. 

1991). Regarding point II and III it was described that folded regions can coexist with 

the 2D monolayer, whereby further compression changes the fraction of the monolayer 

in the folds relative to the 2D regions (Lee 2008, Lipp et al. 1998). Such an ongoing 

3D fold formation of our macromonomers could explain the successive surface 

pressure decrease per hysteresis cycle. Additionally, an equilibrium between our 

macromonomers at the interface and macromonomer micelles is very likely based on 

the ability of PFGE-b-PEG block copolymers to form micelles (point IV) (Barthel et al. 

2012).  

To quantify the surface pressure decrease during the hysteresis experiment, we fitted 

the surface pressures of the hysteresis maxima πHM per cycle and looked at the 

absolute value of the slope (sHM). An overview of the linear fits and the coefficients of 

determination (R²) are given in Figure 47 and Table 10. If sHM is big, it indicates a high 

hysteresis decline, which means more molecules left the air-water interface during 

each compression-expansion cycle. The mean values of sHM reach from 1.0 to 4.0 and 

differ significantly from each other with p < 0.01. In Figure 36a, the correlation of the 

surface pressure declines and the HLB value is presented. It shows that with rising 

HLB values of the macromonomer, sHM decreases. For example, the most hydrophobic 

macromonomer PFGE10-b-PEG9 has the steepest slope (sHM = 3.7) and the most 

hydrophilic macromonomer PFGE8-b-PEG79 shows the lowest slope (sHM = 1.4). 
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Furthermore, the surface pressure of the more hydrophobic macromonomer films of 

PFGE10-b-PEG9, PFGE11-b-PEG16, PFGE11-b-PEG26H and PFGE11-b-PEG26 

decreased stronger during the hysteresis experiment compared to the more hydrophilic 

macromonomers PFGE18-b-PEG66, PFGE8-b-PEG79 and PFGE13-b-PEG111. This is in 

line with the static stability experiments in Figure 35. 

Besides that, we exposed the macromonomers to compression and expansion forces 

for 45 min, 90 min and 225 minutes to investigate the effect of the force exposure time. 

We kept the number of hysteresis cycles constant at five cycles as we know from the 

hysteresis experiment that a higher number of hysteresis cycles leads to more decline 

of the macromonomer films. In Figure 43 and Figure 44, we showed that the barrier 

speed has no significant influence on the π-A isotherm of the macromonomers. This 

enables us to investigate the time dependent hysteresis decline at a constant number 

of hysteresis cycles by varying the barrier speed from 10 mm min-1 to 50 mm min-1. 

Five hysteresis cycles at a barrier speed of 50 mm min-1, 25 mm min-1 and 10 mm min-1 

resulted in a force exposure time of 45 min, 90 min and 225 min. Figure 48 shows that 

the film decline is higher when the macromonomer is exposed to compression and 

expansion forces for longer time. 

In conclusion, all macromonomers showed limited film stability under static and 

dynamic conditions, whereby the films of the more hydrophobic macromonomers 

(HLB < 8) were less stable compared to the films of the more hydrophilic 

macromonomers (HLB > 8). This might be critical for the application as hydrogel 

surface functionalization reagents, but since the film decline is time-dependent, a rapid 

immobilization of the macromonomers could help to circumvent this obstacle.  

Monolayer recovery and molecular mechanism. After finding out, that our 

macromonomers were leaving the 2D monolayer over time, we were curious whether 

they are able to recover to the air-water interface if they have enough time and space. 

Therefore, we measured five hysteresis cycles, then expanded the barriers of the 

Langmuir-Blodgett trough to the maximum trough area At of 780 cm² and analyzed the 

surface pressure π after 12 hours. The hysteresis and recovery cycles of PFGE8-b-

PEG79 are shown in Figure 36b. The analogous experiments of the other 

macromonomers are demonstrated in Figure 49. As described before, the π of the 

macromonomer films declined with ongoing hysteresis cycles, but after 12 hours, we 
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could measure higher π during the recovery cycle, which indicates the recovery of 

macromonomers to the air-water interface.  

To quantify the recovery, we normalized the πHM of the first hysteresis cycle to 100 % 

and calculated the π of the other hysteresis and recovery maxima accordingly 

(equation (15)). For all macromonomers we measured a higher surface pressure of the 

hysteresis maximum in the recovery cycle (πHM,r) compared to the surface pressure of 

the fifth hysteresis cycle (πHM,5), which is shown in Figure 36c. This is significant with 

p < 0.05 for PFGE11-b-PEG26H, PFGE10-b-PEG9, PFGE18-b-PEG66, PFGE8-b-PEG79 

and PFGE13-b-PEG111. PFGE11-b-PEG16 and PFGE11-b-PEG26 do not exhibit 

significantly higher πHM,r compared to πHM,5, but still follow the same trend (Figure 36c). 

The recovery ability of the macromonomers to the air-water interface after five 

hysteresis cycles was quantified by the surface pressure difference (Δπ) between the 

hysteresis maximum of the recovery cycle (πHM,r) and the hysteresis maximum of the 

fifth hysteresis cycle (πHM,5) (equation (15)). This normalized recovery ability of the 

studied macromonomers is shown in Figure 36. The mean values of the Δπ are 

between 14 % and 45 % and do not differ significantly with p > 0.05 from each other, 

which means the surface pressure recovery ability of the macromonomers is 

indistinguishable from each other. This is probably based on the fact that the 

macromonomer recovery cannot be attributed to a single factor such as the molar mass 

or the HLB value, but is rather an interplay of various factors like the molecular 

structure, the rate of compression and molecule entrapments (Baoukina et al. 2008, 

Goto et al. 2013, Ries Jr et al. 1987). This multi-factor dependency of the recovery 

process also explains the relatively high standard deviations in our recovery 

experiment (Figure 36d).  
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Figure 36: Hysteresis and recovery cycles of PFGE8-b-PEG79. Analogous hysteresis and recovery 
cycles of PFGE10-b-PEG9 – PFGE13-b-PEG111 are given in Figure 46 and Figure 49. b) Normalized 
surface pressure of the hysteresis maxima (πHM) over time (t) and c) correlation of hysteresis decline 
with the hydrophilic-lipophilic balance (HLB) value of the macromonomers. sHM is the slope of the linear 
hysteresis maxima fit from Table 10 and represents the hysteresis decline. d) Normalized recovery 
ability of the studied macromonomers demonstrated by the surface pressure difference (Δπ) between 
the surface pressure of the hysteresis maxima of the recovery cycle (πHM,r) and the surface pressure of 
hysteresis maxima of the fifth hysteresis cycle (πHM,5) (equation (15)). 

The ability of the macromonomers to recover to the air-water interface is a strong 

indication for a folding mechanism as its reversibility was frequently described in the 

literature (Baoukina et al. 2008, Ding et al. 2001, Takamoto et al. 2001). Solubilization 

and multilayer collapse processes in contrast are encountered as irreversible (Lee 

2008, Ries Jr et al. 1987). We rather exclude a mechanism which is mainly based on 

the collapse to multilayers, as we did not observe a collapse pressure, which is typical 

for multilayer formations (Yang et al. 2009). Additionally a multilayer collapse mostly 

occurs at very high π, when the amphiphiles are compressed beyond their stability limit 

(Goto et al. 2013). Collapse pressures are often in the range of 50 mN m-1 to 

60 mN m-1, such as 50 mN m-1 for PEG-based azo dyes (Rivera et al. 2007), around 

50 mN m-1 for β-sheet peptides (Maget-Dana 1999) and 60 mN m-1 of fatty acid films 
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(Das et al. 2016). In contrast our macromonomers were studied at relatively low π 

between 0 mN m-1 and 23 mN m-1, which is why we don’t think our macromonomers 

collapsed to multilayers.  

Since the declined macromonomers did only recover partly, we suggest an interplay 

between a folding and a submerge mechanism for our macromonomer films. Basically, 

the folding mechanism explains the recovery of the macronomomers to the air-water 

interface and the submerge mechanism, which was also discussed during the stability 

measurements, clarifies why the macromonomers do not recover quantitatively. 

Overall, the recovery experiments played an important role to give further insights into 

the molecular mechanisms of the studied macromonomer monolayers at the air-water 

interface.  

Evaluation of the macromonomers as potential surface functionalization 

reagents of hydrogels. Hydrogel surface functionalization reagents have to fulfill 

three major criteria: I) they need a functional unit which participates in the material 

curing reaction for covalent immobilization of the functional groups on the hydrogel 

surface, II) they should contain functional groups which can serve as molecular anchor 

points for post-synthetic modification reactions after the curing reaction and III) they 

should be able to form stable films at the air-water interface to specifically functionalize 

the material surface. The studied macromonomers fully fulfill the first two requirements. 

The macromonomers contain a polymerizable 4-vinylbenzyl unit for covalent 

incorporation into radically cross-linkable hydrogels and the furan side chains can react 

in post-synthetic Diels-Alder reactions (Adatia et al. 2019). This work shows that all the 

studied macromonomers were able to form films at the air-water interface, but only with 

limited stability. Therefore, the third criteria is only partially fulfilled. To overcome this 

obstacle, we recommend a fast hydrogel curing process for the preparation of surface 

functionalized hydrogels. Once the macromonomers are covalently bound to the 

material, they are immobilized and the film stability becomes irrelevant. Hence, we 

believe our macromonomers are suitable hydrogel surface functionalization reagents.  

To identify which macromonomer is the most favorable hydrogel surface 

functionalization reagent, we ranked them according to the surface functionalization 

factor S (equation (14)). S quantifies how many functional groups per area are 

available at the air-water interface. For our macromonomers, S focuses on the furan 
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groups per area. An overview of the surface functionalization factor and the surface 

functionality ranking (SFR) of the examined macromonomers are given in Table 7 .  

According to the surface functionalization factors the hydrophobic macromonomers 

PFGE10-b-PEG9, PFGE11-b-PEG16 and PFGE11-b-PEG26 with HLB < 8 are more 

favorable surface functionalization reagents compared to the hydrophilic 

macromonomers PFGE8-b-PEG79, PFGE18-b-PEG66 and PFGE13-b-PEG111 with 

HLB < 8. The macromonomer PFGE10-b-PEG9 is the most promising hydrogel surface 

functionalization reagent, because it can introduce the highest number of functional 

groups (11.9 x 10-10 mol cm-2) per surface area (Table 7). 

Table 7: Surface functionality factor (S) and surface functionality ranking (SFR) of the macromonomers 
used in this study.  

sample S [10-10 mol cm-²] SFR 

PFGE10-b-PEG9 11.9 ± 1.4 1 

PFGE11-b-PEG16 3.1 ± 0.1 2 

PFGE11-b-PEG26 2.8 ± 0.8 3 

PFGE11-b-PEG26H 2.4 ± 0.4 4 

PFGE13-b-PEG111 0.8 ± 0.1 5 

PFGE18-b-PEG66 0.8 ± 0.1 5 

PFGE8-b-PEG79 0.7 ± 0.1 6 

 

6.5 Conclusions 

In summary, we could show the film formation of all six PFGEp-b-PEGq 

macromonomers and give more insight into the structure-property relations at the air-

water interface by highlighting the influence of the molar mass Mn,NMR and the HLB 

values on the surface properties. π-A isotherms of the macromonomers revealed that 

compared to the end group, the molar mass of the macromonomers have a much 

stronger influence on the surface properties like the isotherm shape and onset. 

Smaller, more hydrophobic macromonomers (HLB < 8) showed a steeper surface 

pressure increase in the liquid condensed phase compared to larger, more hydrophilic 

macromonomers with HLB > 8. Additionally, the isotherm onsets shifted to larger 

molecular areas in an almost linear way with growing molar mass of the 

macromonomers. Furthermore, stability experiments of our macromonomers under 

static and dynamic conditions revealed limited stability of the macromonomer 

monolayers at the air-water interface. In fact, the macromonomer films with HLB 
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values > 8 were more stable than the hydrophobic ones with HLB < 8, which we 

attributed to the anchoring effect of the PEG-tail at the air-water interface. Moreover, 

the film degradation during hysteresis experiments increased almost linearly with rising 

HLB values of the macromonomers. Based on the partial film recovery, we propose an 

interplay between a reversible folding and an irreversible submersion mechanism for 

the macromonomer monolayers at the air-water interface. As our macromonomers 

provide a polymerizable unit for covalent attachment, have several furan moieties, 

which can be used for post-synthetic Diels-Alder reactions and are able to form 

monolayers at the air-water interface, we believe they are promising surface 

functionalization reagents of hydrogels, even if the macromonomer films show limited 

stability. According to our surface functionality ranking, PFGE10-b-PEG9 is the most 

promising hydrogel surface functionalization reagent among our macromonomers, 

because it can introduce the highest number of functional groups per surface area. 
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6.7 Supporting information 

Table 8: Macromolecules used in the Langmuir film balance experiments. Vs is the spreaded volume of 
a 1 mg mL-1 macromonomer stock solution in CHCl3 and n ist he amount of macromonomers. 

sample Vs  [µL] n [nmol] 

PFGE10-b-PEG9 80 36 

PFGE11-b-PEG16 20 7.45 

PFGE11-b-PEG26H 20 6.65 

PFGE11-b-PEG26 20 6.40 

PFGE8-b-PEG79 10 2.00 

PFGE18-b-PEG66 7 1.11 

PFGE13-b-PEG111 10 1.39 
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Figure 37: 1H NMR spectrum of macromonomer PFGE10-b-PEG9. 

 

Figure 38: 1H NMR spectrum of macromonomer PFGE11-b-PEG16. 
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Figure 39: 1H NMR spectrum of PFGE11-b-PEG26H. 

 

Figure 40: 1H NMR spectrum of macromonomer PFGE11-b-PEG26. 
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Figure 41: Size exclusion chromatography traces of all studied macromonomers. PFEG8-b-PEG79, 
PFEG18-b-PEG66 and PFGE13-b-PEG111 were already published (Adatia et al. 2019). The number 
average molecular weights (Mn,SEC), the weight average molecular weights (Mw,SEC) and the molar mass 
dispersity (ĐSEC) of the macromonomers determined by SEC are summarized in Table 6. 
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Figure 42: Reproducibility of π-A isotherms of the studied macromonomers. 
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Figure 43: π-A isotherms of the studied macromonomers at different barrier speeds from 10 mm min-1 
to 50 mm min-1. 
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Figure 44: Area at the π-A-isotherm onsets (A0) of the studied macromonomers at different barrier 
speeds from 10 mm min-1 to 50 mm min-1. 

Table 9: Amount surface coverage factor (ϴn) and mass surface coverage factor (ϴm) of the 
macromonomers used in this study. 

sample ϴn [pmol cm-²] ϴm [ng cm-²] 

PFGE10-b-PEG9 119 ± 14 266 ± 31 

PFGE11-b-PEG16 28 ± 1 75 ± 1 

PFGE11-b-PEG26H 22 ± 4 65 ± 12 

PFGE11-b-PEG26 25 ± 7 79 ± 22 

PFGE8-b-PEG79 10 ± 1 48 ± 5 

PFGE18-b-PEG66 10 ± 1 26 ± 1 

PFGE13-b-PEG111 6 ± 1 43 ± 5 

 

 

Figure 45: Surface pressure drop (Δπd) after 50 minutes of the studied macromonomers at constant 
trough area (Ac) with a starting surface pressure (π0) of 5 mN m-1. 



  
___________________________________________________________________ 

- 121 - 
 

 

Figure 46: Hysteresis cycles of the studied macromonomers. 
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Figure 47: Linear fit of the hysteresis maxima surface pressures (πHM) during hysteresis cycles of the 
studied macromonomers. 

Table 10: Linear fit of the hysteresis maxima surface pressures (πHM) during hysteresis cycles (cH) of 
the studied macromonomers, absolute value of the respective slope (sHM) and coefficient of 
determination (R²). 

sample linear fit sHM R2 

PFGE10-b-PEG9 πHM = -3.87cH + 21.33 3.87 0.98873 

PFGE11-b-PEG16 πHM = -2.25 cH + 22.44 2.25 0.97180 

PFGE11-b-PEG26H πHM = -2.15 cH + 12.22 2.15 0.96029 

PFGE11-b-PEG26 πHM = -2.00 cH + 14.19 2.00 0.99039 

PFGE8-b-PEG79 πHM = -1.40 cH + 10.35 1.40 0.99926 

PFGE18-b-PEG66 πHM = -1.63 cH + 11.39 1.63 0.99264 

PFGE13-b-PEG111 πHM = -1.27 cH + 9.67 1.27 0.99965 

 

 

Figure 48: Correlation of hysteresis decline with exposure time to compression and expansion forces of 
the studied macromonomers. sHM is the slope of the surface pressure hysteresis maxima fit from Table 
10. The lines are only for the guidance of the eyes. 
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Figure 49: Hysteresis and recovery cycles of the studied macromonomers. 
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7. Investigation of the surface functionalization of 

polyacrylamide hydrogels with poly(furfuryl glycidyl ether)-

block-poly(ethylene glycol) macromonomers 

As described in section 5, it could be proven that our multifunctional macromonomers 

are able to functionalize the hydrogel bulk above their cmc and provide multiple anchor 

points for post-synthetic modification reactions. Furthermore, it was shown in 

section 6.that the macromonomers align at the air-water interface below their cmc. This 

raises the question whether the macromonomers can be used for the specific surface 

functionalization of hydrogels, without functionalizing the hydrogel bulk. To our 

knowledge, no one used multifunctional macromonomers to exclusively functionalize 

the air-hydrogel interface without functionalizing the hydrogel bulk. Therefore, in the 

following the surface functionalization of polyacrylamid (p(Aam)) hydrogels with 

PFGEp-b-PEGq macromonomers will be investigated via fluorescence labeling 

experiments. 

7.1 Materials 

Chemicals. Acrylamide (99 %), N,N’-methylenebisacrylamide (MBA) (99 %) and 

α-ketoglutaric acid (99 %) were purchased from Sigma Aldrich (Darmstadt, Germany). 

Isopropanol (iPrOH), ethanol (EtOH), chloroform (CHCl3) and xylene were purchased 

in HPLC grade from VWR chemicals (Radnor, USA). PFGE13-b-PEG111 was 

synthesized as described previously in section 5. 

 

Hydrogel preparation. Functionalized p(Aam) hydrogels were prepared by mixing 

15 w% acrylamide, 2 w% N,N’-methylenebisacrylamide, 1 w% α-glutaric acid and 

82 w% water. 200 µL of the hydrogel precursor solution was poured into a cylindrical 

aluminum mold with 150 mm diameter and 1 mm height and placed in a “hartmann.gs 

UH-H 255” UV chamber from Hartmann Feinwerkbau GmbH (Ober-Moerlen, 

Germany). Then 7 µL of a PFGE13-b-PEG111 solution in CHCl3 (1 mg mL-1) was spread 

carefully on top of the hydrogel precursor solution using a 10 µL Hamilton syringe. For 

unfunctionalized hydrogels, the macromonomer solution was replaced by pure solvent 

(without macromonomer). After an evaporation time of 15 min, a quartz glas plate 

based on a spacer was set on top of the mold. Then the hydrogel was cured for 15 min 
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in the UV chamber. The distance between UV source and mold was 7.5 cm and the 

irradiation intensity was approx. 40 mW cm-². The cured hydrogels were washed 3 

days in 8 mL MilliQ water, changing the water twice a day. Hereby it is important that 

the upper side of the hydrogel did not touch any other surfaces to prevent damages of 

the potentially functionalized hydrogel surface. 

 

Hydrogel preparation under argon atmosphere. To polymerize hydrogels under 

argon atmosphere the polymerization equipment in Figure 50 was developed. Herefore 

a cylindrical aluminum mold of 150 mm diameter and 1 mm height and two attached 

spacers was placed in a polypropylene (PP) plastic bag. The bag was sealed with gaffa 

tape and a 5 cm polytetrafluoroethylene (PTFE) tube was incorporated in one corner. 

The tube was oped and closed with gaffa tape as needed. The tube was used to link 

the polymerizaiton equipment with a schlenk line to be able to evacuate and flood the 

construction with argon 3 times. The construction was placed in a “hartmann.gs UH-H 

255” UV chamber from Hartmann Feinwerkbau GmbH where it was not moved until 

curing. 200 µL of the above described hydrogel precursor solution were poured into 

the mold under argon flooding using the feed whole. Subsequently, 7 µL of a 1 mg mL-1 

PFGE13-b-PEG111 solution in CHCl3 were spread on top of the hydrogel precursor 

solution and the feed whole was sealed with gaffa tape. Unfunctionalized hydrogels 

were prepared by replacing the macromonomer solution through solvent. After 20 min 

evaporation time, the hydogel was cured for 15 min under UV irradiation. The cured 

gels were washed 3 days in 8 mL MilliQ water, changing the water twice a day without 

touching the hydrogel surface. 
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Figure 50: Polymerization equipment for the preparation of surface functionalized hydrogels under argon 
atmosphere. 

Fluorescence labeling and fluorescence measurements. One half of the 

functionalized/ unfunctionalized hydrogel was put into 950 µL demineralized water and 

50 µL of the fluorescence dye Atto 488 maleimide (1.39 mM in DMSO) were added. 

All steps which involve using the fluorescent dye were performed under light exclusion. 

The mixture was heated to 65 °C for 2 h, before the gels were washed 6 times by 

changing the water every 30 minutes in the dark. These fluorescence labeled 

hydrogels were then used for microscopic investigations. For all steps, the handling of 

the hydrogel was performed with highest precaution to avoid defects of the hydrogel 

surface. The labeled hydrogels were analyzed with confocal laser scanning 

microscopy (LSM) or fluorescence microscopy. The hydrogels were put in between 

two glass cover slips (thickness: 0.13 mm – 0.16 mm). LSM measurements were 

carried out using a Zeiss LSM 710 inverted confocal microscope from Carl Zeiss AG 

with a EC Plan-Neofluar 10x/0.30 M27 objective. Fluorescence microscopy spectra 

were recorded using a KEYENCE Biorevo BZ-9000 fluorescence spectrometer with a 

twofold magnification lens NA0.1 WD8.5 and a hard-coated GFP BP filter with an 

excitation wave length of 473 nm and emission wave lengths of 520 nm. The 

fluorescence signals were not quantified, because the jelly-like consistency of the 
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hydrogel did not allow a reproducible positioning of the hydrogel surface area towards 

the detector. 

7.2 Results and Discussion 

To investigate whether PFGEp-b-PEGq macromonomers can be exclusively 

functionalized the air-hydrogel interface, two types of p(Aam)-based hydrogels were 

prepared: (a) with PFGEp-b-PEGq macromonomers for functionalized p(Aam) 

hydrogels and (b) without PFGEp-b-PEGq macromonomers for unfunctionalized 

p(Aam) hydrogels. For the functionalized p(Aam) hydrogels, a macromonomer solution 

containing PFGE13-b-PEG111 was spread on the hydrogel precursor solution before 

curing. PFGE13-b-PEG111 was used as model macromonomer, as it showed the 

highest fluorescence intensity during the fluorescence labeling experiments of bulk 

functionalized p(Aam) hydrogels (Figure 13). The spreading process was inspired by 

the Langmuir-trough experiments at the air-water interface discussed in section 6 since 

the goal was to create a functional macromonomer layer at the hydrogel-air interface. 

After the hydrogels were cured, they were washed 3 days to remove non-polymerized 

material and then labeled with the fluorescence marker Atto 488 maleimide. The 

molecular structure of Atto 488 maleimide and the reaction mechanism of the Diels-

Alder reaction between our macromonomer and the fluorescence marker is given in 

Figure 28 and Figure 29. The LSM images of surface functionalized and 

unfunctionalized, fluorescence labeled p(Aam) hydrogels are shown in Figure 51. After 

the surface functionalized and unfunctionalized hydrogels were washed for 1 day, they 

both exhibited a green fluorescent surface and a non-fluorescent hydrogel bulk. As two 

different polymerization setups for the preparation of functionalized and 

unfunctionalized hydrogels were used, macromonomer contaminations of the negative 

control can be excluded. This indicates that the fluorescence signal is not based on 

specific binding of the fluorescence dye to PFGE13-b-PEG111. Furthermore, the 

fluorescence microscopy images of surface functionalized and unfunctionalized 

p(Aam) hydrogels without fluorescence marker did not reveal any fluorescence signal, 

so optical scattering effects can be ruled out. Therefore, the fluorescence signal is most 

probably due to unspecific binding of Atto 488 maleimide to the hydrogel. 
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Figure 51: Light scanning microscopy (LSM) images of fluorescence labeled polyacrylamide (p(Aam)) 
hydrogels a) with macromonomer PFGE13-b-PEG111 and b) without macromonomer after 1 day washing. 
The white arrow indicates the hydrogel-air interface during curing. 

It was investigated whether the fluorescence signal can be reduced by extending the 

washing process from 1 day to 1 week and by using different washing solutions. Figure 

52 shows that even after 1 week of washing in water the functionalized and 

unfunctionalized hydrogels show comparable fluorescence intensities of the hydrogel 

surface. Furthermore the fluorescence labeled hydrogels in Figure 52 were exposed 

to a washing solution gradient from polar to unpolar solvents by washing the hydrogels 

in water, EtOH : H2O = 70 % : 30 %, EtOH : H2O = 90 % : 10 %, EtOH : H2O = 96 % : 

4 %, isopropanol (iPrOH), iPrOH : xylene = 50 % : 50 % and xylene for 15 min each.  

 

Figure 52: Fluorescence microscopy images of fluorescence labeled polyacrylamide (p(Aam)) hydrogels 
a, c) with macromonomer PFGE13-b-PEG111 and b, d) without macromonomer. The p(Aam) hydrogels 
in a, b) were washed for 1 week in water and the p(Aam) hydrogels in c, d) were washed in a solvent 
gradient with increasing organic solvent ratio. The white arrow indicates the hydrogel-air interface during 
curing. 

The shriveled appearance of the hydrogels in Figure 52 is due the restricted swelling 

ability of hydrogels in organic solvents. Figure 52 demonstrates that the fluorescence 
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signals of surface functionalized and unfunctionalized hydrogels are still in the same 

range. 

Taken together the washing time and the washing solution did not cause a reduction 

of the fluorescence signal of the negative control compared to the surface 

functionalized hydrogels. 

Interestingly, only the upper hydrogel surface at the hydrogel-air interface is 

fluorescent and the bottom surface at the hydrogel-mold interface is not. There are two 

main differences between the upper and the bottom surface of p(Aam) hydrogels: I) 

the macromonomer solution was only spread on the upper surface of the hydrogel and 

II) only the upper hydrogel surface was in contact with air during the UV curing process. 

Hence, in the following both factors will be examined.  

To investigate the influence of the spreading process, hydrogels with and without 

spreading process were compared. For the hydrogel with spreading process, PFGE13-

b-PEG111 was dissolved in CHCl3 and spread on the hydrogel surface before curing as 

described before. CHCl3 was chosen as solvent because it was often used in the 

literature to prepare monolayers at the air-water interface (Bijsterbosch et al. 1995, 

Kampf et al. 1999) and previously showed good results for the preparation of PFGEp-

b-PEGq monolayers (section 6.. For the negative control, the spreading step was 

skipped, which usually contains the spreading of solvent without macromonomer. 

Figure 53 demonstrates that both hydrogels regardless of the spreading step exhibit a 

fluorescent hydrogel surface. This clearly shows that the spreading process itself does 

not cause the fluorescence at the hydrogel surface.  

 

Figure 53: Fluorescence microscopy images of fluorescence labeled polyacrylamide (p(Aam)) hydrogels 
a) with spreading of PFGE13-b-PEG111 solution in CHCl3 at the hydrogel surface and b) without 
spreading. The white arrow indicates the hydrogel-air interface during curing. 

Apart from chloroform, other spreading solvents like dichloromethane (DCM) and water 

were tested to confirm that the spreading solvent has also no effect on the fluorescence 
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of the hydrogel surface. DCM was chosen because it is eligible to solubilize our 

macromonomer and it is not miscible with water, which enhances the desired phase 

separation at the air-water interface. Additionally, DCM evaporates quickly at room 

temperature (boiling point: 39.6 °C), which should support the immobilization of the 

macromonomer at the air-water interface. As counterweight to this suitable spreading 

solvent, water was used, which should not enhance the surface functionalization of 

hydrogels because it is miscible with the hydrogel precursor solution. For the negative 

control, hydrogels without macromonomer were prepared by spreading the respective 

solvent (DCM or water) on the hydrogel surface.  

 

Figure 54: Fluorescence microscopy images of fluorescence labeled polyacrylamide (p(Aam)) hydrogels 
a, c) with PFGE13-b-PEG111 and b, d) without macromonomer. The spreading process was performed 
with a, b) dichloromethane (DCM) and c, d) water. The white arrow indicates the hydrogel-air interface 
during curing. 

Figure 54 demonstrates that regardless of the spreading solvent, the hydrogel surface 

of functionalized and unfunctionalized hydrogels is fluorescent. So, neither the 

spreading process itself, nor the spreading solvent are responsible for the fluorescent 

hydrogel surface.  

The second point, which needs to be investigated, is the effect of the surrounding air 

during the hydrogel curing, because only the upper surface of the hydrogel, which was 

fluorescent, was in contact with air. The bottom hydrogel surface in contrary was 

touching the mold and did not show fluorescence. This phenomenon was observed 

without exception for more than 20 p(Aam) hydrogels. Therefore, surface 

functionalized and unfunctionalized p(Aam) hydrogels were prepared under argon 
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atmosphere, labeled with the fluorescent dye Atto 488 maleimide, washed and 

analyzed with fluorescence microscopy. In contrast to hydrogels which were prepared 

under air (Figure 51), the hydrogels prepared under argon (Figure 55) are not 

fluorescent. In fact, neither the hydrogel upper surface nor the hydrogel bottom surface 

are fluorescent, regardless whether they were surface functionalized or not. One 

possible explanation is that the oxygen in the air inhibits the radical polymerization 

during the hydrogel curing due to its biradical nature. The inhibitory effect of oxygen in 

radical polymerizations is widely reported in the literature (Decker et al. 1985, Gauthier 

et al. 2005, Studer et al. 2003). The incomplete polymerization at the hydrogel-air 

interface might be the reason for an altered surface chemistry of the hydrogel-air 

interface, which could lead to more hydrogel interactions with the fluorescence dye or 

entrapments. Recently, Kascholke et al. (2017) also observed a fluorescent hydrogel-

air surface of their functionalized and unfunctionalized hydrogels, which were radically 

polymerized under air. Unfortunately they did not explain their observation. Taken 

together, the hydrogel curing experiments under argon strongly indicate that the 

surrounding environment of the hydrogel has an impact on the surface fluorescence, 

but further research is needed to explain the exact underlying mechanism.  

 

Figure 55: Fluorescence microscopy images of fluorescence labeled polyacrylamide (p(Aam)) 
hydrogels, which were cured under argon a) with macromonomer PFGE13-b-PEG111 and b) without 
macromonomer. The white arrow indicates the hydrogel-argon interface during curing. 

In conclusion, it was not yet possible to functionalize the air-hydrogel interface of 

p(Aam) hydrogels exclusively, but we could demonstrate that p(Aam) hydrogels 

regardless of their functionalization showed a fluorescent air-hydrogel interface. This 

was overcome by polymerizing the hydrogels under argon atmosphere. The two most 

evident reasons why the surface functionalization of hydrogels did not work, are, that 

either the macromonomers did not covalently bind to the hydrogel surface, or that the 

macromonomer amount on the hydrogel surface was too little for detection. Until now 

we only know, that the macromonomers can covalently bind into the p(Aam) hydrogel 
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bulk (Figure 13) and that they are able to form thin films at the air-water interface 

(Figure 34). As surface chemistry can differ dramatically from bulk chemistry, further 

research is needed to evaluate whether the macromonomers are able to covalently 

bind to hydrogel surfaces.  

To tackle this, it could be helpful to reduce the complexity of hydrogel surfaces by 

investigating whether the macromonomer in the first step can bind to a solid surface. 

A reasonable model substrate therefore is a self-assembled monolayer of 

3-methacryloylpropyl trimethoxysilane on a silicon wafer as described by Bialk et al. 

(2002). After extensive washing, the success of the macromonomer immobilization on 

the solid surface can be analyzed with atomic force microscopy (AFM). If the 

macromonomer immobilization and detection is successful, the experiment should be 

repeated with the same macromonomer concentration as in the surface 

functionalization experiments to find out whether the macromonomer is also detectable 

with fluorescence microscopy. This will answer the question whether the applied 

macromonomer amount in the hydrogel surface functionalization experiments was 

below the fluorescence microscopy detection limit. An alternative approach is based 

on the work of Tylor et al. (2016), who utilized time-of-flight secondary-ion mass 

spectrometry (TOF-SIMS) for the 3D mapping of functionalized poly(2-hydroxyethyl 

methacrylate) p(HEMA) hydrogels. TOF-SIMS might also be applicable for the 

detection of surface functionalized p(Aam) hydrogels. Taken together, we could show 

that our macromolecules are promising hydrogel functionalization reagents, but further 

research is needed to fulfil the ambitious task of exclusively functionalizing the air-

hydrogel interface. 
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8.1 Abstract 

(Coumarin-4-yl)methyl (c4m) and p-hydroxyphenacyl (pHP)-based compounds are 

well known for their highly efficient photoreactions, but often show limited solubility in 

aqueous media. To circumvent this, we synthesized and characterized the two new 

c4m and pHP-based photoacid generators (PAGs) 7-[bis(carboxymethyl)amino]-4-

(acetoxymethyl)coumarin (c4m-ac) and p-hydroxyphenacyl-2,5,8,11-tetraoxatridecan-

13-oate (pHP-t) and determined their solubilities, stabilities and photolysis in aqueous 

media. The two compounds showed high solubilities in water of 2.77 mmol L-1 ± 

0.07 mmol L-1 (c4m-ac) and 124.66 mmol L-1 ± 2.1 mmol L-1 (pHP-t). In basic conditions 

at pH 9, solubility increased for c4m-ac to 646.46 mmol L-1 ± 0.63 mmol L-1, for pHP-t 

it decreased to 34.68 mmol L-1 ± 0.62 mmol L-1. Photochemical properties of the two 

PAGs such as the absorption maxima, the maximum molar absorption coefficients and 

the quantum yields were found to be strongly pH-dependent. Both PAGs showed high 

stabilities s24h ≥ 95% in water for 24 h, but decreasing stability with increasing pH due 

to hydrolysis. The present study contributes to a clearer insight into the synthesis, 

solubilities, stabilities, and photolysis of c4m-ac and pHP-based PAGs for further 

photochemical applications when high PAG-concentrations are required such as in 

polymeric foaming. 

8.2 Introduction 

(Coumarin-4-yl)methyl (c4m) and p-hydroxyphenacyl (pHP)-based compounds are 

well known for their excellent photochemical properties such as their clean and highly 

efficient photo cleavage (Du et al. 2001, Givens et al. 2008, Givens et al. 1984, Givens 

et al. 1996, Givens et al. 2012, Klán et al. 2013b, Schmidt et al. 2005). This was 

highlighted in an excellent review article by Givens et al., who pointed out that c4m and 

pHP derivatives are especially well suited for time-resolved biochemical and 

physiological applications (Givens et al. 2012). Furthermore, these two chromophores 

are easy to access synthetically, cover a wide range of excitation wavelengths from 

250 nm to 450 nm by adjusting their substituents and can be used without sensitizer 

(Du et al. 2001, Givens et al. 2012, Givens et al. 2011, Givens et al. 2000, Hagen et 

al. 2008, Hagen et al. 2005, Klán et al. 2013b, Pelliccioli et al. 2002, Schmidt et al. 

2005, Shembekar et al. 2007). Therefore, c4m and pHP-based compounds have 

gained considerable attention in biochemical (Geibel et al. 2000, Givens et al. 1996, 
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Givens et al. 2000, Hotta et al. 2019, Ohtsuki et al. 2016), agricultural (Atta et al. 2012b, 

Atta et al. 2010) and pharmaceutical applications (Barman et al. 2016, Buckup et al. 

2010, Kandler et al. 1998). They have been used for neurotransmitter release (Kandler 

et al. 1998), enzyme catalysis (Geibel et al. 2000), membrane acidification (Geißler et 

al. 2005) or for drug delivery of anticancer agents (Al-Wahaibi et al. 2018). Barman et 

al. for instance used pHP–benzothiazole–chlorambucil conjugates as a photoregulated 

drug delivery system due to its fast photocleavage and high biocompatibility (Barman 

et al. 2016). Morover, c4m esters were employed to study proton migration in biological 

systems such as lipid bilayers (Geißler et al. 2005, Serowy et al. 2003).  

They were also used as photoacid generators (PAGs) to release acidic compounds 

under UV irradiation in aqueous media (Hagen et al. 2008, Pelliccioli et al. 2002). 

However, in many water-based applications where high PAG concentrations are 

required, like in the field of bioinspired hydrogels (Cornwell et al. 2015, Gargava et al. 

2016), hydrogel modification reactions (Feng et al. 2015) or foaming of polymeric 

materials (Kovalenko et al. 2016, Schlögl et al. 2012), strong electrolyte PAGs are 

preferred compared to weak electrolyte PAGs like c4ms or pHPs. For such 

applications, diphenyliodonium compounds are often used as strong electrolyte PAGs, 

which were discovered by Crivello et al. in 1977 (Crivello et al. 1977). However, many 

diphenyliodonium-based PAGs like diphenyliodonium nitrate or dipheyliodonium 

antimonate are toxic, which significantly limits their application (Shirai et al. 1996). In 

fact, such PAGs cannot be implemented into biological, physiological and medical 

applications. Nevertheless, Gargava et al. used diphenyliodonium nitrate as PAG to 

regulate the pH-dependent pore size of bioinspired hydrogel valves (Gargava et al. 

2016). Also Feng et al. applied diphenyliodonium nitrate as PAG to trigger light 

controlled shape memory hydrogels (Feng et al. 2015). The process involved shape 

retention through coordination interaction between the imidazole groups of the 

poly(acrylamide-co-N-vinylimidazole) hydrogel and dissolved metal ions in the 

aqueous swelling agent (Feng et al. 2015). Shape recovery of the hydrogel was 

acchieved by switching off the complexation via PAG photolysis reaction due to the 

protonation of imidazole groups (Feng et al. 2015). Diphenyliodonium nitrate was also 

used to phototrigger the self assembly of a 1,3:2,4-dibenzylidene-D-sorbitol hydrogel 

in a controlled way when the pH was lowered (Cornwell et al. 2015). There are 

approaches to circumvent the toxicity of diphenyliodonium nitrate by using other 

photoacid generators like diaryliodonium tetrakis (pentafluorophenyl) borate or 
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diphenyliodonium hexafluorophosphate, but they frequently need additional 

photosensitzers (Kovalenko et al. 2016, Schlögl et al. 2012). Kovalenko et al. for 

instance applied commercially available diaryliodonium tetrakis (pentafluorophenyl) 

borate (Silcolease UV Cata211) with low toxicity, but needed 2-isopropylthioxanthone 

as photosensitizer to tailor the porous structure of polydimethylsiloxane foams 

(Kovalenko et al. 2016). A further example where strong electrolyte PAGs were 

favoured was published by Schlögl et al. for the foaming of 3D printed polyacrylate 

films (Schlögl et al. 2012). In particular, they utilized diphenyliodonium 

hexafluorophosphate as PAG and a toxic anthracene photosensitizer in combination 

with carbonate particles to generate CO2 as foaming agent (Schlögl et al. 2012). The 

implementation of PAGs enabled them to simultaneously foam and cure their 3D 

printed polymers (Schlögl et al. 2012). Such 3D printed porous materials are subject 

to current research (Kankala et al. 2018, Schuster et al. 2019, Schuster et al. 2017). 

Especially in the above described fields of hydrogel research and polymeric foaming, 

c4m- and pHP-based PAG could be benefical, since they do not exhibit a cationic core 

structure which often limits biocomtability. However, c4m- and pHP-based PAG are 

rarely used, presumably due to the restricted or undetermined solubility of c4m and 

pHP-based PAGs aqueous solutions. In some publications, a water solubility of c4m 

and pHP derivatives was reported (Givens et al. 1996, Givens et al. 2011, Hagen et al. 

2008, Hagen et al. 2005, Hagen et al. 2010), but a solubility in aqueous media was not 

yet quantified, which is a crucial parameter for the PAG selection process. 

Thus, to develop PAGs that would be usable in aqueous media in high concentration, 

we designed a c4m and a pHP derivative where a bis(carboxymethyl)amino moiety or 

a tri(ethylene glycol) moiety, respectively, should ensure high water solubility. The 

synthesis of 7-[bis(carboxymethyl)amino]-4-(acetoxymethyl)coumarin (c4m-ac) and p-

hydroxyphenacyl-2,5,8,11-tetraoxatridecan-13-oate (pHP-t) (Scheme 15) is described 

and the solubility in aqueous media is quantified. We aimed to synthesize c4m and 

pHP-based PAGs with solubilities well above 1 mM in aqueous media, which are 

referred to as good in the c4m and pHP literature (Givens et al. 1996, Givens et al. 

2011, Hagen et al. 2008, Hagen et al. 2005, Hagen et al. 2010). We furthermore 

characterized these new c4m and pHP-based PAGs and determined their 

photochemical properties, their pH dependent stability and photolysis in aqueous 

media. We envision that our studies will contribute to an increased applicability of c4m 
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and pHP-based PAG in aqueous media, where high PAG concentrations are needed, 

like in hydrogel research or the field of polymeric foaming. 

8.3 Experimental section 

Materials. 2-Bromo-4-hydroxyacetophenone, 4-dimethylamino-pyridine (4-DMAP), 

1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and dichloromethane were 

purchased at TCI Germany GmbH (Eschborn, Germany). Ammonium chloride, 

hydrogen chloride, potassium permanganate, sodium hydride (60% dispersion in 

methanol), 7-amino-4-methylcoumarin, bromoacetic acid tert-butyl ester, sodium 

iodide, selenium dioxide, p-xylene, sodium borohydride, N,N-dimethylformamide 

(DMF) and sodium sulfate were obtained from Sigma-Aldrich Chemicals GmbH 

(Darmstadt, Germany). Ethyl bromoacetate was purchased from Alpha Aesar (Ward 

hill, USA), sodium acetate (NaOAc) from Merck Chemicals GmbH (Darmstadt, 

Germany) and phenylalanine from Acros Organics (Geel, Belgium). Tri(ethylene 

glycol) monomethyl ether and sodium hydroxide were bought from Fluka Analytical 

(Munich, Germany). Diethylether and magnesium sulfate were purchased from 

AppliChem GmbH (Darmstadt, Germany). Acetic acid (AcOH), sodium chloride, 

sodium hydrogencarbonate and trifluoroacetic acid (TFA) were bought from Carl Roth 

GmbH + Co. KG (Karlsruhe, Germany). The solvents ethanol (EtOH), ethyl acetate 

(EtOAc), methanol (MeOH) and n-hexane were bought from VWR chemicals (Radnor, 

USA). Acetonitrile (MeCN) and tetrahydrofuran (THF) were obtained from J.T. Baker 

(Phillipsburg, USA). All chemicals and solvents were of the highest grade commercially 

available and were used without further purification. Thin-layer chromatography (TLC) 

analyses were performed on aluminum plates coated with silica gel 60 F 254 by Merck 

Chemicals GmbH (Darmstadt, Germany) and Nano-Silica gel RP-18W by Fluka 

Analytical (Munich, Germany). For flash chromatography, silica gel 60 by Macherey-

Nagel or silica gel 60 (0.063 – 0.200 mm) and LiChroprep RP-18 (40-63 µm) by Merck 

Chemicals GmbH (Darmstadt, Germany) were used. Water was purified with a TKA 

X-CAD Milli-Q system from Thermo Fischer Scientific (Waltham, USA). 

Instrumentation. The NMR spectra of the c4m-based compounds were recorded on 

a Bruker AVIII-HD 500 MHz instrument from Bruker (Billerica, USA) equipped with a 

N2 cooled cryogenic probe head using DMSO-d6. The NMR spectra of the pHP-based 

compounds were recorded on a Bruker Avance 500 from Bruker (Billerica, USA) with 
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CDCl3 as solvent. Mass spectrometry was performed on an ESI-MS Bruker 

MicroTOFQ from Bruker (Billerica, USA) under nitrogen atmosphere. 

For the measurement of the pH value an InLab 1 022 pH electrode from Mettler Toledo 

(Columbus, USA) in combination with a Lab 850 pH meter was used. Photolysis 

experiments were performed in an UV-H 255 UV chamber from Hartmann 

Feinwerkbau GmbH (Ober-Moerlen, Germany) with an irradiation intensity of approx. 

40 mW cm-² between 300 nm and 450 nm (Figure 74). The emission spectrum was 

determined with an Ocean Optics USB 2 000+ spectrometer from Ocean Optics 

Germany GmbH (Ostfieldern, Germany). The distance between the bottom of the 

sample and the UV source in the UV chamber was 8.5 cm. UV-vis spectra were 

recorded in a two beam UV-vis spectrometer UV-2450 from Shimadzu (Kyoto, Japan) 

with quartz cuvettes of 1 cm path length and a cross-sectional area of 1 cm². 

For quantum yield determinations c4m-ac was irradiated with a M365L2 LED from 

Thorlabs at 365 nm. For the irradiation of pHP-t and pHP-ac a M310L3 LED from 

Thorlabs (Newton, USA) at 310 nm was used. Both were operated by a DC4100 LED 

driver from Thorlabs (Newton, USA). The decay of c4m-ac was analyzed with a 1 260 

Infinity HPLC from Agilent Technologies Germany GmbH (Waldbronn, Germany), 

equipped with a diode array detector. Separation was done using MultoKrom® 100-5 

C18 column (250 x 4.6 mm) from CS-Chromatographie Service GmbH (Langerwehe, 

Germany). Chromatograms were analyzed with ChemStation software from Agilent 

Technologies Germany GmbH (Waldbronn, Germany). 

For stability and photolysis determinations, HPLC measurements were performed 

using an analytical CBM-20A/20Alite HPLC from Shimadzu (Kyoto, Japan) with a 

Superspher 100 RP-18 (125 mm x 4.0 mm) column from Merck Chemicals GmbH 

(Darmstadt, Germany) and a SPD-M20A photodiode detector from Shimadzu (Kyoto, 

Japan). For c4m-ac a mixture of ACN : H2O = 15 % : 85 %, for pHP-t a mixture of ACN : 

H2O = 17 % : 83 % and for pHP-ac a mixture of ACN : H2O = 10 % : 90 % was used 

for eluation. Trifluoroacetic acid (0.1%) was added to the HPLC solvent for pHP-t and 

pHP-ac. The flow rate was 1.0 mL min-1. The HPLC chromatograms were analyzed 

with LCsolution software from Shimadzu (Kyoto, Japan). 

Synthesis and characterization. C4m-ac was synthesized by altering Hagen et al.’s 

synthesis route for c4m-based photoacid generators (Hagen et al. 2005). The 
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compound pHP-t and the reference substance p-hydroxyphenacyl acetate (pHP-ac) 

were synthesized by modifying the synthesis from the literature (Kaila et al. 2007, Le 

et al. 2016).  

Di-tert-butyl 2,2'-((4-methyl-2-oxo-2H-chromen-7-yl)-azanediyl)diacetate (1a): 

7-Amino-4-methylcoumarin (1) (5.26 g, 30 mmol, 1.0 eq), bromoacetic acid tert-butyl 

ester (29.56 mL, 200 mmol, 6.7 eq), diisopropylethylamine (20.54 mL, 120 mmol, 

4.0 eq) and NaI (4.5 g, 30 mmol, 1.0 eq) were dissolved in acetonitrile (90 mL) and 

stirred at 80 °C for 10 days. The mixture was cooled to room temperature (RT), filtered, 

and the solvent was removed under reduced pressure. The residue was dissolved in 

EtOAc (250 mL), washed with brine (3 × 50 mL), dried over Na2SO4 and the solvent 

was removed under reduced pressure. Purification via flash chromatography (silica, 

EtOAc : n-hexane = 1:4) afforded di-tert-butyl 2,2'-((4-methyl-2-oxo-2H-chromen-7-

yl)azanediyl)diacetate (1a) (5.08 g, 12.60 mmol, 42 %) as a yellow oil.  

1H NMR (500 MHz, DMSO-d6): δ [ppm] = 7.55 (d, J = 9.0 Hz, 1H), 6.57 (dd, J = 9.0 Hz, 

2.5 Hz, 1H), 6.42 (d, J = 2.5 Hz, 1H), 6.03 (s, 1H), 4.18 (s, 4H), 2.50 (s, 3H), 1.42 (s, 

18H).  

13C NMR (125 MHz, DMSO-d6): δ [ppm] = 168.9, 160.5, 154.9, 153.5, 151.2, 126.0, 

110.0, 109.1, 108.9, 98.0, 81.0, 53.5, 27.7, 17.9.  

ESI-MS (+): m/z: [M+H]+ 404.19. 

Di-tert-butyl 2,2'-((4-formyl-2-oxo-2H-chromen-7-yl)-azanediyl)diacetate (1b): Di-

tert-butyl 2,2'-((4-methyl-2-oxo-2H-chromen-7-yl)azanediyl)diacetate (1a) (4.03 g, 

10 mmol, 1.0 eq) was dissolved in 50 mL p-xylene by heating, selenium dioxide 

(2.21 g, 20 mmol, 2.0 eq) was added, and the mixture was refluxed for 24 h. The 

mixture was filtered hot to remove black selenium, and the filtrate was concentrated 

under reduced pressure. The resulting precipitate afforded di-tert-butyl 2,2'-((4-formyl-

2-oxo-2H-chromen-7-yl)azanediyl)diacetate (1b) (3.41 g, 8 mmol, 80 %) as orange-red 

powder.  

1H NMR (500 MHz, DMSO-d6): δ [ppm] = 10.08 (s, 1H), 8.23 (d, J = 9.1 Hz, 1H), 6.76 

(s, 1H), 6.64 (dd, J = 9.1 Hz, 2.6 Hz, 1H), 6.52 (d, J = 2.6 Hz, 1H), 4.21 (s, 4H), 1.42 

(s, 18H).  
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13C NMR (125 MHz, DMSO-d6): δ [ppm] = 194.0, 168.7 160.9, 156.1, 151.5, 143.7, 

126.4, 118.1, 109.8, 105.0, 98.4, 81.2, 53.5, 27.7.  

ESI-MS (+): m/z: [M-H]+ 416.20. 

Di-tert-butyl-2,2'-((4-(hydroxymethyl)-2-oxo-2H-chromen-7-yl)azanediyl)-

diacetate (1c): Di-tert-butyl 2,2'-((4-formyl-2-oxo-2H-chromen-7-yl)azanediyl)-

diacetate (1b) (2.00 g, 5 mmol, 1.0 eq) was dissolved in MeOH (100 mL) and NaBH4 

(0.23 g, 6 mmol, 1.3 eq) was slowly added. The mixture was stirred at RT for 2 hours, 

diluted with H2O (40 mL), acidified (pH 5) with 0.1 N HCl and extracted with CH2Cl2 

(30 mL, 3x). The combined organic layers were washed with H2O and brine, dried over 

Na2SO4 and the solvent was removed under reduced pressure. Purification by flash 

chromatography (hexane : EtOAc = 2 : 1) afforded di-tert-butyl 2,2'-((4-(hydroxy-

methyl)-2-oxo-2H-chromen-7-yl)azanediyl)diacetate (1c) (1.6 g, 4 mmol, 74 %) as 

yellow solid.  

1H NMR (500 MHz, DMSO-d6): δ [ppm] = 7.48 (d, J = 9.0 Hz, 1H), 6.54 (dd, J = 9.0 

Hz, 2.6 Hz, 1H), 6.43 (d, J = 2.6 Hz, 1H), 6.15 (t, J = 1.4 Hz, 1H), 5.54 (t, J = 10 Hz, 

1H), 4.68 (d, J = 3.0 Hz, 2H), 4.18 (s, 4H), 1.42 (s, 18H).  

13C NMR (125 MHz, DMSO-d6): δ [ppm] = 168.9, 160.9, 156.8, 154.9, 151.1, 124.9, 

108.9, 107.4, 105.3, 98.1, 81.1, 59.0, 53.5, 27.7.  

ESI-MS (+): m/z: [M+H]+ 420.19. 

2,2'-((4-(Hydroxymethyl)-2-oxo-2H-chromen-7-yl)azanediyl)diacetic acid (1d): Di-

tert-butyl 2,2'-((4-(hydroxymethyl)-2-oxo-2H-chromen-7-yl)azanediyl)diacetate (1c) 

(0.50 g, 1 mmol) was stirred in a mixture of TFA/ H2O/ CH2Cl2 (74 : 1 : 25) (20 mL) at 

RT for 25 min. The solvent was removed under reduced pressure and coevaporated 

with Et2O (2x), dissolved in a acetonitrile-water mixture, lyophilized and afforded 2,2'-

((4-(hydroxymethyl)-2-oxo-2H-chromen-7-yl)azanediyl)diacetic acid (1d) (0.37 g, 

1 mmol) quantitatively.  

1H NMR (500 MHz, DMSO-d6): δ [ppm] = 7.47 (d, J = 9.0 Hz, 1H), 6.56 (dd, J = 9.0, 

2.6 Hz, 1H), 6.45 (d, J = 2.6 Hz, 1H), 6.14 (t, J = 1.4 Hz, 1H), 4.68 (d, J = 1.0 Hz, 2H), 

4.21 (s, 4H).  
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13C NMR (125 MHz, DMSO-d6): δ [ppm] = 171.4, 160.9, 156.8, 154.9, 151.1, 125.0, 

108.9, 107.3, 105.2, 98.0, 59.0, 52.8.  

ESI-MS (+): m/z: [M+H]+ 308.15. 

7-[bis(carboxymethyl)amino]-4-(acetoxymethyl)coumarin (c4m-ac): 2,2'-((4-

(Hydroxymethyl)-2-oxo-2H-chromen-7-yl)azanediyl)diacetic acid (1d) (0.10 g, 

0.3 mmol, 1.0 eq), 4-DMAP (0.12 g, 1 mmol, 3.0 eq), EDC (0.17 g, 1 mmol, 3.0 eq) 

and AcOH (51 µL, 1 mmol, 3.0 eq) were dissolved in DMF (5 mL) and stirred at RT for 

12 hours. The solvent was removed under reduced pressure. Purification via RP-HPLC 

afforded 7-[bis(carboxymethyl)amino]-4-(acetoxymethyl)coumarin (0.07 g, 0.2 mmol, 

63 %) (c4m-ac) as yellow solid.  

1H NMR (500 MHz, DMSO-d6): δ [ppm] =12.85 (s, 2H), 7.51 (d, J = 9.0 Hz, 1H), 6.60 

(dd, J = 9.0 Hz, 2.3 Hz, 1H), 6.48 (d, J = 2.3 Hz, 1H), 6.10 (s, 1H), 5.28 (s, 2H), 4.23 

(s, 4H), 2.16 (s, 3H).  

13C NMR (125 MHz, DMSO-d6): δ [ppm] = 171.4, 170.0, 160.4, 155.1, 151.5, 150.6, 

125.4, 109.2, 106.9, 106.6, 98.1, 61.1, 52.8, 20.5.  

ESI-MS (+): m/z: [M+H]+ 350.13. 

Ethyl-2,5,8,11-tetraoxatridecan-13-oate (2a): Under nitrogen atmosphere 

tri(ethylene glycol) monomethyl ether (2) (5.54 g, 34 mmol, 1.0 eq) and sodium hydride 

(1.62 g, 67 mmol, 2.0 eq) were dissolved in anhydrous THF (100 mL) at 0 °C. Ethyl 

bromoacetate (14.09 g, 84 mmol, 2.5 eq) was added at RT, stirred for two hours and 

filtrated. The white residue was dissolved in NH4Cl solution at 0 °C and the aqueous 

phase was extracted with EtOAc. The combined organic phases were washed with 

water and dried over MgSO4. The solvent and the excess of ethyl bromoacetate were 

removed under reduced pressure to afford ethyl-2,5,8,11-tetraoxatridecan-13-oate 

(2a) (4.37 g, 17 mmol, 52 %)  as a colorless oil.  

1H-NMR (500 MHz, CDCl3): δ [ppm] = 4.22 (q, J = 7.2 Hz, 2H), 4.15 (s, 2H), 3.64-3.75 

(m, 10H), 3.54-3.56 (m, 2H), 3.38 (s, 3H), 1.29 (t, J = 6.9 Hz, 3H).  

13C NMR (125 MHz, CDCl3): δ [ppm] = 170.5, 71.9, 70.9-70.6, 68.7, 60.8, 59.0, 14.2.  

ESI-MS (+): m/z: [M+Na]+ 273.13 Da. 
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2,5,8,11-Tetraoxatridecan-13-oic acid (2b): The ester 2a (0.98 g, 4 mmol, 1.0 eq) 

was dissolved in a 1 M methanolic solution of sodium hydroxide (22.00 mL, 20 mmol, 

5.0 eq) and stirred for 72 h at RT. The solution was adjusted to a pH value of 3 by 

adding aqueous HCl solution. The solvent was removed under reduced pressure and 

the residue was dissolved in diethylether. Unsoluble solid was separated through 

filtration and the organic phase was washed with water. By evaporating the solvents 

2,5,8,11-tetraoxatridecan-13-oic acid (2b) (0.75 g, 3 mmol, 86 %) could be obtained 

as colorless oil.  

1H NMR (500 MHz, CDCl3): δ [ppm] = 8.33 (s, 1H), 4.17 (s, 2H), 3.77-3.75 (m, 2H) 

3.70-3.64 (m, 8H), 3.59-3.57 (m, 2H), 3.39 (s, 3H).  

13C NMR (125 MHz, CDCl3): δ [ppm] = 172.8, 71.9-70.32, 68.9, 58.9.  

ESI-MS (-): m/z: [M-H]- 221.1 Da. 

p-Hydroxyphenacyl-2,5,8,11-tetraoxatridecan-13-oate (pHP-t): 2,5,8,11-tetraoxa-

tridecan-13-oic acid (2b) (0.76 g, 3 mmol, 2.0 eq) were added to a 0.5 M aqueous 

sodium hydroxide solution (4.2 mL, 2 mmol, 1.1 eq) and stirred at RT for 10 minutes. 

2-Brom-4-hydroxyacetophenone (0.36 g, 2 mmol, 1.0 eq) were dissolved in EtOH 

(15 mL) and heated under reflux conditions for 2 hours. After removing the solvent 

under reduced pressure the oily residue was dissolved in water and adjusted to a pH 8 

by adding saturated sodium hydrogencarbonate solution (3.5 mL). The aqueous 

phases were extracted with dichloromethane and the combined organic phases were 

washed with brine and dried over sodium sulfate. The solvent was evaporated under 

reduced pressure and the raw product was purified via column chromatography (silica, 

n-hexane : EtOAc = 1 : 2, EtOAc, EtOAC : MeOH = 1 : 9). The solvent was removed 

under reduced pressure to afford p-hydroxyphenacyl-2,5,8,11-tetraoxatridecan-13-

oate (pHP-t) (0.29 g, (1 mmol, 49 %) as colorless oil.  

1H NMR (500 MHz, CDCl3): δ [ppm] = 7.80 (dt, J = 8.8 Hz, 2.7 Hz, 2H), 6.91 (dt, 

J = 8.8 Hz, 2.7 Hz, 2H), 5.32 (s, 2H), 4.30 (s, 2H), 3.76–3.75 (m, 2H), 3.70–3.64 (m, 

8H), 3.57–3.55 (m, 2H), 3.37 (s, 3H).  

13C NMR (125 MHz, CDCl3): δ [ppm] = 190.3, 170.2, 161.6, 130.4, 126.6, 115.8, 71.9, 

70.9–70.4, 68.5, 66.1, 59.0.  

ESI-MS (-): m/z: [M-H]- 355.15 Da. 
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p-Hydroxyphenacylacetate (pHP-ac): 2-Bromo-4-hydroxyacetophenone (1.48 g, 

7 mmol, 1.0 eq) were dissolved in EtOH and a mixture of sodium acetate (1.12 g, 

8 mmol, 1.2 eq ) and AcOH (0.36 mL, 6 mmol, 0.9 eq) in water (3.6 mL) was added 

dropwise. The solution was heated for 3h at 90 °C under reflux conditions. The solvent 

was removed under reduced pressure and the remaining oily residue was dissolved in 

aqueous sodium carbonate solution. The aqueous phase was extracted with EtOAc 

and the combined organic phases were washed with brine and dried over sodium 

sulfate. After evaporation of the solvent, the raw product was recrystallized from EtOAc 

and purified by a column chromatography (n-hexane : EtOAc = 7 : 3). 

p-hydroxyphenacylacetate (pHP-ac) (0.97 g, 5 mmol, 73 %) was obtained as a white 

solid.  

1H NMR (500 MHz, CDCl3): δ [ppm] = 7.83 (dt, J = 8.8 Hz, 2.8 Hz, 2H), 6.89 (dt, J = 

8.8 Hz, 2.8 Hz, 2H), 6.19 (s, 1H), 5.30 (s, 2H), 2.24 (s, 3H).  

13C-NMR (125 MHz, CDCl3): δ [ppm] = 190.8, 170.9, 160.9, 130.4, 127.1, 115.7, 65.8, 

20.7.  

ESI-MS (-): m/z: [M-H]- 193.03 Da. 

Solubility determination. The solubilities of c4m-ac, pHP-t and pHP-ac were 

determined photometrically in water and alkaline solution (3M KHCO3 solution, pH 9). 

For the determination of the solubility in water cmax,w and the solubility in alkaline 

solution cmax,a a calibration curve was prepared by measuring the UV-vis absorption 

spectra of the PAGs at four different concentrations in water and in basic solution 

(Figure 69). 

The concentrations were selected in such a way that the absorbance maxima were 

spread over the linear absorbance range (Aλ = 0.1 - 0.9) of the Beer’s law (Beer 1852):  

 𝐴ఒ = 𝜀ఒ ∙ 𝑐 ∙ 𝑑 (16) 

In this equation, Aλ is the absorbance at a specific wavelength λ, ελ is the molar 

absorption coefficient at the wavelength λ, c is the concentration and d is the path 

length. The calibration curve was used to determine the molar absorption coefficient ελ 

of the PAG in the respective media. Three saturated PAG solutions were prepared and 

diluted until the absorbance maxima were in the linear absorbance range. To calculate 

the concentration of the diluted sample (cd) the previously determined molar absorption 
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coefficient ελ was used. As shown in equation (17), the solubility in water cmax,w can be 

quantified by multiplying the concentration of the diluted PAG solution cd with the 

dilution factor df. 

 
𝑐௠௔௫,௪ =

𝐴ఒ

𝜀ఒ ∙ 𝑑
∙ 𝑑௙ = 𝑐ௗ ∙ 𝑑௙ 

(17) 

The solubility in alkaline solution cmax,a is determined respectively by using Aλ, ελ and 

df of the alkaline solution. The solubility determination was performed in triplicates.  

Quantum Yield determination. All measurements were performed in 1 cm quartz 

fluorescence cuvette from Hellma GmbH (Müllheim, Germany). For irradiation of c4m-

ac, a M365L2 LED from Thorlabs at 365 nm was used and for pHP-t and pHP-ac, an 

M310L3 LED from Thorlabs (Newton, USA) at 310 nm was applied. Both were 

operated by a DC4100 LED driver from Thorlabs (Newton, USA). Light sources were 

calibrated using iron (III) ferrioxalate actinometry, following the literature procedure 

(Hatchard et al. 1956). The photo reaction of c4m-ac was followed by HPLC and of 

pHP-t and pHP-ac by UV-vis spectroscopy. All quantum yields Φ were measured in 

triplicates and calculated as previously described (Reinfelds et al. 2018). 

For the Φ determination of c4m-ac, an aqueous sample of c4m-ac containing the 

internal standard phenylalanine was irradiated at 365 nm and the conversion was 

analyzed via HPLC. The conversion change (in %) of c4m-ac was plotted against 

irradiation time (tirr). The plot was fitted using following exponential decay function 

(equation (18)), where A1 and t1 are fit parameters and y0 is a constant (Reinfelds et 

al. 2018). 

 
𝑦 = 𝐴ଵ𝑒

௧೔ೝೝ
௧భ + 𝑦଴ 

(18) 

The initial rate of the concentration change (y’) at the beginning of the irradiation can 

be calculated by deriving equation (19) and inserting the corresponding fit parameters 

for tirr = 0 (Reinfelds et al. 2018): 

 

𝑦´ = −
𝐴ଵ𝑒

ି௧೔ೝೝ
௧భ

𝑡ଵ
 

 

(19) 

For c4m-ac, Φ is then calculated by equation (20), where c is the concentration of the 

irradiated solution, V is the volume of the irradiated sample, y‘ is the change in 

concentration, np is the photon flux of the light source determined by actinometry and 
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Aλ is the absorbance of the PAG solution at the irradiation wavelength (Reinfelds et al. 

2018).  

 
Φ =  

𝑐 ∙ 𝑉 ∙ 𝑦′

𝑛௣ ∙ (1 − 10ି஺ഊ)
 

(20) 

In contrast to c4m-ac, Φ of pHP-t and pHP-ac was determined by UV-vis spectroscopy. 

Therefore, pHP-t and pHP-ac samples with a high absorption (Aλ > 3) at 310 nm were 

used to ensure complete absorption of radiant flux. The pHP-based PAGs were 

irradiated and the change of absorption was measured simultaneously using a 

photodiode array detector. A plot of the absorption change against irradiation time was 

prepared choosing a suitable wavelength with Aλ < 1. The decrease of the absorption 

in the initial phase of the reaction (conversion < 10 %) was fitted by a linear regression. 

Φ of pHP-t and pHP-ac was calculated using equation (21): 

 
Φ =  

−𝑘 𝑉

𝑑 ∙ 𝜀ఒ ∙  𝑛௣
 (21) 

Here, k is the slope from the linear regression, V is the volume of the irradiated sample, 

d is the pathlength of the cuvette, ελ is the molar absorption coefficient of the 

wavelength used for the reaction control (here at 321 nm) and np is the photon flux of 

the light source. 

Stability determination. C4m-ac, pHP-t and pHP-ac were dissolved in water at a 

concentration of 0.2 g L-1, which led to pH 3 for c4m-ac, pH 6 for pHP-t and pH 5 for 

pHP-ac. Aliquots of these PAG solutions were adjusted to pH 7 and pH 8 with 0.01 M 

NaOH. The samples were stored under light exclusion at RT for 1 h, 3 h and 24 h. After 

filtration, they were measured via HPLC. The elution time (telu) of c4m-ac was 6.3 min, 

of pHP-t 9.0 min and of pHP-ac 9.5 min. The PAG stability (s) was calculated according 

equation (22), where Pt=0 is the peak area of the PAG immediately after preparation 

(t = 0) and Pt is the respective peak area after a storage time ts.  

 
𝑠 =

𝑃௧

𝑃௧ୀ଴
 

(22) 

Photolysis. An aqueous solution of c4m-ac, pHP-t and pHP-ac was prepared with a 

concentration of 0.2 mg mL-1. This led to a solution of pH 3 for c4m-ac, of pH 6 for 

pHP-t and of pH 5 for pHP-ac, respectively. An aliquot of each PAG solution was 

adjusted to pH 7 and to pH 8 using 0.01 M NaOH. 1 mL samples of the PAG solutions 

were irradiated in a quartz glass cuvette using a hartmann.gs UV-H 255 UV chamber. 
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The irradiation time tirr was adjusted to the photolysis speed of the compound. The 

photolysis of c4m-ac for instance was measured after 0.5 min, 1 min, 1.5 min, 2 min, 

3 min, 4 min, 6 min and 8 min UV irradiation. For pHP-t, the photolysis was measured 

every two minutes for the first 10 minutes and then every 5 minutes. After 30 min, 

pHP-t was analyzed every 10 minutes until an overall tirr of 60 minutes. For pHP-ac, 

the concentration was measured every minute in the first 10 minutes and afterwards 

every five minutes up to 80 minutes. 

8.4 Results and discussion 

Synthesis of c4m and pHP-based PAGs. The synthesis route and the molecular 

structures of the c4m and pHP-based PAGs, namely 7-[bis(carboxymethyl)amino]-4-

(acetoxymethyl)coumarin (c4m-ac) and p-hydroxyphenacyl-2,5,8,11-tetraoxatridecan-

13-oate (pHP-t), are shown in Scheme 15. 

The synthesis of c4m-ac is based on previous work by Hagen et al. (Hagen et al. 2005) 

and started with the alkylation of 7-amino-4-methylcoumarin (1) with bromoacetic acid 

tert-butyl ester, followed by oxidation with SeO2 to the corresponding aldehyde 1b 

which was subsequently reduced with NaBH4 to the primary alcohol 1c. Deprotection 

of the carboxyl groups with trifluoroacetic acid yielded 1d which was acetylated with 

acetic acid in the presence of 4-dimethylaminopyridine (4-DMAP) and 1-ethyl-3-(3-

dimethyl-aminopropyl) carbodiimide (EDC) to form c4m-ac. The 1H NMR and 13C NMR 

spectra of c4m-ac and its intermediates are given in Figure 60 - Figure 64. 

The synthesis of pHP-t was derived from Kaila et al., whereby 3,6,9,12-

tetraoxatridecanoic acid (2b) was used as nucleophile instead of acetic acid (Scheme 

15) (Kaila et al. 2007). We used a two-step synthesis to generate 2b according to Le 

et al. via Williamson ether synthesis of tri(ethylene glycol) monomethyl ether (2) with 

ethyl bromoacetate and subsequent saponification reaction (Le et al. 2016, Williamson 

1850). The nucleophilic substitution of 2-bromo-4-hydroxy-acetophenone (3) with 2b 

led to pHP-t. The 1H NMR and 13C NMR spectra of pHP-t and its intermediates are 

given in Figure 65 - Figure 68. Furthermore, p-hydroxyphenacylacetate (pHP-ac) was 

synthesized as reference substance according to Kaila et al. (2007) (Scheme 9). Figure 

68 shows the 1H NMR and 13C NMR spectra of pHP-ac. 
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Scheme 15: Synthesis of a) 7-[bis(carboxymethyl)amino]-4-(acetoxy-methyl)coumarin (c4m-ac) over 
5 steps with i) bromoacetic acid tert-butyl ester, NaI, ACN, 80 °C, 10 d, 43 %; ii) SeO2, p-xylene, 150 °C, 
24 h, 80 %; iii) NaBH4, MeOH, RT, 2 h, 74 %; iv) TFA, H2O, CH2Cl2, RT, 25 min, 100 %; v) 4-DMAP, 
EDC, AcOH, DMF, RT, 12 h, 63 %. Synthesis of b) p-hydroxyphenacyl-2,5,8,11-tetraoxatridecan-13-
oate (pHP-t) over 3 steps with i) NaH, bromoacetic acid ethyl ester, THF, RT, 3 h, 52 %. ii) NaOH, 
MeOH, RT, 72 h, 86 %. iii) NaOH, EtOH, 115 °C, 2 h, 49 %. 

 

Generally, all characterization data indicate that the syntheses yielded c4m-ac, pHP-t 

and pHP-ac in sufficient purity for further characterization as described below. 

Solubility determination. As the solubility of many c4m- and pHP-based derivatives 

were only estimated roughly in previous studies (Givens et al. 1996, Givens et al. 2011, 
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Hagen et al. 2008, Hagen et al. 2005, Hagen et al. 2010), we wanted to quantify the 

solubilities cmax,w and cmax,a of c4m-ac and pHP-t in water and alkaline solution, 

respectively. Solubilities were determined photometrically by diluting saturated 

solutions of the compounds to diluted concentrations cd. The value of cd was 

determined by applying appropriate UV-vis calibrations for c4m-ac and pHP-t (Table 

13, Figure 69). The solubilities cmax,w and cmax,a were then calculated with equation (17) 

using the dilution factor.  

 

Figure 56: Absorbance A of c4m-ac and pHP-t solutions at different concentrations c for the photometric 
determination of the solubility in a) water and in b) alkaline solution at pH 9. The standard deviation of 
cd is in the range of the symbol size. 

Figure 56 demonstrates the absorbance of c4m-ac and pHP-t at different 

concentrations as well as at cd at the wavelength λmax of maximum absorbance in water 

and basic medium. In water, λmax of c4m-ac is at 366 nm and of pHP-t at 281 nm (Table 

12). In alkaline solution, λmax of c4m-ac shifts to 377 nm and of pHP-t to 327 nm (Table 

12). Resulting values for cd are listed Table 13 and cmax,w and cmax,a are shown in Table 

11. The compound c4m-ac shows a solubility cmax,w in water of 

2.77 mmol L-1 ± 0.07 mmol L-1 and a solubility cmax,a in alkaline solution of 

646.46 mmol L-1 ± 0.63 mmol L-1. For pHP-t, a cmax,w of 124.66 ± 2.19 mmol L-1 and a 

cmax,a of 34.68 ± 0.62 mmol L-1 were found. Since PAG solubilities above 1 mmol L-1 in 

aqueous solutions were referred to as good (Hagen et al. 2008, Pella 2012), c4m-ac 

and pHP-t exhibit excellent solubility in water and basic solution. For comparison 

purposes, the solubilities of the reference substance pHP-ac were determined to be 

14.40 ± 0.40 mmol L-1 (cmax,w) and 21.46 ± 8.58 mmol L-1 (cmax,a) (Figure 70).  
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In water, it becomes evident that the additional, hydrophilic tri(ethylene glycol) moiety 

present in pHP-t increased the solubility by a factor of 8.7 compared to pHP-ac, and 

thus the solubility enhancing effect of the tri(ethylene glycol) residue was clearly 

identified. In these conditions, the phenolic hydroxy group present in both pHP-t- and 

pHP-ac can be expected to be in its neutral form. Similarly, in c4m-ac the carboxylic 

acid groups will be partly protonated, resulting in a relatively low solubility in water. 

In contrast, the solubility of c4m-ac in alkaline solution is boosted by a factor of 233 to 

the highest solubility observed in this study which can be explained by the more 

complete deprotonation of both carboxylic groups. A similar effect was observed for 

pHP-ac, however with only a moderate solubility increase by a factor of 1.5 due to the 

higher pKa value of the phenolic hydoxy group compared to carboxylic acid groups. 

Interestingly, for pHP-t the solubility decreased in alkaline conditions although one 

could expect that also its phenolic group is deprotonated to a similar extent like in pHP-

ac. We tend to explain this observation with a disruption of the hydrogen bonds 

between water and the tri(ethylene glycol) residue of pHP-t in salt-containing alkaline 

solution. Similar salting-out effects were reported by Brunchi et al., who measured a 

decreasing solubility of poly(ethylene glycol) (PEG) in aqueous solution when adding 

electrolytes (Brunchi et al. 2013). However, the solubility of pHP-t still was 1.6-fold 

higher in alkaline conditions than of pHP-ac.  

Overall, pHP-t showed the highest solubility in water (cmax,w = 124.66 ± 2.19 mmol L-1) 

and c4m-ac demonstrated the highest solubility in basic solution (cmax,a = 

646.46 mmol L-1 ± 0.63 mmol L-1) among the studied PAGs (Table 11).ꞏ 

Table 11: Solubility in water (cmax,w) and in alkaline solution (cmax,a) at pH 9 of the photoacid generators 
(PAGs) c4m-ac, pHP-t and pHP-ac. 

PAG cmax,w [mmol L-1] cmax,w [g L-1] cmax,a [mmol L-1] cmax,a [g L-1] 

c4m-ac 2.77 ± 0.07 0.97 ± 0.02 646.46 ± 0.63 225.80 ± 0.22 

pHP-t 124.66 ± 2.19 44.43 ± 0.78 34.68 ± 0.62 12.36 ± 0.02 

 

Stability in solution. As all PAGs investigated in this study contain at least one ester 

bond, hydrolysis may occur in aqueous solution. In order to quantify the influence of 

hydrolysis, the pH dependent stabilities (s) of c4m-ac, pHP-t and the reference 

compound pHP-ac in aqueous solution were investigated via HPLC. For this purpose, 
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aqueous c4m-ac, pHP-t and pHP-ac solutions at pH 7, pH 8 and pH 9 were prepared 

and the PAG concentrations were measured after 1 h, 3 h, and 24 h storage time ts 

under light exclusion at room temperature. Additionally, the stabilities of c4m-ac, pHP-t, 

and pHP-ac in water without pH adjustment after dissolution leading to pH 3, pH 6, and 

pH 5, respectively, were investigated. PAG stabilities were calculated according to 

equation (22). The resulting pH dependent stabilities are shown in Figure 57 (c4m-ac, 

pHP-t) and Figure 71 (pHP-ac) and are summarized in Table 14.  

Generally, the studied PAGs showed high stabilities (s24h ≥ 95 %) for 24 h in slightly 

acidic solution as obtained without pH adjustment. At pH 7, c4m-ac showed the highest 

stability after 24 h (s24h = 99 %), whereas pHP-t showed only limited stability (s24h = 

85 %) under the same conditions, compared to an s24h value of 94 % for pHP-ac. Upon 

increasing the pH value, stabilities generally decreased. At pH 8, c4m-ac still showed 

s24h ≥ 95 %, whereas for pHP-t s24h dropped to 48 % compared to an unaltered value 

of 94 % for pHP-ac. At pH 9, all PAGs were significantly degraded with remaining 

concentrations of 11 % (c4m-ac), 0 % (pHP-t), and 53 % (pHP-ac). Summarizing, the 

PAGs showed decreasing stability with increasing pH and time. Because in all PAGs 

in this study, an ester bond is present, these observations can be ascribed to the faster 

ester bond hydrolysis under more alkaline conditions. For example, increasing 

hydrolysis rates were published for pHP-based esters at higher pH (> 9), which is in 

line with our measurements (Table 14) (Givens et al. 2012). 

 

Figure 57: Stabilities (s) of the photoacid generators c4m-ac and pHP-t after a storage time ts of 1 h, 3 h 
and 24 h at pH 7, pH 8 and pH 9. The stabilities were determined via HPLC and calculated according 
to equation (22). The dashed lines are only for the guidance of the eye. 
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The results demonstrate that at neutral to moderately alkaline conditions (pH ≤ 8), 

c4m-ac is most resistant towards hydrolytic degradation. The stability of c4m-ac is in 

the range of other c4m-caged esters and amines from Hagen et al. (2008), which are 

described to be highly resistant to spontaneous hydrolysis at pH 7. In contrast, Hagen 

et al. also reported hydrolysis of c4m-caged aryl alcohols, thioaryl alcohol and 

carbamates up to 10 % at pH 7 during 24 h, which demonstrates the high stability of 

c4m-ac with less than 1 % hydrolysis under comparable conditions (Hagen et al. 2008, 

Hagen et al. 2010). 

As far as the stability of pHP derivatives is concerned, our results show that the leaving 

group present in the PAG influences its stability. At all pH values tested, pHP-t- showed 

faster hydrolysis than pHP-ac. Rather fast hydrolysis of esters neighboring an 

oligo(ethylene glycol) moiety were reported before by Claaßen et al. (2018) and can 

presumably be explained by the negative inductive effect of the tri(ethylene glycol) 

residue, resulting in a better carboxylate leaving group. The influence of the leaving 

group on pHP-based compounds can also be found in the literature: On the one hand, 

quantitative stabilities were reported for pHP esters and other pHP derivatives like 

pHP-adenosine triphosphate (ATP) in TRIS buffer at pH 7 after 24 h (Givens et al. 

1996, Park et al. 1997). On the other hand, pHP esters similar to pHP-t showed 

reduced stability (Givens et al. 2011, Givens et al. 2000). The di-alanine (Ala-Ala) pHP 

derivative pHP-Ala-Ala for instance hydrolyzed to 50 % in TRIS buffer at pH 7 in less 

than 4 h (Givens et al. 2000).  

In summary, hydrolysis is relevant for all PAGs studied, and has to be taken into 

account when considering to use these compounds in aqueous solution. Hydrolysis 

separates the acid from the chromophore, and therefore destroys the PAG 

functionality. Additionally, (unwanted) hydrolysis cannot be triggered and stopped as 

easily as (wanted) photolysis, and thus is a continuous process accompanying 

photolysis. Hence, photolysis conditions need to be chosen in such a way that 

hydrolysis plays only a minor role. For this reason, the photochemical properties of the 

PAGs are described in detail below.  

Photochemical properties. The reaction pathways for photolysis of c4m and pHP 

based compounds are well known as they were extensively investigated by Hagen et 

al. (2008) and Givens et al. (2008), respectively. Hagen et al. (2008) showed that c4m 

derivatives with the same coumarin group like in this study photolyse to 
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7-[bis(carboxymethyl) amino]-4-(hydroxymethyl)coumarin (c4m-OH) and the 

respective caged molecule. The photolysis of pHP derivatives in contrast is based on 

the Favorskii-rearrangement, which leads to p-hydroxy-phenylacetic acid and the 

corresponding caged compound, like acetic acid for pHP-ac (Givens et al. 2008).  

 

Figure 58: UV-vis spectra of a) c4m-ac and b) pHP-t in water and alkaline solution at pH 9. 

However, the efficiency of the photolysis reaction depends on the exact molecular 

structure and the solvent, which define the absorption coefficients and the quantum 

yields. Therefore, as a first step to assess the photochemical properties of c4m-ac and 

pHP-t as well as the reference compound pHP-ac, their UV-vis absorption spectra both 

in water as well as alkaline solution were measured directly after dissolution (Figure 

58 and Figure 72). All studied PAGs contain acidic groups, so it can be expected that 

their absorption spectrum is pH dependent. In order to assess if this was the case, the 

wavelength λmax at maximum absorption and the molar absorption coefficients εmax at 

λmax were extracted from the spectra (Table 12).  

Table 12: Wavelength at maximum absorption (λmax), molar absorption coefficient (εmax) at λmax and 
quantum yield Φ at the wavelength λΦ given in parentheses. Tested solvents were water (w) and alkaline 
solution (a) at pH 9. 

PAG solvent λmax  

[nm] 

εmax  

[L mol-1 cm-1] 

Φ (λΦ) εΦ  

[L mol-1 cm-1] 

ΦεΦ  

[L mol-1 cm-1] 

c4m-ac w 366 15 800 0.02 (365 nm) 15 800 320 

c4m-ac a 377 15 300 0.02 (365 nm) 13 900 280 

pHP-t w 281 13 500 0.69 (310 nm) 2 500 1700 

pHP-t a 327 12 900 0.07 (310 nm) 8 900 620 

pHP-ac w 281 11 600 0.46 (310 nm) 2 200 1000 

pHP-ac a 327 20 400 0.02 (310 nm) 15 300 300 
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In water, the compound c4m-ac absorbed light up to 450 nm with a λmax at 366 nm and 

an εmax of 15 800 L mol-1 cm-1 (Table 12). This was in the range of other c4m-based 

compounds like c4m thioalcohol derivatives, which exhibited similar UV-vis absorption 

properties with λmax between 376 nm and 383 nm as well as εmax between 

18 300 L mol-1 cm-1 and 20 000 L mol-1 cm-1 in hydroxyethyl piperazineethanesulfonic 

acid (HEPES) buffer at pH 7 (Hagen et al. 2008). In alkaline solution, the absorption 

band of c4m-ac shifted to longer wavelengths with a λmax of 377 nm and an εmax of 

15 300 L mol-1 cm-1. This bathochromic shift was based on solvatochromic effects in 

alkaline solution, since the polarity of the alkaline solution was higher compared to 

water. Similar observations were reported from Liu and co-workers (2013), who 

described a red shift of the UV-vis spectra of 7-aminocoumarins in more polar solvents. 

Also Nad and Pal (2001) published a λmax shift of 7-amino-4-trifluoromethylcoumarin 

from 347 nm to 378 nm by increasing the solvent polarity from hexane to methanol. 

Both explained that the higher the polarity of the solvent, the more intermolecular 

interactions between the coumarin moiety and the solvent can evolve, which stabilizes 

the ground state and shifts the UV-vis absorption to lower excitations energies (Liu et 

al. 2013, Nad et al. 2001).  

Compared to the two strong absorption bands of c4m-ac around 245 nm and 366 nm, 

pHP-t showed only one prominent π-π* absorption band from 240 nm to 320 nm with 

a λmax at 281 nm and an εmax of 13 500 L mol-1 cm-1 in water (Table 12). The λmax of 

pHP-t shifted from 281 nm in water to 327 nm under basic conditions due to 

deprotonation of the phenol moiety. This phenoxide species contains an enlarged 

π-electron system, which leads to a bathochromic shift of the λmax in alkaline solution. 

This is in accordance with multiple pHP derivatives published by Givens et al. (2011). 

Similar to c4m-ac, εmax of pHP-t slightly decreased from 13 500 L mol-1 cm-1 in water 

to 12 900 L mol-1 cm-1 in alkaline solution (Table 12). For pHP derivatives this is quite 

unusal as most reported pHP phenoxide derivatives show significantly higher εmax than 

their protonated counterparts (Givens et al. 2011). The measurements on pHP-ac with 

an εmax of 11 600 L mol-1 cm-1 in water and an εmax of 20 400 L mol-1 cm-1 in basic 

solution confirmed the trend in the literature (Figure 72, Table 12) (Givens et al. 2011).  

Apart from the molar absorption coefficients, quantum yields (Φ) are equally important 

in defining the rate of a photolysis reaction, as the rate is determined by the product of 

Φ and ε. Therefore, the photolysis quantum yields were measured at wavelengths near 
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λmax, i.e. 310 nm for pHP derivatives and 365 nm for c4m-ac (Table 12). This way, a 

high Φ value of 0.69 was found for pHP-t in water. In alkaline solution, Φ of pHP-t 

decreased to 0.07. Similarly, Φ of pHP-ac decreased from 0.46 in water to 0.02 in 

alkaline solution. The results for the two pHP-based compounds thus are in a similar 

range of other pHP-caged compounds with Φ values between 0.03 and 0.65 in water 

(Givens et al. 2003, Givens et al. 2011, Zou et al. 2002, Zou et al. 2001). Also the 

reduction of the quantum efficiency is in line with previous reports, where it was 

described that the conjugated phenoxide base has a much lower quantum yield than 

the protonated species (Givens et al. 2011, Zou et al. 2001). This was attributed to a 

decreased intersystem crossing efficiency or competing nonproductive pathways 

(Givens et al. 2011, Zou et al. 2001). 

The Φ of c4m-ac in contrast was not influenced by the pH and stayed at a relatively 

low value of 0.02 in water and basic solution, as the two carboxylic acid groups of 

c4m-ac were not part of the conjugated π-electron system. The Φ values of c4m-ac 

were in the range of other c4m-caged compounds reported by Hagen et al. with Φ 

between 0.01 and 0.30 in ACN/ HEPES-mixtures at pH 7.2 (Hagen et al. 2008, Hagen 

et al. 2005). 

A comparison of the different photolysis efficiencies is now possible by comparing the 

product of Φ and the molar absorption coefficient εΦ at the wavelength where the 

quantum yield was measured (Table 12). It becomes evident that the two pHP-based 

compounds showed higher photolysis rates than c4m-ac when irradiated during the 

quantum yield measurements. The fastest photoreaction was observed for pHP-t, 

which under such ‘ideal’ photolysis conditions is the most efficient PAG. The difference 

in photolysis rates could probably be further enhanced by irradiating closer to the 

respective λmax values, assuming that the quantum yields at these wavelengths are 

similar to the measured ones.  

Photolysis with broadband light source. The data on molar absorption coefficients 

and quantum yields in the previous section give insight into photolysis rates when using 

monochromatic light sources or light sources with a narrow emission spectrum such 

as lasers and LEDs. However, broadband light sources are common in non-

photochemical laboratories when rather short irradiation wavelengths are needed like 

for the pHP based compounds. This is especially true in the fields of PAG application 

described in the introduction such as polymer chemistry, hydrogel curing, and 3D 
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printing (Adatia et al. 2019, Hiller et al. 2017). To evaluate which of the studied PAGs 

are favorable under such circumstances, we investigated the photolysis of c4m-ac, 

pHP-t, and pHP-ac at three different pH values using a standard broadband light 

source by HPLC (see Figure 75 for an exemplary HPLC dataset). The emission 

spectrum of the light source ranged between wavelengths of 300 nm and 450 nm 

(Figure 74). The resulting PAG concentrations c against irradiation time tirr of c4m-ac 

and pHP-t are shown in Figure 59, the respective data of the reference substance 

pHP-ac in Figure 73.  

Generally, all PAGs disappeared completely during irradiation (Figure 75). The 

photolysis kinetics seem to follow a monoexponential decay of PAG concentrations. 

However, a correct physicochemical model describing the entire photolysis reaction 

will be more complex and the data were not fitted with a monoexponential function. 

Nevertheless, in order to compare the photolysis kinetics, the value of tirr, which 

corresponds to a decrease of the concentration to half of the initial concentration, was 

determined. For c4m-ac, this was the case after 1 min to 2 min, for pHP-t after about 

6 min, and for pHP-ac after about 15 min. These values were independent of the pH 

value of the solution. Interestingly, these results seem to contradict the results found 

in the previous sections because 1) pHP-t was previously identified to show the most 

efficient photolysis reaction, and 2) absorption spectra and/ or quantum yields were 

found to depend on pH.  

These findings can be explained by an interplay between the spectral overlap of the 

emission spectrum of the light source and the corresponding quantum yields. For 

c4m-ac, the absorption spectrum overlaps to a great extent with the lamp spectrum 

both in water as well as in alkaline conditions. Therefore, although the quantum yields 

were measured to be quite low, the photolysis proceeded rapidly in both conditions. In 

contrast, both pHP-t and pHP-ac absorption spectra in water overlap only to a minor 

extent with the lamp spectrum. Therefore, although quantum yields were measured to 

be much larger than for c4m-ac, photolysis was slower than for c4m-ac. The red shift 

of pHP-t and pHP-ac absorption spectra in alkaline conditions improves the overlap 

with the lamp spectrum, but concomitantly the quantum yields decreased drastically. 

These opposing effects obviously cancel each other out, so that no overall change of 

photolysis rates were observed upon changing the pH value.  
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In fact, the stable photolysis rates with various pH values simplify the usage of c4m-ac 

and pHP-t. This way, is possible to tune the pH value according to other experimental 

prerequisites without having to worry about the photolysis rate, given that the pH value 

is in a range where hydrolysis is not predominant. For prospective polymeric foaming 

experiments under these irradiation conditions, c4m-ac seems most advantageous 

compared to pHP-t due to the favorable absorption properties, the higher pH stability 

and the faster photolysis. 

 

Figure 59: HPLC determined photolysis of c4m-ac and pHP-t in water, neutral (pH 7) and alkaline 
conditions (pH 8) during UV irradiation (300 nm - 450 nm, ~ 40 mW cm-2, UV light emission spectrum is 
given in Figure 74). For the photolysis measurements in water the pH was not adjusted, which lead to 
pH 3 for c4m-ac and to pH 6 for pHP-t at a concentration of c = 0.2 mg mL-1. The photolysis is given by 
the decay of c during the irradiation time (tirr). The lines are only for the guidance of the eye. 

8.5 Conclusions 

Our studies contribute to a comprehensive understanding of the synthesis, solubility, 

stability and photolysis of two highly water soluble c4m and pHP-based PAGs. This 

could help to satisfy the growing demand for water soluble PAGs especially in the field 

of hydrogel research and polymeric foaming. Yet, in such applications many strong 

electrolyte PAGs like diphenyliodonium salts are used, even if they are toxic or need 

additional sensitizer. This is mainly due to their good accessibility and high water 

solubility. With this work, we provided an alternative approach to such compounds by 

designing two easily accessible and highly water soluble c4m and pHP-based PAGs, 

as the substance classes of c4ms and pHPs are well suited for physiological 

applications and do not need additional sensitizers (Givens et al. 2012). 
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The successful synthesis of c4m-ac and pHP-t showed their accessibility and the 

introduction of the hydrophilic groups did not interfere with the excellent photochemical 

properties of c4m and pHP-based PAGs. We also investigated other key parameters 

like the stability and the photolysis of these PAGs, which confirmed that c4m-ac and 

pHP-t are fairly stable and well photo cleavable in aqueous media under varying pH 

conditions.  

These properties should enable the use of c4m-ac and pHP-t for polymeric foaming, 

e.g. by using an alkaline carbonate solution and the in situ generated acid as foaming 

agent. We presume that c4m-ac and pHP-t are cytocomptible which would make them 

interesting candidates as PAGs e.g. for the production of 3D printed hydrogel foams 

as polymer scaffolds in tissue engineering. The question of cytocompatibility has to be 

addressed further in future studies.  
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8.7 Supporting information 

 

Scheme 16: Synthesis of p-hydroxyphenacylacetate (pHP-ac) according to Kaila et al. (2007). i) AcOH, 
NaOAc, H2O, 90 °C, 3 h, 73 %. 
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Figure 60: a) 1H NMR spectrum and b) 13C NMR spectrum of 7-[bis(tert-butylcarboxymethyl)amino]-4-
(methyl)coumarin (1a). 
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Figure 61: a) 1H NMR spectrum and b) 13C NMR spectrum of 7-[bis(tert-butylcarboxymethyl)amino]-4-
(formylmethyl)coumarin (1b). 
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Figure 62: a) 1H NMR spectrum and b) 13C NMR spectrum of 7-[bis(tert-butylcarboxymethyl)amino]-4-
(hydroxymethyl)coumarin (1c).  
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Figure 63: a) 1H NMR spectrum and b) 13C NMR spectrum of 7-[bis(carboxymethyl)amino]-4-
(hydroxymethyl)coumarin (1d). 
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Figure 64: a) 1H NMR spectrum and b) 13C NMR spectrum of 7-[bis(carboxymethyl)amino]-4-
(acetoxymethyl)coumarin (c4m-ac). 
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Figure 65: 1H NMR spectrum and b) 13C NMR spectrum of ethyl-2,5,8,11-tetraoxatridecan-13-oate (2a). 
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Figure 66: 1H NMR spectrum and b) 13C NMR spectrum of 2,5,8,11-tetraoxatridecan-13-oic acid (2b). 
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Figure 67: a) 1H NMR spectrum and b) 13C NMR spectrum of 2-(4-hydroxyphenyl)-2-oxoethyl-2,5,8,11-
tetraoxatridecan-13-oate (pHP-t). 

 



  
___________________________________________________________________ 

- 168 - 
 

 

Figure 68: a) 1H NMR spectrum and b) 13C NMR spectrum of p-hydroxyphenacylacetate (pHP-ac). The 
labile phenoxide proton is not always visible in the 1H NMR spectrum. 
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Figure 69: UV Vis spectra for the calibration and determination of the maximum solubility of c4m-ac, 
pHP-t and pHP-ac in a), c), e) water as well as in b), d), f) alkaline solution. The diluted samples for the 
determination of maximum solubility (cd) were measured in triplicates (n = 3). 
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Figure 70: Photometric determination of the solubility (cmax) of pHP-ac in a) water as well as in b) alkaline 
solution at pH 9. cmax is calculated according to equation (17). The diluted concentration (cd) with the 
respective dilution factor (df) are summarized in Table 13. 

Table 13: Diluted concentrations cd and dilution factor df of the photoacid generators c4m-ac, pHP-t and 
pHP-ac. The subscript ‘w’ indicates measurements in water and ‘a’ refers to alkaline solution. 

PAG df,w cd,w [g L-1] df,a cd,a [g L-1] 

c4m-ac 86 0.01  20 000 0.01 

pHP-t 2 500 0.02 800 0.02 

pHP-ac 400 0.01 833 0.01 

 

Table 14: Stabilities (s) of the photoacid generators (PAG) c4m-ac, pHP-t and pHP-ac after 1 h (s1h), 
3 h (s3h) and 24 h (s24h) at pH 7, pH 8, and pH 9, as well as in water without pH adjustment after 
dissolution. The stabilities were determined via HPLC. n.d. = not determined. 

PAG pH s1h [%] s3h [%] s24h [%] 

c4m-ac 3 100 100 100 

c4m-ac 7 100 99 99 

c4m-ac 8 100 95 96 

c4m-ac 9 96 90 11 

pHP-t 6 97 96 95 

pHP-t 7 92 90 85 

pHP-t 8 73 65 48 

pHP-t 9 56 17 0 

pHP-ac 5 100 100 99 

pHP-ac 7 100 99 94 

pHP-ac 8 99 99 94 

pHP-ac 9 100 n.d. 53 
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Figure 71: HPLC determined stabilities (s) of pHP-ac after a storage time (ts) of 1 h, 3 h and 24 h at 
pH 7, pH 8 and pH 9.. The lines are only for the guidance of the eye.  

 

Figure 72: UV-vis spectra of pHP-ac in water and alkaline solution at pH 9. 

 

Figure 73: Photolysis under UV irradiation of pHP-ac in water (pH 5), neutral (pH 7) and alkaline 
conditions (pH 8). The lines are only for the guidance of the eye. 
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Figure 74: Emission spectrum of a UV-H 255 UV chamber from Hartmann Feinwerkbau GmbH for the 
photolysis experiments. 
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Figure 75: HPLC monitored photolysis of a) c4m-ac, b) pHP-t and c) pHP-ac under UV irradiation. telu is 
the elution time during the HPLC measurement, tirr is the irradiation time under UV light and A is the 
absorbance at the respective wavelength. The absorbance of c4m-ac is shown at 360 nm and of pHP-t 
and pHP-ac at 300 nm. The photoacid generator is marked in gray and the photolysis products are 
marked in blue. 
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9. Discussion of the hypotheses 

This thesis on synthesis and characterization of multifunctional macromonomers and 

photoacid generators for the modification of hydrogels is structured by three 

hypotheses (hypothesis I, II and III, section 4). The exploration and results of each 

hypothesis led to a manuscript, which is either already published or in the publication 

process. In the following, the main results, which were explained comprehensively in 

section 5, will be discussed briefly to proof or disproof these hypotheses.  

Hypothesis I: 

Well-defined, multifunctional α-diphenylmethyl-ω-4-vinylbenzyl-poly(furfuryl glycidyl 

ether)-block-poly(ethylene glycol) (PFGEp-b-PEGq) macromonomers can be 

synthesized via anionic ring opening polymerization and characterized regarding their 

characteristic polymer properties like their molar mass dispersity (Đ), their glass 

transition temperature (Tg), their melting temperature (Tm), their decomposition 

temperature (Td) and their critical micelle concentration (cmc). PFGEp-b-PEGq 

macromonomers can be used for the bulk functionalization of radically cross-linked 

polyacrylamide (p(Aam)) hydrogels to prepare functional hydrogels with multiple 

anchor points for post-synthetic Diels-Alder reactions. 

In our publication “Hydrogels with multiple clickable anchor points: synthesis and 

characterization of poly(furfuryl glycidyl ether)-block-poly(ethylene glycol) 

macromonomers“ (section 5), we described the synthesis of α-diphenylmethyl-ω-4-

vinylbenzyl-poly(furfuryl glycidyl ether)-block-poly(ethylene glycol) (PFGEp-b-PEGq) 

macromonomers via subsequent anionic ring opening polymerization of furfuryl 

glycidyl ether (FGE) and ethylene oxide (EO). The termination of the living chain ends 

was performed with 4-vinylbenzyl chloride (4-VBC) to introduce the polymerizable unit 

at the hydrophilic chain end. The successful synthesis of the macromonomers was 

proven by 1H NMR, 13C NMR and FT-IR spectroscopy, SEC and MALDI TOF mass 

spectrometry and revealed low Đ between 1.05 and 1.09 as well as number average 

molar masses between 2 330 g mol-1 and 6 660 g mol-1. The block lengths of the 

macromonomers were adjustable via the MIR ratio and high end group 

functionalization degrees between 72 % and 98 % were achieved. DSC and TGA 

measurements displayed -43 °C ≤ Tg ≤ -32, 32 °C ≤ Tm ≤ 45 °C and 369 °C ≤ Td 

≤ 381 °C. The cmc of the water soluble macromonomers PFGE8-b-PEG79, 
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PFGE18-b-PEG66 and PFGE13-b-PEG111 was determined by bubble pressure 

tensiometry and resulted for all three compounds in almost the same value 

of  0.3 mg mL-1. This shows that the cmc is rather influenced by the mass per volume 

of the macromonomers instead by the number of molecules. Similar observations were 

made in the Langmuir film balance experiments at the air-water interface, where the 

isotherm onset shifts to larger areas per molecule when the molecular weight of the 

macromonomer grows. Furthermore, I was able to immobilize PFGEp-b-PEGq 

macromonomers into p(Aam) hydrogels by radical copolymzeriation and labeled the 

pending furan groups of the macromonomers with a maleimide-functionalized 

fluorescence dye. As the fluorescence intensity of fluorescence labeled p(Aam) with 

and without PFGEp-b-PEGq macromonomers was significantly different in our laser 

scanning microscopy (LSM) measurements, we could demonstrate that the furan 

groups of our macromonomers can undergo post-synthetic Diels-Alder reactions. 

Thus, our macromonomers can be used to access functional hydrogels providing 

clickable anchor points in high density for conjugation of maleimide-functional 

substrates.  

Taken together, our results from 1H NMR, 13C NMR, FT-IR spectroscopy, SEC, MALDI 

TOF mass spectrometry, DSC, TGA, bubble pressure tensiometry and LSM 

measurements clearly confirm hypothesis I.  

Beyond the bulk functionalization of hydrogels, I wanted to explore whether PFGEp-b-

PEGq macromonomers can be used to exclusively functionalize the air-hydrogel 

interface without functionalizing the hydrogel bulk. Therefore, knowledge about the film 

formation ability and the structure-property relations of PFGEp-b-PEGq 

macromonomers at the air-water interface was needed. For these experiments the air-

water interface served as a simplified model of the air-hydrogel precursor solution 

interface.  

So the second hypothesis focuses on the investigation of PFGEp-b-PEGq 

macromonomers at the air-water interface, to evaluate whether they are promising 

functionalization reagents for the air-hydrogel interface. 

Hypothesis II: 

Multifunctional PFGEp-b-PEGq macromonomers are able to form thin films at the air-

water interface, whereby the beginning of the film formation correlates with the 
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molecular weight of the macromonomers. The beginning of the film formation is 

determined by the molecular area of the onset of the surface pressure-area isotherm. 

The stability of the macromonomer films is dependent on the hydrophilic-lipophilic 

balance (HLB) value. Furthermore, a molecular mechanism of the PFGEp-b-PEGq 

macromonomers at the air-water interface can be proposed, which is in accordance 

with the film stability and film recovery. PFGEp-b-PEGq macromonomers are promising 

functionalization reagents for the functionalization of the air-hydrogel interface of 

radically cross-linked p(Aam) hydrogels. 

Hypothesis II was explored in our manuscript „structure-property relations of 

amphiphilic poly(furfuryl glycidyl ether)-block-poly(ethylene glycol) macromonomers at 

the air-water interface“ (section 6) and in preliminary hydrogel surface functionalization 

experiments described in section 7. We could demonstrate the film formation ability of 

our PFGEp-b-PEGq macromonomers by measuring surface pressure-area (π-A) 

isotherms at the air-water interface. The surface pressure π increase during 

compression is a clear sign for the surface activity of our macromonomers and their 

presence at the air-water interface. The π-A isotherms revealed that the block lengths 

and the molar mass of the macromonomers influenced the isotherm shape and onset. 

Smaller, more hydrophobic macromonomers (HLB < 8) showed a steeper surface 

pressure increase in the liquid condensed phase of the π-A isotherms if compared to 

larger, more hydrophilic macromonomers with HLB > 8. The molecular area for 

isotherm onsets increased almost linearly with growing molar mass of the 

macromonomers, which shows that the beginning of the film formation correlates with 

the molecular weight of the macromonomers.  

Static and dynamic film stability measurements demonstrated limited stability of all 

macromonomer monolayers at the air-water interface. The more hydrophilic 

macromonomers PFGE8-b-PEG79, PFGE18-b-PEG66 and PFGE13-b-PEG111 (HLB > 8) 

showed higher film stability compared to the more hydrophobic macromonomers 

(HLB < 8). Hysteresis experiments displayed an almost linear increase of the film 

degradation with rising HLB values of the macromonomers. This shows that the film 

stability is correlated with the HLB value of our PFGEp-b-PEGq macromonomers. 

Moreover, we could measure partial film recovery of our macromonomer films at the 

air-water interface after 5 hysteresis cycles and 12 h recovery time in an expanded 

Langmuir trough. The ability of the macromonomers to recover to the air-water 
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interface is a strong indication for a folding mechanism as its reversibility was 

frequently described in the literature (Baoukina et al. 2008, Ding et al. 2001, Takamoto 

et al. 2001). As the macromonomers do not recover fully to the air-water interface, it is 

likely that some molecules are trapped in irreversible processes like submersion or 

multilayer collapse (Lee 2008, Ries Jr et al. 1987). We rather exclude a collapse to 

multilayers, as we did not observe a collapse pressure, which is typical for multilayer 

formations (Yang et al. 2009). Additionally, a multilayer collapse mostly occurs at very 

high π, when the amphiphiles are compressed beyond their stability limit, which is often 

over 50 mN m-1 (Das et al. 2016, Goto et al. 2013, Maget-Dana 1999, Rivera et al. 

2007). In contrast, in our study the macromonomers were compressed applying 

relatively low film pressures with 0 mN m-1 ≤ π ≤ 23 mN m-1, which should not yet lead 

to multilayer collapse. A submersion to the subphase seems to be much more likely 

for our macromonomers, as this was frequently reported for other PEG-based 

amphiphiles (Barentin et al. 1998). It also fits to the micelle formation ability of PFGE-

b-PEG block copolymers in water (Barthel et al. 2012) and explains the limited stability 

of our macomonomer monolayers. Hence, the combined analysis of the film stability 

and film recovery measurements indicates an interplay between a reversible folding 

and an irreversible submersion mechanism for the macromonomer monolayers at the 

air-water interface.  

We propose that the PFGEp-b-PEGq macromonomers will be efficient functionalization 

reagents of the air-hydrogel air interface. This statement is based on the nature of their 

molecular structure, containing a polymerizable unit, an amphiphilic core structure and 

multiple furan groups for post-synthetic modification reactions, as well as their film 

forming ability at the air-water interface. In this regard, PFGE10-b-PEG9 seems to be 

the most promising hydrogel surface functionalization reagent because it can introduce 

the highest number of functional groups per surface area.  

In our preliminary experiments, we could not yet prove the functionalization of the air-

hydrogel interface via fluorescence labeling, which was used to confirm bulk 

functionalization previously (section 5). The p(Aam) hydrogels exhibited a fluorescent 

air-hydrogel interface regardless of their functionalization. We could overcome this by 

polymerizing the hydrogels under argon atmosphere. The two most evident reasons 

why the surface functionalization of hydrogels did not work yet, are, that either the 

macromonomers did not covalently bind to the hydrogel surface, or that the 
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macromonomer amount on the hydrogel surface was too low for detection. Regarding 

the first assumption, it could be helpful to reduce the complexity of hydrogel surface by 

investigating whether the macromonomers can bind to a solid surface such as a self-

assembled monolayer of 3-methacryloylpropyl trimethoxysilane on a silicon wafer 

(Bialk et al. 2002). Regarding the second assumption, another detection method than 

fluorescence spectroscopy like TOF-SIMS could be used, which was reported by Tylor 

et al. (2016) for the 3D mapping of functionalized p(HEMA) hydrogels. This shows that 

our macromonomers are promising hydrogel functionalization reagents, but further 

research is needed to fulfil the ambitious task of exclusively functionalizing the air-

hydrogel interface.  

In conclusion, the Langmuir film balance measurements and the hydrogel 

functionalization experiments show the potential of PFGEp-b-PEGq macromonomers 

as functionalization reagents for the air-hydrogel interface, even if we could not prove 

this yet. However, hypothesis II is confirmed.  

Hypotheses I and II are both dedicated to the modification of the polymer network, 

whereas hypothesis III is focused on the exploration of the synthesis and 

characterization of novel, water soluble pHP- and c4m-based PAGs for the potential 

modification of hydrogel swelling agents. 

The substance class of pHPs and c4ms are well known for their excellent 

photochemical properties and are applied in numerous fields (Givens et al. 2012, 

Hagen et al. 2008, Klán et al. 2013b). Yet, in many water-based applications where 

high PAG concentrations are needed, like in hydrogel modification strategies or 

foaming of polymeric materials, strong electrolyte PAGs are preferred, even if they are 

toxic or need additional photosensitizers (Feng et al. 2015, Gargava et al. 2016, 

Kovalenko et al. 2016, Schlögl et al. 2012). This is maily due to their good synthetic 

approachability and their high water solubility. To provide an alternative approach to 

such compounds, I synthesized the two novel c4m- and pHP-based PAGs c4m-ac and 

pHP-t (Figure 9), which are in the center of hypothesis III. 
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Hypothesis III: 

The photoacid generators c4m-ac and pHP-t show good synthetic approachability and 

high solubility in water and alkaline solutions with maximum solubilities 

cmax > 1 mmol L-1. The photochemical properties of c4m-ac and pHP-t, like the 

absorption maximum (λmax), the maximum molar extinction coefficient (εmax) and the 

quantum yield (ϕ), are pH dependent. Furthermore, the stability of c4m-ac and pHP-t 

is pH dependent, in contrast to the photolysis under UV irradiation within the studied 

conditions. 

As described in the manuscript “Coumarin-4-ylmethyl and p-hydroxyphenacyl-based 

photoacid generators with high solubility in aqueous media: synthesis, stability and 

photolysis” (section 8), c4m-ac and pHP-t show good synthetic approachability, since 

c4m-ac was synthesized in 5 steps with an overall yield of 16 % and pHP-t was 

synthesized in 3 steps with an overall yield of 22 %. The success of the synthesis was 

confirmed with 1H NMR, 13C NMR and mass spectrometry.  

Moreover, we measured excellent maximum solubilities in water (cmax,w) of 

2.77 mmol L-1 ± 0.07 mmol L-1 for c4m-ac and 124.66 mmol L-1 ± 2.1 mmol L-1 for 

pHP-t. Under basic conditions at pH 9 cmax of c4m-ac increased 230-fold to 

646.46 mmol L-1 ± 0.63 mmol L-1 due to deprotonation of the two carboxylic acid 

groups, whereas the solubility of pHP-t decreased 3-fold to 34.68 mmol L-1 ± 

0.62 mmol L-1 in alkaline solution due to salting out effects. All determined solubilities 

are well above 1 mmol L-1, which is referred as good for coumarin-4-ylmethyl and 

p-hydroxyphenacyl-based compounds in the literature (Hagen et al. 2008, Pella 2012).  

The photochemical properties of c4m-ac and pHP-t were pH-dependent, as they 

showed a bathochromic shift of the absorption maxima λmax and a reduction of the 

maximum molar extinction coefficients εmax in alkaline solution compared to water. For 

c4m-ac, the quantum yield ϕ stayed at 0.02 regardless of the pH, whereas the relatively 

high ϕ of pHP-t at 0.69 in water dropped to 0.07 at pH 9. 

The compounds c4m-ac and pHP-t showed high stabilities (s24h ≥ 95%) in water for 

24 h, but decreasing stability with increasing pH due to hydrolysis. Our HPLC 

measurements revealed that c4m-ac is far more stable than pHP-t in water as well as 

in basic solution. 
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Under UV irradiation, a complete photolysis (> 99 %) of c4m-ac was reached within 5 

min and of pHP-t in 20 min, whereby the pH did not change the photolysis time 

significantly. For fast applications (< 1h) in water, pHP-t is favorable because of its high 

solubility (cmax,w = 124.66 mmol L-1 ± 2.19 mmol L-1) and quantum yield (ϕ = 0.69). For 

longer applications (< 24h) under basic conditions, the usage of c4m-ac is 

advantageous, since it shows high solubility (cmax,a = 646.46 mmol L-1 ± 0.63 mmol L-1), 

good stabilities (s24h ≥ 96 % up to pH 8) and the fast photolysis. 

The synthesis and characterization experiments of c4m-ac and pHP-t clearly confirm 

hypothesis III. Therefore, we envision that c4m-ac and pHP-t are promissing PAGs for 

the modification of hydrogel swelling agents in the future. 

Overall, I could prove all three hypotheses of this work. 
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10.   Conclusions and outlook 

Hydrogels are applied in a broad variety of fields such as tissue engineering (Lee et al. 

2001), drug delivery (Hamedi et al. 2018) or waste water treatment (Mohammadzadeh 

Pakdel et al. 2018, Ullah et al. 2015). Therefore, tailor-made hydrogels, which are 

specifically modified according to their application, are subject of current research 

(Singhal et al. 2016, Tang et al. 2019). The two basic hydrogel modification concepts 

are based on the modification of the polymer network or the modification of the 

hydrogel swelling agent. For both strategies, appropriate hydrogel modification 

reagents are needed. Hence, this work is dedicated to the synthesis and 

characterization of multifunctional macromonomers and photoacid generators for the 

modification of hydrogels. 

In the first part of this work, I established the synthesis of α-diphenylmethyl-ω-4-

vinylbenzyl-poly(furfuryl glycidyl ether)-block-poly(ethylene glycol) (PFGEp-b-PEGq) 

macromonomers to functionalize the polymer network of p(Aam) hydrogels with 

multiple clickable anchor points for post-synthetic Diels-Alder reactions (Figure 76).  

 

Figure 76: Schematic representation of the hydrogel modification approach based on the 
functionalization of the hydrogel network with multifunctional macromonomers. 

These PFGEp-b-PEGq macromonomers were synthesized in different block length 

ratios via AROP of FGE, followed by EO and terminated with 4-VBC. The successful 

synthesis of well-defined macromonomers was proven by 1H NMR, 13C NMR and FT-

IR spectroscopy. Furthermore, SEC and MALDI TOF mass spectrometry revealed low 

Đ between 1.05 and 1.12 and number average molar masses between 2 330 g mol-1 

and 6 660 g mol-1. The block lengths of the macromonomers were adjustable via the 

MIR ratio and high end group functionalization degrees between 72 % and 98 % were 
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achieved. The macromonomers were immobilized into p(Aam) hydrogels by radical 

copolymzeriation and the pending furan groups of the macromonomers were labeled 

with a maleimide-functionalized fluorescence dye. As the fluorescence intensity of 

fluorescence labeled p(Aam) with and without PFGEp-b-PEGq macromonomers was 

significantly different in our laser scanning microscopy (LSM) measurements, we could 

prove that the furan groups of our macromonomers are able to undergo post-synthetic 

Diels-Alder reactions.  

This in conclusion demonstrates that our PFGEp-b-PEGq macromonomers can be 

used for the modification of a hydrogel network providing clickable anchor points in 

high density for conjugation of maleimide-functional substrates. These results led to 

the publication “hydrogels with multiple clickable anchor points: synthesis and 

characterization of poly(furfuryl glycidyl ether)-block-poly(ethylene glycol) 

macromonomers“, which was published in the journal Polymer Chemistry (RSC). 

Beyond the bulk functionalization of hydrogels, I explored whether PFGEp-b-PEGq 

macromonomers can be used to exclusively functionalize the air-hydrogel interface 

without functionalizing the hydrogel bulk. To evaluate whether PFGEp-b-PEGq 

macromonomers are suitable functionalization reagents for the air-hydrogel interface, 

knowledge about the film formation ability and the structure-property relations of 

PFGEp-b-PEGq macromonomers at the air-water interface was needed. Therefore, 

Langmuir film measurements were performed at the air-water interface, which served 

as a simplified model of the air-hydrogel precursor solution interface. The general 

research approach based on Langmuir measurements of PFGEp-b-PEGq 

macromonomers at the air-water interface, leading to the elucidation of the structure-

property, film stability and a potential film mechanism, is shown in Figure 77. 
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Figure 77: Schematic research approach for the investigation of structure-property, film stability and film 
mechanim of PFGEp-b-PEGq macromonomers at the air-water interface. 

Using Langmuir surface pressure-area (π-A) isotherms, I could prove the film formation 

ability of our PFGEp-b-PEGq macromonomers at the air-water interface as the surface 

pressure (π) increase during compression is a clear sign for their surface activity. By 

analyzing the π-A isotherms, I could also elucidate structure-property relations of the 

macromonomers at the air-water interface. It was shown that the block lengths and the 

molar masses of the macromonomers influenced the isotherm shape and onset. 

Smaller, more hydrophobic macromonomers (HLB < 8) showed a steeper surface 

pressure increase in the liquid condensed phase of the π-A isotherms compared to 

larger, more hydrophilic macromonomers with HLB > 8. Moreover, the molecular area 

for isotherm onsets increased almost linearly with growing molar mass of the 

macromonomers, which shows that the beginning of the film formation correlates with 

the molar mass of the macromonomers.  

I also investigated the film stability of the macomonomers at the air-water interface, 

since this is an important feature for future functionalization experiments at the air-

hydrogel interface. Static and dynamic film stability measurements demonstrated 

limited stability of all macromonomer monolayers at the air-water interface. Hereby, 

the more hydrophilic macromonomers with HLB > 8, showed higher film stability 

compared to the more hydrophobic macromonomers (HLB < 8). Also, hysteresis 

experiments displayed an almost linear increase of the film degradation with rising HLB 

values of the macromonomers. This shows that the film stability correlates with the 

HLB value of our PFGEp-b-PEGq macromonomers. This in conclusion means, that a 

fast immobilization process (around 5 min) is recommendable for functionalization 

experiments at the air-hydrogel interface, because the film stability is limited. 
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To get more insights into the film mechanism of our macromonomers at the air-water 

interface, I investigated the film recovery after film degradation. In fact, I could measure 

partial film recovery to the air-water interface of degraded macromonomer films after 

12 h in an expanded Langmuir trough. The ability of the macromonomers to recover to 

the air-water interface is a strong indication for a folding mechanism as its reversibility 

was frequently described in the literature (Baoukina et al. 2008, Ding et al. 2001, 

Takamoto et al. 2001). However, as the macromonomers do not recover fully to the 

air-water interface, it is likely that some molecules are trapped in irreversible processes 

like submersion or multilayer collapse (Lee 2008, Ries Jr et al. 1987). We rather 

exclude a collapse to multilayers, since we did not observe a collapse pressure, which 

is typical for multilayer formations (Yang et al. 2009). Such multilayer collapses mostly 

occur at very high π, when the amphiphiles are compressed beyond their stability limit, 

which is often over 50 mN m-1 (Das et al. 2016, Goto et al. 2013, Maget-Dana 1999, 

Rivera et al. 2007). Our macromonomers in contrast, were studied at relatively low π 

between 0 mN m-1 and 23 mN m-1, which is why we exclude a multilayer collapse of 

our macromonomers. A submersion to the subphase is much more likely for our 

macromonomers, as this was reported for other PEG-based amphiphiles (Barentin et 

al. 1998). It also fits to the micelle formation ability of PFGE-b-PEG block copolymers 

in water (Barthel et al. 2012) and explains the observation of the limited stability of our 

macomonomer monolayers. Hence, the combined analysis of the film stability and film 

recovery measurements indicates an interplay between a reversible folding and an 

irreversible submersion mechanism for the macromonomer monolayers at the air-

water interface.  

Taken together, we believe PFGEp-b-PEGq macromonomers are promising hydrogel 

surface functionalization reagents, because of their film forming ability at the air-water 

interface and their molecular structure, consisting of a polymerizable unit, an 

amphiphilic core structure and multiple furan groups for post-synthetic modification 

reactions. According to our surface functionalization ranking, PFGE10-b-PEG9 is the 

most promising hydrogel surface functionalization reagent, because it can introduce 

the highest number of functional groups per surface area. All these results regarding 

the structure-property relations, the film stability and film mechanism of PFGEp-b-PEGq 

macromonomers at the air-water interface are published as the article „structure-

property relations of amphiphilic poly(furfuryl glycidyl ether)-block-poly(ethylene glycol) 

macromonomers at the air-water interface“ inth journal Polymer Chemistry (RSC). 
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However, we could not show an exclusively functionalized air-hydrogel interface yet, 

as the air-hydrogel interface of our p(Aam) hydrogels was fluorescent regardless of its 

functionalization. The two most evident reasons why the functionalization of the air-

hydrogel interface did not work yet, are, that either the macromonomers did not 

covalently bind to the air-hydrogel interface, or that the macromonomer amount at the 

hydrogel interface was too little for detection. In the future one should reduce the 

complexity of the hydrogel interface by investigating whether the macromonomers can 

bind to a solid surface such as e.g. a self-assembled monolayer of 3-methacryloyl-

propyl trimethoxysilane on a silicon wafer (Bialk et al. 2002). Furthermore, another 

detection method than fluorescence spectroscopy like time-of-flight secondary-ion 

mass spectrometry (TOF-SIMS) should be tested, which was reported by Tylor et al. 

(2016) for the 3D mapping of functionalized p(HEMA) hydrogels. Overall it seems, that 

our macromonomers are promising hydrogel functionalization reagents, but further 

research is needed to fulfil the ambitious task of exclusively functionalizing the air-

hydrogel interface.  

In the future it is interesting to investigate whether our PFGEp-b-PEGq 

macromonomers can be applied for the improvement of polymer scaffolds in tissue 

engineering. At present, many polymer scaffolds which are used for the construction 

of functional tissue, cannot provide sufficient cell attachment or maturation due to 

lacking cell recognition sites (Tallawi et al. 2015). PFGEp-b-PEGq macromonomers 

could contribute to overcome this obstacle by providing a functionalization platform for 

post-synthetic modification reactions with e.g. growth factors (De Witte et al. 2018), 

RGD-sequences (Zhang et al. 2014) or other required signaling substances (Ullah et 

al. 2015). Similar to Mann et al. (2001) cell proliferation experiments between such 

post-functionalized hydrogels and unfunctionalized hydrogels could help to assess the 

potential of PFGEp-b-PEGq macromonomers. Especially hydrogels with an exclusively 

functionalized air-hydrogel interface could be highly interesting for tissue engineering 

applications, since tailor-made surface characteristics could be introduced without 

changing the hydrogel bulk properties. 

Beyond the hydrogel modification of the polymer network, I also investigated novel 

hydrogel modification reagents for the potential modification of hydrogel swelling 

agents, which targets the second hydrogel modification strategy. Until now, many 

strong electrolyte PAGs like diphenyliodonium salts are used for the modification of 
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hydrogel swelling agents, even if they are toxic or need additional sensitizer. This is 

mainly due to their good accessibility and high water solubility. With this research I 

want to show an alternative approach to such strong electrolyte PAGs by designing 

two easily accessible and highly water soluble c4m and pHP-based PAGs, as the 

substance classes of c4ms and pHPs are well suited for physiological applications and 

do not need additional sensitizers (Givens et al. 2012). Hence, I explored the synthesis, 

solubility, stability and photolysis of two novel c4m and pHP-based PAGs, in particular 

c4m-ac and pHP-t. These compounds were synthetically well accessible as proven by 
1H NMR, 13C NMR and mass spectrometry. Furthermore, they demonstrated high 

solubility in water with a maximum solubility of cmax,w(c4m-ac) = 2.77 mmol L-1 ± 0.07 

mmol L-1, cmax,w(pHP-t) = 124.66 mmol L-1 ± 2.10 mmol L-1 and high solubility under 

basic conditions at pH 9 with a maximum solubility in alkaline solution of cmax,a(c4m-ac) 

= 646.46 mmol L-1 ± 0.63 mmol L-1, cmax,a(pHP t) = 34.68 mmol L-1 ± 0.62 mmol L-1. 

These solubilities are well above 1 mmol L-1, which is referred to as good in the c4m 

and pHP literature (Givens et al. 1996, Givens et al. 2011, Hagen et al. 2008). 

Moreover, the photochemical properties of both PAGs, like the absorption maxima and 

maximum molar absorption coefficients, were pH-dependent in contrast to their 

quantum yields Φ. The Φ of c4m-ac at 365 nm stayed at 0.02 regardless of the pH, 

whereas the relatively high Φ at 310 nm of pHP-t at 0.69 in water dropped to 0.07 at 

pH 9. The compounds c4m-ac and pHP-t showed high stabilities (s24h ≥ 95%) in water 

for 24 h, but decreasing stability with increasing pH to hydrolysis. Overall, our studies 

contributed to a comprehensive understanding of the synthesis, solubility, stability and 

photolysis of two highly water soluble c4m and pHP-based PAGs. The results are 

published in the article “Coumarin-4-ylmethyl and p-hydroxyphenacyl-based photoacid 

generators with high solubility in aqueous media: synthesis, stability and photolysis” in 

the journal ChemPhotoChem (Wiley-VCH).  

In the future, these properties should enable the usage of c4m-ac and pHP-t for 

hydrogel modification reactions. One example could be a light-triggered pH shift of the 

hydrogel swelling agent for applications in solvent responsive hydrogels. Another more 

advanced application could be in the field of 3D printed hydrogel foams. This idea is 

based on the photo release of acid in a carbonate containing solution, which leads to 

CO2 as foaming agent (Schlögl et al. 2012). A simultaneous foaming and curing 

reaction of the hydrogel, after the 3D printing of the hydrogel precursor solution, could 

pave the way to innovative 3D printable hydrogel foams.  
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By merging the two concepts of hydrogel foaming with c4m-ac or pHP-t PAGs and 

functionalizing the air-hydrogel interface with PFGEp-b-PEGq macromonomers, a 

3D printed hydrogel foam for post-synthetic modification reactions could be accessible 

(Figure 78). 

 

Figure 78: Schematic depiction of a 3D printed hydrogel foam for post-synthetic modification reactions. 

Such 3D printed hydrogel foams for post-synthetic modification reactions could be 

highly valuable as polymer scaffold in tissue engineering. 
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