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Abstract 

Surfaces exist in every aspect of our daily life, thus the modification of surfaces is of great 

significance in scientific research and in people's daily life. Over the past decades, great effort has 

been devoted to developing surfaces with various functionalities, such as controlled hydrophilicity, 

hydrophobicity, biocompatibility, antimicrobial activity, adhesiveness, non-adhesiveness, stimuli-

responsiveness, or anti-icing properties. Surface patterning via photo-induced surface modification 

can create well-controlled physical or chemical patterns for use in a variety of fields, such as 

bioarrays, microfluidics, optical devices, healthcare materials, or sensors. At the same time, 

recycling and reuse are also meaningful for sustainable development due to the 368 million tons of 

polymers produced every year, 76% of which are discarded after single use. Recycling and reusing 

waste polymers and functionalized materials not only maintains sustainable economic development, 

but also reduces environmental pollution. This doctoral thesis focuses on reversible photo-induced 

surface patterning strategies, as well as photodegradation-induced gel patterning and recycling 

strategies. 

In Chapter 1, an introduction is given to describe the recent progress in technologies for photo-

induced surface and material patterning. 

In Chapter 2, a facile and substrate-independent strategy for surface functionalization and 

patterning is introduced. This approach combines the advantages of three important coating 

methods: The substrate-independence of polydopamine coatings, the chemical reversibility of 

silane chemistry, and the rapid spatial control of thiol-ene photoclick chemistry. The unique 

simplicity of polydopamine coating and gas phase silanization allowed for the modification of 

different materials and complex surfaces without sophisticated equipment. Rapid UV-induced 

thiol-ene click chemistry enables patterning of silane functionalized polydopamine coating 

modified surfaces in minutes. The functionalization and patterning of diverse materials, such as 

glass, polytetrafluoroethylene (PTFE), aluminum, polypropylene or polyethylene are demonstrated. 

A controlled chemical removal of the patterns or surface functionalization by treatment with 

tetrabutylammonium fluoride allowed for the re-modification or the re-patterning of the substrate. 
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The developed universal surface modification for substrate independent and reversibly patternable 

coatings can facilitate the development of novel functional materials and devices useful in various 

applications. 

In Chapter 3, the inherent UV photodegradability of poly(meth)acrylate organogels is introduced 

as a method to structure their surface. No additional photosensitizers are required to efficiently 

degrade organogels (d ≈ 1 mm) on the minute scale. A low UV absorbance and a high swelling 

ability of the solvent infusing the organogel was found to be beneficial for a fast photodegradation, 

which is expected to be transferrable to other gel photochemistries.  Organogel arrays, films, and 

structured organogel surfaces were prepared and the extraction ability and the slippery properties 

of the organogel were examined. Films of inherently photodegradable organogels on a copper 

circuit board served as the first ever positive gel photoresist: The spatially photodegraded 

organogel film protects the copper surfaces against an aqueous etchant (FeCl3 aq.). 

In Chapter 4, a rapid approach to recycle crosslinked sodium polyacrylate is presented. This 

strategy is based on the inherent UV induced photodegradation of sodium polyacrylate. The recycle 

process does not require additional chemical reagents and the recovery of soluble sodium 

polyacrylate polymer from crosslinked sodium polyacrylate superabsorbers is practically 

quantitative. Recycled soluble sodium polyacrylate could be used as a thickener for aqueous paints 

or could be esterified to poly butyl acrylate (PBA) and poly 2-ethylhexyl acrylate (PEHA) for 

applications as a pressure sensitive adhesive. This rapid strategy provides the potential for the 

recycling of more than 2 million tons of waste superabsorbent materials per year. 

In Chapter 5, a brief summary and outlook is presented. The substrate-independent reversible 

surface patterning strategy has important implications for the development of novel functional 

materials and devices. UV photodegradation of poly(meth)acrylates to pattern poly(meth)acrylate 

organogels is a potential alternative to soft lithography. The recycling of superabsorbent materials 

using UV photodegradation is of great significance for reducing environmental pollution and 

sustainable development. 
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Zusammenfassung 

Oberflächen sind in jedem Aspekt unseres täglichen Lebens vorhanden, daher ist die Modifikation 

von Oberflächen von großer Bedeutung in der wissenschaftlichen Forschung und im täglichen 

Leben der Menschen. In den vergangenen Jahrzehnten wurden große Anstrengungen unternommen, 

um Oberflächen mit verschiedenen Funktionalitäten wie Hydrophilie, Hydrophobie, 

Biokompatibilität, antimikrobielle Aktivität, Haftvermögen, Anti-Haftvermögen, responsiven 

Eigenschaften und Vereisungsschutz zu entwickeln. Oberflächenstrukturierung durch 

photoinduzierte Oberflächenmodifikation kann gut kontrollierte physikalische oder chemische 

Muster zur Verwendung in einer Vielzahl von Bereichen erstellen, z. B. Bioarrays, Mikrofluidik, 

optische Geräte, Materialien für das Gesundheitswesen, oder Sensoren. Gleichzeitig sind 

Recycling und Wiederverwendung für eine nachhaltige Entwicklung von Bedeutung, da jährlich 

368 Millionen Tonnen Polymere produziert werden, von denen 75 % nach einmaligem Gebrauch 

entsorgt werden. Das Recycling und die Wiederverwendung von Abfallpolymeren und 

funktionalisierten Materialien trägt nicht nur zu einer nachhaltigen wirtschaftlichen Entwicklung 

bei, sondern reduziert auch die Umweltverschmutzung. Diese Doktorarbeit konzentriert sich auf 

Strategien zur reversiblen photoinduzierten Oberflächenstrukturierung sowie auf durch 

Photodegradierung induzierte Gelstrukturierungs- und Recyclingstrategien. 

In Kapitel 1 wird eine Einführung gegeben, um die jüngsten Fortschritte bei Technologien zur 

photoinduzierten Oberflächen- und Materialstrukturierung zu beschreiben. 

In Kapitel 2 wird eine einfache und substratunabhängige Strategie zur 

Oberflächenfunktionalisierung und -strukturierung vorgestellt. Dieser Ansatz kombiniert die 

Vorteile von drei wichtigen Beschichtungsmethoden: Die Substratunabhängigkeit von 

Polydopaminbeschichtungen, die chemische Reversibilität der Silanchemie und die schnelle 

räumliche Kontrolle der Thiol-En-Photoklick-Chemie. Die einzigartige Einfachheit der 

Polydopaminbeschichtung und Gasphasensilanisierung ermöglichte die Modifizierung 

verschiedener Materialien und komplexer Oberflächen ohne komplizierte Ausrüstung. Die schnelle 

UV-induzierte Thiol-En-Klick-Chemie ermöglicht die Strukturierung von Silan-funktionalisierten 
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Polydopamin-beschichteten modifizierten Oberflächen in Minuten. Die Funktionalisierung und 

Strukturierung verschiedenster Materialien wie Glas, Polytetrafluorethylen (PTFE), Aluminium, 

Polypropylen oder Polyethylen wird demonstriert. Eine kontrollierte chemische Entfernung der 

Muster oder der Oberflächenfunktionalisierung durch Behandlung mit 

Tetrabutylammoniumfluorid ermöglichte die erneute Modifizierung oder Neustrukturierung des 

Substrats. Die entwickelte universelle Oberflächenmodifikation für substratunabhängige und 

reversibel strukturierbare Beschichtungen kann die Entwicklung neuartiger funktioneller 

Materialien und Geräte erleichtern, die in verschiedenen Anwendungen nützlich sind. 

In Kapitel 3 wird die inhärente UV-Photoabbaubarkeit von Poly(meth)acrylat-Organogeln als 

Methode zur Strukturierung ihrer Oberfläche vorgestellt. Es sind keine zusätzlichen 

Photosensibilisatoren erforderlich, um Organogele (d ≈ 1 mm) im Minutenmaßstab effizient 

abzubauen. Eine geringe UV-Absorption und eine hohe Quellfähigkeit des Lösungsmittels, das das 

Organogel durchdringt, erwiesen sich als vorteilhaft für einen schnellen Photoabbau, von dem 

erwartet wird, dass er auf andere Gel-Photochemien übertragbar ist. Organogel-Arrays, Filme und 

strukturierte Organogel-Oberflächen wurden hergestellt und die Extraktionsfähigkeit und die 

Gleiteigenschaften des Organogels untersucht. Filme aus inhärent photoabbaubaren Organogelen 

auf einer Kupferleiterplatte dienten als erster positiver Gel-Photoresist: Der räumlich 

photoabbaubare Organogelfilm schützt die Kupferoberflächen vor einem wässrigen Ätzmittel 

(FeCl3 aq.). 

In Kapitel 4 wird ein schneller Ansatz zum Recycling von vernetztem Natriumpolyacrylat 

vorgestellt. Diese Strategie basiert auf dem inhärenten UV-induzierten Photoabbau von 

Natriumpolyacrylat. Der Recyclingprozess erfordert keine zusätzlichen chemischen Reagenzien 

und die Gewinnung von löslichem Natriumpolyacrylat-Polymer aus vernetzten 

Natriumpolyacrylat-Superabsorbern ist praktisch quantitativ. Wiederverwertetes lösliches 

Natriumpolyacrylat könnte als Verdickungsmittel für wässrige Farben verwendet werden oder 

könnte für Anwendungen als Haftklebstoff zu Polybutylacrylat (PBA) oder Poly-2-

ethylhexylacrylat (PEHA) verestert werden. Diese schnelle Strategie bietet das Potenzial für das 

Recycling von mehr als 2 Millionen Tonnen Superabsorber-Abfall pro Jahr. 
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In Kapitel 5 wird eine kurze Zusammenfassung und ein Ausblick gegeben. Die Strategie der 

substratunabhängigen reversiblen Oberflächenstrukturierung hat wichtige Auswirkungen auf die 

Entwicklung neuartiger funktioneller Materialien und Geräte. Der UV-Photoabbau von 

Poly(meth)acrylaten zu strukturierten Poly(meth)acrylat-Organogeln ist eine potenzielle 

Alternative zur weichen Lithographie. Das Recycling von superabsorbierenden Materialien durch 

UV-Fotoabbau ist von großer Bedeutung für die Verringerung der Umweltverschmutzung und eine 

nachhaltige Entwicklung. 
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1 Introduction 

1.1 Surface Modification 

Surface modification is a widely studied topic in materials science.1-31 It can be used to introduce 

a variety of properties in materials, such as hydrophilicity,1-3 hydrophobicity,4-7 biocompatible 

property,8-10 antibacterial property,11-13 adhesive property,14-16 non-adhesive,17-19 antifouling 

property,20-22 stimuli-responsiveness,23-27 anti-icing property,28-31 and so on. The approaches to 

surface modification can be divided into physical and chemical. A typical example of physical 

modification is bioinspired self-repairing slippery surfaces. Aizenberg et al. reported synthetic 

liquid-repellent surfaces, ‘slippery liquid-infused porous surfaces’ (SLIPS), that each consist of a 

film of lubricating liquid locked in place by a micro/nanoporous substrate (Figure 1.1). SLIPS are 

self-repairing by wicking into damaged sites in the underlying substrate and can repel immiscible 

liquids of virtually any surface tension.4 For chemical modification, a variety of chemical reactions 

can be used in the surface modification of materials.20,21,32-43 Among the most commonly used are 

silane chemistry,20,32-35,42 polydopamine chemistry,36-38 click chemistry,39-42 free radical 

polymerization grafting,20,21,43 etc. 

 

 

Figure 1.1 (A) Schematics showing the fabrication of a slippery liquid-infused porous surfaces by 

infiltrating a functionalized porous/textured solid with a low-surface-energy, chemically inert 

liquid to form a physically smooth and chemically homogeneous lubricating film on the surface of 
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the substrate. (B) Comparison of the stability and displacement of lubricating films on silanized 

and non-silanized textured epoxy substrates. (C) Scanning electron micrographs showing the 

morphologies of porous/textured substrate materials. (D) Optical micrograph showing the flow of 

low surface tension liquid hydrocarbon-hexane on slides. Adapted from Ref.4 

 

1.1.1 Silane Chemistry 

Trichlorosilane, trimethoxysilane or triethoxysilane are often used to form alkylsiloxane 

monolayers on substrates.34,44 The reaction of alkylsilane-modified surfaces can usually be carried 

out in solution or in the gas phase and it is easier to obtain dense monolayers in gas-phase reactions 

than in solution.45 Water plays an important role in anchoring the silane to the substrates, the 

hydrolyzed molecule of chlorosilane reacts with the hydroxyl group on the substrate.46,47 

Subsequently, the silane molecules form a polymeric network, partly covalently bound to the 

substrate. As shown in Figure 1.2, the other end of the silane chain can be various functional 

molecules or active group that reacts with other chemical reagents.35 When connecting functional 

molecules, silane chemistry modification can directly endow materials with hydrophilicity-

hydrophobicity,48-50 biocompatible property,32,51 adhesive property,52 antifouling property,53 

antibacterial property,54 etc. When the other end of silanes are reactive molecules, they can serve 

as linking molecules for the secondary modification of the material surfaces.34 
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Figure 1.2 Chemical structures of trichlorosilane, trimethoxysilane and triethoxysilane. The other 

end of the silane chain can be various functional molecules or active group that reacts with other 

chemical reagents. 

 

1.1.2 Polydopamine 

Surface functionalization through polydopamine (PDA) coating was introduced by Lee and 

Messersmith in 2007 is a unique method inspired by the adhesive properties of the mussel foot 

(Figure 1.3).55 The advantages of this technique include its simplicity, substrate-independence, 

robustness and universality.56-59 This substrate-independent coating method has been widely used 

in various applications, including surface patterning,60-62 improving biocompatibility of 

substrates,63-65 and rendering surfaces superhydrophobic66,67 or antibacterial.68,69 The possibility of 

secondary modification, patterning or the ability to re-functionalize PDA coatings is important to 

broaden the scope of applications of this coating method.70-72 Various methods for the secondary 

modification of PDA coating, utilizing the presence of activated double-bonds, multiple catechol 

groups and amino functionality in the PDA, have been introduced, including the use of thiols, 

amines, silanes or various metal ions.70,73-77 
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Figure 1.3 (A) Photograph of a mussel attached to commercial PTFE. (B, C) Schematic 

illustrations of the interfacial location of Mefp-5 and a simplified molecular representation of 

characteristic amine and catechol groups. (D) The amino acid sequence of Mefp-5. (E) Dopamine 

contains both amine and catechol functional groups found in Mefp-5 and was used as a molecular 

building block for polymer coatings. (F) A schematic illustration of thin film deposition of 

polydopamine by dip-coating an object in an alkaline dopamine solution. (G) Thickness evolution 

of polydopamine coating on Si as measured by AFM of patterned surfaces. Adapted from Ref.55 

 

Dopamine undergoes a series of oxidative reactions to form 3,4-dihydroxyindole (DHI), as shown 

in Figure 1.4 is a widely accepted primary building block.55,78 Second, there is a large amount of 

uncyclized oxidized dopamine on the surface of the coating, which contains significant levels of 

amino groups.79 After the formation of dopamine-quinone, it reacts with DHI or dopamine through 

the coupling of catechol-catechol.78 In the formation of polydopamine, the catechol-catechol 

dimerization process is important because it presents amine groups on the surface for further 

functionalization.80 A new class of self-assembling physical trimers, (dopamine)2/DHI, 

incorporates polydopamine chains.79 For a long time, hydrogen bonding and π-π stacking were 

considered to be the main intermolecular interactions in the formation of polydopamine coatings. 

The latest study shows that the cation-π interaction is also the main force for interchain 
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deposition.81 These interactions mediate the deposition of polydopamine, which increases coating 

thickness.78 

 

 

Figure 1.4 Polymerization and interaction mechanisms of dopamine. As reported by Lee and 

Messersmith in 2007, 3,4-dihydroxyindole (DHI) spontaneously generated by a series of oxidation 

steps from dopamine.55 Second, there is a significant level of uncyclized form of oxidized 

dopamine presenting primary amine groups on the surface. Through the formation of dopamine-

quinone, it subsequently reacts with DHI or dopamine through the coupling of catechol to catechol. 

The backbone of polydopamine is mainly 4,7-catechol-catechol coupling with uncyclized primary 

amine and cyclized secondary pyrrole amine.78 

 

1.1.3 Click Chemistry 

Click chemistry was proposed by Sharpless et al. in 2001.39 Click chemistry vividly describes the 

chemical reaction process as simple, efficient, and versatile like clicking a mouse. It mainly has 

the following characteristics: (1) the reaction raw materials are readily available, (2) the reaction 

is very reliable, insensitive to oxygen and water, (3) the product stereoselectivity is good, the yield 



Introduction 

6 

 

is high, (4) the post-reaction treatment and product separation are simple and convenient, (5) the 

reaction by-products are environmentally friendly.39,40,42 Due to these advantages of click chemistry, 

it is widely used in surface modification in recent years. Common click chemistry reactions for 

surface modification include azide-alkyne cycloaddition,82,83 thiol-ene/yne click reactions,41,84-90 

tetrazole-ene reactions,91-93 Diels-Alder cycloaddition,94 and oxime/hydrazone formation95. 

Collman et al. applied click chemistry to the study of electrode surface modification for the first 

time.82,83 They formed a monolayer of the azide ligand on the surface of the gold electrode, and 

then modified the acetylenic ferrocene to the surface of the electrode and investigated the electrode 

performance by cyclic voltammetry. As shown in Figure 1.5, Atsushi et al. modified vinyl bearing 

metal substrates with various thiol molecules to endow metal substrates with different surface 

wettability.41 Sun et al. used functionalized polyvinyl alcohol as a connector to immobilize complex 

functional molecules such as biotin, carbohydrates and proteins on the glass surface through Diels-

Alder and click reactions.94 The specific adsorption of various functional molecules and 

biomolecules immobilized on the surface was investigated.  

 

 

Figure 1.5 Schematic of the post functionalization of metal surface with vinyl groups using various 

thiols. Adapted from Ref.41 
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1.2 Reversible Surface Modification 

Surface modification enables materials to be applied with a new surface property, while reversible 

surface modifications can impart one or more surface properties to materials multiple times.96-111 

Reversible surface modification allows material substrates to be recycled and reused, which is 

sustainable and environmentally friendly. Many related reversible surface modification processes 

have been reported, including reversible hydrogen bond formation,96 electrically assisted 

ionoprinting,101 metal complexation,98 host-guest chemistry,97 sulfur chemistry,100,102,103 reversible 

silane chemistry,112 Schiff-base chemistry,99,113 Diels-Alder chemistry,104-107 and reversible 

photochemistry108-110. The reversible modification can be roughly divided into the following two 

categories, non-covalent reversible modification and covalent reversible modification. 

 

1.2.1 Non-covalent Reversible Modification 

Non-covalent reversible modifications are based on non-covalent bonding forces, the modified 

layer can be removed by stimuli such as light, heat, pH changes, solvents, etc.96-98,101 Non-covalent 

reversible modification strategies reported in recent years include reversible hydrogen bond 

formation,96 electrically assisted ionoprinting,101 metal complexation,98 host-guest chemistry.97 

Christopher et al. report a patterned and rewritable surface system that relies on synthetic hydrogen-

bonding motifs (symmetrical oligoamide-asymmetric oligoamides pairs, SOA-AOA pairs).96 The 

maleimide-functionalized amide asymmetric oligoamides (AOA) was first immobilized on the 

substrate, and the symmetrical oligoamides (SOA) sequence with functional groups could form a 

dimer with AOA through hydrogen bonding (Figure 1.6). The SOA was removed by the destruction 

of the dimer structure by methanol and chloroform mixture solvents. The formation and destruction 

of AOA-SOA dimers are the main mechanisms of surface reversible processes. Luc Brunsveld et 

al. reported a strategy to facile, robust and reversible immobilization of supramolecular proteins 

via selective monovalent interaction of ferrocene with cucurbituril immobilized on gold surfaces. 

Proteins can be printed as uniform monolayers that are resistant to washing conditions and removed 

by competition with excess ferrocene ligand.97 Schubert et al. reported the reversible 

functionalization of surface by exploiting the reversible formation of terpyridine bicomplexes.98 
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The reversible formation of terpyridine bicomplexes, based on monolayers functionalized with 

terpyridine ligands, was used as a versatile supramolecular binding motif. Ligand-modified 

monolayers can be obtained by decomplexing the formed supramolecular complexes. These 

monolayers were then used for additional complexation reactions, leading to reversible 

functionalization of the substrate.98 

 

 

Figure 1.6 Schematic representation of the synthetic route to the patterned immobilization of 

symmetrical oligoamide-asymmetric-polymethylmethacrylate (SOA–PMMA) on a silicon wafer. 

The wafer was globally functionalized with tetrazoles (S1) and partly functionalized with AOA-

Mal (4) via a photo-induced NITEC reaction employing a shadow mask resulting in S2. SOA–

PMMA (P1) was repeatedly immobilized and washed off the AOA-functionalized part of S2/S3. 

Adapted from Ref.96 

 

1.2.2 Covalent Reversible Modification 

Covalent reversible modification strategies are based on reversible chemical reactions or dynamic 

bonds.102,103,105-110,113 Compared with non-covalent modification, covalent bonding modified 

surfaces are more chemically stable and robust. Covalent reversible modification strategies 

reported in recent decades involve Schiff-base chemistry,99,113 reversible silane chemistry,112 sulfur 

chemistry,100,102,103,114 Diels-Alder chemistry,104-107 and reversible photochemistry108-110. Zhao et al. 

reported a reversible polymer brush coating based on Schiff-base chemistry, achieved dynamic 



Introduction 

9 

 

control of nanoparticle surface properties.99 They first immobilized aldehyde-functionalized ATRP 

initiator molecules to the surface of amine-functionalized nanoparticles, and then grew polymer 

brushes through ATRP. The dynamic nature of the imine bond allows the polymer brushes to be 

removed, allowing exchange reactions between different aldehyde-functional molecules. This 

allows the introduction of small molecule fluorophores or the production of hybrid polymer 

brushes.99 A typical reversible silanization modification is presented in Figure 1.7.112 Marius et al. 

combined synthetic and surface chemistry to achieve variable control of surface wettability by 

either coupling a fluorinated alkyl silane to the naturally hydrophilic surface of a nanoporous 

polymer coating to achieve superhydrophobicity or by removing it from the surface by application 

of fluoride anions to regain hydrophilicity.112 Figure 1.8, a typical reversible modification strategy 

based on light-induced disulfide exchange reaction is presented, achieving reversible photo 

functionalization, patterning, and exchange and removal of surface functional groups.114 This 

surface shows reversible and rewritable functionality under UV irradiation. A uniform fluorescent 

surface is produced by using fluorescent FITC-disulfide, photopatterning was demonstrated by 

masked illumination. This method is versatile, fast and various functional groups can be introduced 

onto the disulfide-functionalized surfaces and removed reversibly by light-induced disulfide 

exchange.114 Kowollik et al. reported an example of use Diels-Alder chemistry for reversible 

surface modification with polymers.104 Diels-Alder reaction allows for the covalent linkage of 

various dienophile with cyclopentadiene functionalized surface under ambient temperature. After 

the system was heated to 90 °C, a reversible reaction was triggered. This method can be used to 

modify surfaces with polyisobornyl acrylate, polystyrene, and polyethylene glycol, demonstrating 

the versatility of this chemical approach for surface modification.104 
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Figure 1.7 General overview of the method as a reaction scheme (A) and images of water droplets 

on hydrophilic (B, D) and superhydrophobic (C, E) polymer surfaces. Adapted from Ref.112 
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Figure 1.8 (A) Schematic representation of a photodynamic disulfide exchange reaction (PDDE). 

Disulfides are converted into two sulfenyl radicals under UV irradiation, which can combine to 

form new disulfides. The new disulfides can again be activated to become sulfanyl radicals and 

thus the process is reversible. (B) Schematic representation of the reversible surface modification 

based on the PDDE. (C) The surface modification using photoinduced disulfide exchange and 

corresponding fluorescence microscopy images. Adapted from Ref.114 

 

1.3 Surface Patterning and Photopatterning 

As a branch of surface modification, surface patterning is accessible which achieves well-

controlled physical or chemical patterns on the surface.115-126 Patterned surfaces can be used in a 

variety of research and industrial fields, such as bioarrays,118-120 microfluids,123-125 optical 

devices,121,122 medical science,126 sensors,115-117 and so on. Over the past few decades, researchers 

have developed a large variety of surface patterning strategies, including laser writing,127,128 

scanning probe lithography,129-131 two-photon polymerization,132,133 micro-contact printing,134,135 

inkjet printing,136 microfluidic patterning,137 photopatterning100,102,103,114,138 and so on. Usually, for 

the same surface material, there can be many different patterning techniques to achieve the purpose. 

For example, self-assembled monolayers (SAMs) on planar metal surfaces were first reported by 

Allara and Whitesides et al.139,140 This system has been widely studied due to its facile preparation, 

wide commercial availability, and self-assembly to form organic molecular nanoarrays.139,140 

Typical strategies for fabricating patterned SAMs are microcontact printing, scanning probe 

lithography, and photo-induced patterning (Figure 1.9).135 The elastic stamp is made of 

polydimethylsiloxane (PDMS) and is used to transfer the SAM molecules to the substrate. The 

PDMS stamp is removed from the solution and contacted with the surface, causing the adsorbed 

molecules to transfer from the stamp to the substrate in the contact area. Thereby reproducing the 

pattern information encoded in the surface profile of the stamp.141 (Figure1.9A) In scanning probe 

lithography, probe tips are used not only to visualize nanoscale surface structures, but also to 

manipulate atoms and molecules on the surface.142 (Figure 1.9B) SAM patterns can also be 
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prepared with photo-induced patterning by irradiating SAM functionalized surface through 

photomask without the use of photoresist. (Figure 1.9C)135 

 

 

Figure 1.9 Overview of patterning techniques for self-assembled monolayers. (A) In microcontact 

printing, SAMs patterns are achieved by region-selectively transferring a molecular ink onto a 

substrate via an elastomeric stamp. (B) By utilizing nanoscopic probe tips to locally eliminate or 

add molecules, highly resolved SAMs features can be generated by scanning probe lithography. (C) 

Illuminating SAMs through a photomask can result in photochemical modification of the non-

covered areas. This photolithographic approach allows for the subsequent removal or 

functionalization of the modified regions. Adapted from Ref.135 

 

In these patterning strategies, photopatterning is one of the most convenient techniques. As a non-

contact energy source, light can not only spatially control the modification position of the material 

surface, but also realize temporal control by adjusting the wavelength, energy density, and exposure 

time.100,102,103,114,138 The photo-patterning strategies can be roughly divided into two categories, the 

first is a photo-induced bottom-up strategy of growing patterns from substrates, and the second is 

top-down patterns formed by light-induced material changes on a uniform surface. 

 

1.3.1 Bottom-Up Photopatterning 

Bottom-up photopatterning strategies are based on the photo induced surface modification methods, 

including photo induced click chemistry reaction (Figure 1.10),84-86,88,138,143 photoinitiated radical 

polymerization,144-147 and photo assisted oxidation.148 These photo induced modification methods 
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require substrates with specific reactive groups such as hydroxyl group,148 alkene group,84-86,88,138 

alkyne group,90 azides group,82,83 free radical polymerization initiators,144-147 etc. It is necessary to 

modify these active groups onto the substrate in advance. Silane chemistry and polydopamine are 

two simple and widely applicable substrate modification methods.32-38 A typical example of 

photopatterning based on silane chemistry is the modification of alkenyl group to glass slides via 

chlorosilanes followed by the photo induced thiol-ene click reaction to prepare hydrophilic and 

hydrophobic patterns (Figure 1.11). Organic droplet arrays fabricated on flexible polymer 

substrates were also realized.138 

 

 

Figure 1.10 Examples of “click” reactions employed for monolayer modification, from top to 

bottom: Huisgen 1,3-cycloaddition, thiol-ene reaction, Diels-Alder cycloaddition, and imine and 

oxime formation. 
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Figure 1.11 (A) Schematic representation of the silanization reaction and UV-induced thiol-ene 

photo-click reactions for creating the wetting-dewetting micropatterns. (B) ToF-SIMS 2D graphs 

of negative CF3
- and the CN- secondary ions, showing the patterning of PFDT and cysteamine, 

respectively. Scale bar: 500 µm. (C) Sliding angles of low-surface-tension solvents on PFDT-

modifi ed glass. Adapted from Ref.138 

 

Polydopamine is another popular choice for building connection layer between the substrate and 

functional layer for further bottom-up patterning. The controllable aspects of the PDA coating 

secondary modification, including temporal and spatial control, are not as developed as the coating 

methods themselves.149,150 Both spatial and temporal control play an important role in the 

subsequent application of such materials. In recent years, researchers have proposed new solutions 

to accelerate the secondary modification of PDA coatings. As shown in Figure 1.12, Gu et al. 

accelerated the reductive deposition and oxidative removal of metal ions on a polydopamine 

coating by ultraviolet irradiation to control the deposition of metal nanoparticles both spatially and 

temporally. Due to the spatial and temporal controllability of light, the metallization of PDA surface 

could be well controlled, allowing the construction of a grayscale patterned metallic surface. 

Reversible depositing and removing metal nanoparticles enabled them to recycle metals from 

wastewater and electric circuits. Thus, this method demonstrates rapid, controllable and reversible 
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secondary modification of PDA coatings.151 Several approaches for the patterning of PDA coatings 

have also been reported. Wu et al. demonstrated patterning of hydrophobic surfaces by negative 

microcontact printing of PDA.60 Du et al. achieved patterning of PDA coatings on different 

materials through UV-triggered dopamine polymerization.149 Behboodi-Sadabad et al. succeeded 

in patterning of different phenolic compounds, which have similarities with dopamine.152 

 

 

Figure 1.12 (A) Schematic representation of polydopamine-assisted deposition and removal of 

metal nanoparticles (MNPs). (B-D) Various metallic patterns fabricated on various PDA-coated 

substrates by using corresponding photomasks. (E) A PDA surface was used to recycle electronic 

circuit. (F) A PDA-coated textile (diameter 60 mm) was utilized for wastewater treatment. Adapted 

from Ref.151 

 

1.3.2 Top-Down Photopatterning 

The difference between the top-down photopatterning strategy and the bottom-up photopatterning 

strategy is that top-down photopatterning begins with a uniformly modified surface, which is 
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modified by light irradiation to produce patterns.153-159 The top-down photopatterning strategies 

can be roughly divided into two categories, photochromic patterning,153-155 and photodegradation 

patterning.156-159 

 

1.3.2.1 Photochromic Patterning 

Photochromic patterning of surface was achieved via the modification of surfaces with photo 

switchable molecules such as azobenzene,155 diselenide bond,154 liquid crystal,153 etc. By 

irradiating the surface containing the structure-change material with light, combined with a 

photomask, patterns with extremely high resolution can be generated on the surface, and these top-

down patterns are reversible. As shown in Figure 1.13, a typical example of photoinduced structure 

transition patterning is reported by Wu et al.155 They introduced a new type of nanocomposite 

material with good processing properties that can be easily applied to banknotes, wine, 

pharmaceuticals and other products. It is composed of photo responsive azobenzene-containing 

polymers (azopolymers), and upconverting nanoparticles (UCNPs). Azo polymers exhibit 

photochromism, photo-switchable glass transition temperature (Tg) values, and photo-induced 

orientation due to reversible cis-trans photoisomerization. These light-responsive properties cause 

the material to change color when exposed to light, which in combination with the photomask 

forms a pattern. Xu et al. reported a structural color material with reversible stimuli-responsiveness 

to visible light (Figure 1.14).154 In their system, the structural color comes from the birefringence 

of the stretched material, whose shape can be fixed while maintaining mechanical stress. The 

fixation stress is released by diselenide metathesis by visible light irradiation. Adjusting the  

wavelength or irradiation time using a commercial projector can achieve tunable structural color 

patterns, and the structural color patterns can be arbitrarily erased and rewritten.154 
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Figure 1.13 (A) Reversible writing and erasure of color-changing patterns on a PAzo/UCNP 

nanocomposite film. Scale bars: 5 mm. (B) Photographs of trans and cis PAzo/UCNP 

nanocomposites. Scale bars: 5 mm. (C, D) Dynamic mechanical analysis (DMA) data of 

C) trans and D) cis PAzo/UCNP nanocomposites. (E) Schematic of the fabrication of imprinted 

microstructures with structural colors. (F) Photograph of a PAzo/UCNP nanocomposite film with 

imprinted microstructures on a polyethylene terephthalate substrate. Scale bar: 1 cm. (G) Confocal 

microscopy image of imprinted microstructures on a PAzo/UCNP nanocomposite film. Adapted 

from Ref.155 
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Figure 1.14 (A) Synthesis of diselenide-containing polymeric network. (B) Patterning strategy 

with photomask. (C) Various patterns with different structural colors realized by photomask. The 

scale bar is 500 µm. Adapted from Ref.154 

 

1.3.2.2 Photodegradation Patterning 

Photodegradation means that the modification layer or material is detached from the substrate or 

degraded under the irradiation of light. For achieving patterning with photodegradation, the 

photomask or controlled light source is chosen to be used in this strategy. When the photomask is 

covered on the surface, a part of the surface is protected by the dark area of photomask. Degradation 

happens in the other part, where the surface properties are changed to form a pattern.156,159 Without 

photomask, the light source with controllable projected pattern is also able to achieve 

photodegradation patterning.157,158 The photodegradation patterning strategy can form surface 

patterns with different wettability by degrading the modified monolayer on substrate,156 or directly 

degrade the material to form three-dimensional patterns157-160. The most common strategy for 

degrading monolayers to form surface patterns is to use plasma to eliminate organic monolayers 

on the surface of materials.156 The strategy of patterning by photodegrading bulk material, also 

known as soft lithography, was first proposed by Whiteside’s et al.160 This strategy forms patterns 
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by directly degrading part of the material using laser or ultraviolet light.158-160 A typical example of 

laser-degraded materials to form patterns is reported by Ko et al, they introduced a "successive 

laser pyrolysis" strategy, a novel on-demand laser PDMS patterning process that exploits the 

phenomenon of self-sustained continuous photothermolysis guided by a continuous wave laser 

(Figure 1.15).158 In turn, the increased laser absorption of pyrolysis byproducts generates increased 

photothermal energy, which facilitates successive iterations of PDMS pyrolysis. After proper 

removal of by-products from pyrolysis, SLP enables rapid digital patterning of 2D and even 3D 

high-quality PDMS microstructures that can be used directly without additional post-processing.158 

Compared with lasers, ultraviolet light is a less energy-consuming and milder energy source, and 

is also commonly used for photodegradation patterning of hydrogels or organogels.159,161-167 

Researchers usually speed up the degradation rate of gels under UV by adding photolabile groups 

to the polymer cross-linked network. The photolabile groups used for the patterning of gel 

photodegradation include disulfide bonds,164,165 diselenide bonds,167 o-nitrobenzyl ester,161,162 

coumarins,163 RuII polypyridyl complexes,166 etc. In these photodegradation patterning strategies, 

complex structural design is often required to incorporate photolabile groups into the gel, which 

greatly limits its application range. Recently, Levkin et al. reported photodegradation patterning 

using the most commonly used hydrophilic methacrylate hydrogels (Figure 1.16).159 They 

demonstrate UV-induced degradation of hydrophilic methacrylate hydrogels without any external 

photosensitizers. This opens the possibility of constructing conventional hydrogels using 

traditional photolithographic methods, i.e., creating complex hydrogel patterns, hydrogel particles 

using various types of commercially available hydrophilic methacrylate monomers and cross-

linking agents or hydrogel gradients.159 
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Figure 1.15 (A) The process flow of the front-surface scanning scheme. (B) Optical images of 

pattern. (C) Schematics and scanning electron microscopy (SEM) images of the laser ablation 

technique using a pulsed laser. (D) Schematics and SEM images of the successive laser pyrolysis 

highlighting the smooth inner surface. (E) The process flow of the back surface scanning (BSS) 

scheme showing the opaque initiating point, seed layer formation, repeated overlay scanning and 

removal of silicon carbide (SiC). (F) A highlighted SiC single layer created by semicircular overlay 
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scanning. Inset scale bar, 100 μm. (G) Deep cylindrical pattern (depth, 2 mm) and extracted SiC 

chunk. (H) High-aspect-ratio monolithic well arrays fabricated by the BSS. Adapted from Ref.158 

 

 

Figure 1.16 (A) Time-lapse images of a 3 mm thick hydrogel block exposed to UV irradiation. (B) 

Molecular structures of monomers and crosslinkers used for the formation of inherently 

photodegradable hydrogels. (C) Digital images of hydrogel channels (I), and hydrogels with 

thickness gradient (by moving the photomask during UV irradiation) (II). Scale bars are 5 mm.  

Adapted from Ref.159 

 

1.4 Photodegradation of Poly(meth)acrylate Gel 

The inherent photodegradability of poly(meth)acrylate polymers has been studied for several 

decades. Motivated by applications such as coatings or photoresists, researchers investigated 

various factors relevant for the photodegradation properties of poly(meth)acrylates, such as the 

wavelength, the irradiation time, the molecular weight, the length of the (meth)acrylic ester chain, 

or co-monomers.168-172 Photodegradation of poly(meth)acrylates requires UV light with a 



Introduction 

22 

 

wavelength below 320 nm, reaching a maximum quantum yield at ca. 280 nm.173 Depending on 

the atmosphere (i.e. vacuum, air, or inert gas) the mechanism of photodegradation can involve 

photooxidative processes, namely the formation of peroxyl radicals (R-O-O•), hydroperoxyls (R-

O-OH), oxyl radicals (R-O•), and peroxides (R-O-O-R).174 Photoinduced bond scissions can result 

in direct main chain scission or cleavage of the methacrylate’s ester groups, i.e. the side chains 

(Figure 1.17).175 

 

 

Figure 1.17 Possible UV light induced bond scissions of poly(meth)acylate. (A) Main chain 

scissions. (B) Side chain scissions. Adapted from Ref.175 

 

The amount of photocrosslinking can simply be quantified by determining the weight of the 

insoluble fraction of the formerly soluble polymer. This insoluble fraction is termed the “gel 

fraction” due to its covalently crosslinked nature.173 However, this “gel fraction” is not infused 

with a solvent and does not have a controllably low degree of crosslinking and is thus 

fundamentally different from common swollen poly(meth)acrylate gels. 

A generally observed trend is that poly(meth)acrylates with longer alkyl ester side chains (e.g. butyl, 

hexyl, lauryl) tend to undergo photocrosslinking rather than photodegradation, which was 

explained by their low glass transition temperatures (TG). A lower TG enables a polymer radical 
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mobility and thus faster recombination of polymer radicals.174 Poly(meth)acrylates were found to 

undergo less photocrosslinking reactions than polyacrylates. 

Previous photodegradation studies were mainly conducted on films of the bulk polymers and the 

illumination times are in the range of hours or even hundreds of hours until measurable 

photodegradation processes occurred. Degradation of a swollen poly(meth)acrylate gel reduces the 

illumination time down to tens of minutes until photodegradation is visible with the bare eye. It is 

due to the spatial separation of polymer chains in a swelled polymer network, reducing “cage” 

effects causing polymer-based radicals to recombine (photocrosslinking).176 A similar effect was 

found for the photodegradation of a co-polymer of methyl methacrylate and methyl acrylate in 

methyl acetate solution.177 

 

1.5 Summary and Perspectives 

Surface modification and patterning techniques have developed significantly over the past few 

decades. Through various patterning techniques such as microcontact printing, inkjet printing and 

photopatterning, two-photon polymerization, micro-contact printing, inkjet printing, microfluidic 

patterning, and photopatterning, researchers have created patterns with various functions on the 

surface of materials. Patterned surfaces are widely used in bioarrays, microfluids, optical devices, 

medical science, sensors, and other scientific research and application fields. Photopatterning is 

one of the most convenient techniques, various photo-induced strategies have been widely 

developed by researchers, including photo-induced click chemistry, photo-induced polymerization, 

photodegradation, etc. At the same time, recycling and reuse are also meaningful for sustainable 

development and reduce environmental pollution. The application of various reversible surface 

modification techniques, including reversible hydrogen bond formation, electro-assisted ion 

printing, metal complexation, host-guest chemistry, sulfur chemistry, reversible silane chemistry, 

Schiff base chemistry, Diels-Alder chemistry, and reversible photochemistry, enables materials to 

be reused. Despite advances in these areas, combining multiple surface modification techniques to 

create reversible surfaces remains an attractive research direction. On the other hand, few studies 

have focused on exploiting the inherent UV photodegradability of polymethacrylates for photo-
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induced surface patterning and polymer recycling. Recycling and reuse are meaningful for 

sustainable development due to the 368 million tons of polymers produced every year, 76% of 

which are discarded after single use. Recycling and reusing waste polymers and functionalized 

materials not only maintains sustainable economic development, but also reduces environmental 

pollution. 
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2 Results and Discussion 

2.1 Substrate-Independent and Re-Writable Surface Patterning by Combining 

Polydopamine Coatings, Silanization and Thiol-Ene Reaction* 

*This chapter and associated sections were published previously. Figures and tables also have been 

published and reproduced for use in this chapter. Copyright has been acquired from the publisher. 

Li, S., Scheiger, J. M., Wang, Z., Dong, Z., Welle, A., Trouillet, V., & Levkin, P. A. (2021). 

Advanced Functional Materials, 31(50), 2107716. 

 

2.1.1 Introduction 

Surface functionalization through polydopamine (PDA) coating was introduced by Lee and 

Messersmith in 2007 and is a unique method inspired by the adhesive properties of the mussel 

foot.55 The advantages of this technique include its simplicity, substrate-independence, robustness 

and universality.56-59 This substrate-independent coating method has been widely used in various 

applications, including surface patterning,60,62,178 improving biocompatibility of substrates,63-65 and 

rendering surfaces superhydrophobic66,67 or antibacterial.68,69 The possibility of secondary 

modification, patterning or the ability to re-functionalize PDA coatings is important to broaden the 

scope of applications of this coating method.71,72 Various methods for the secondary modification 

of PDA coating, utilizing the presence of activated double-bonds, multiple catechol groups and 

amino functionality in the PDA, have been introduced, including the use of thiols, amines, silanes 

or various metal ions.70,73-77 

The controllable aspects of the PDA coating secondary modification, including temporal and 

spatial control, are not as developed as the coating methods themselves. However, both spatial and 

temporal control play an important role in the subsequent application of such materials. In recent 

years, some researchers have proposed new solutions to accelerate the secondary modification of 

PDA coatings. Gu et al. accelerated the reductive deposition and oxidative removal of metal ions 
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on a polydopamine coating by ultraviolet irradiation to control the deposition of metal 

nanoparticles both spatially and temporally.151 Several approaches for the patterning of PDA 

coatings have also been reported. Wu et al. demonstrated patterning of hydrophobic surfaces by 

negative microcontact printing of PDA.60 Du et al. achieved patterning of PDA coatings on 

different materials through UV-triggered dopamine polymerization.62 Behboodi-Sadabad et al. 

succeeded in patterning of different phenolic compounds, which have similarities with 

dopamine.152 In addition, Gu et al. achieved UV-assisted reversible deposition of metal ions on 

PDA coatings.151 However, a reversible covalent modification of PDA coatings, which can greatly 

improve their reusability, has not been reported yet. 

In this chapter, I present a rapid and reversible strategy for the secondary modification and 

patterning of PDA coatings. This method is based on the secondary modification of PDA coatings 

by chlorosilanes, which allows fine-tuning of the surface energy and renders the surface patternable 

via the thiol-ene photoclick reaction. In addition, we demonstrate the feasibility of selectively 

removing the siloxane layer from the PDA modified surface using tetrabutylammonium fluoride 

(TBAF) solution. We provide a complete characterization of the method through contact angle (CA) 

measurement, atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and 

time-of-flight secondary ion mass spectrometry (ToF-SIMS) analyses. Finally, we demonstrate the 

feasibility of functionalization and patterning of complex large-scale objects, which facilitates the 

practical application of the method. Thus, this strategy is an effective method for substrate-

independent functionalization and patterning of a variety of surfaces. 

 

2.1.2 Results and Discussion 

2.1.2.1 Deposition of polydopamine 

The PDA coating was applied using the dipping method according to a previously reported 

oxidation deposition process.55 In this step, we selected polytetrafluoroethylene (PTFE), 

polypropylene (PP), polyethylene (PE), aluminum (Al) and glass as substrates since these are 

commonly used industrially relevant materials (Figure 2.1A). All substrates appeared brown or 

light brown after modification with PDA (Figure 2.1B and 2.2). Evaluation of the surface 
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morphology of the coating on a silicon wafer by AFM showed an increase in surface roughness 

after modification with PDA, with an increased Rq value from 0.14±0.01 nm to 0.90±0.04 nm 

(Figure 2.1C). The thickness of the PDA coating on the silicon wafer was measured as 14.1±0.4 

nm using the scratch method. In all cases, the static water contact angle (CA) after the modification 

with PDA was similar and varied from 40o to 50o (Figure 2.3). The XPS characterization also 

confirmed the successful functionalization (Figure 2.4). In the PTFE/PDA sample, the C 1s peak 

from C-N for the PDA coating on PTFE was detected at 286.4 eV, while the C 1s peak from CF2 

at 292.4 eV was dramatically attenuated. 

 

 

Figure 2.1 Substrate-independent surface functionalization by combining polydopamine coating, 

silanization by TVS (trichlorovinylsilane) and UV-induced thiol-ene reaction. (A) Schematic 

representation of the PDA deposition, TVS silanization and UV-induced thiol-ene photoclick 

processes. (B) Digital images of modified PTFE slides and 2-μL water droplets on modified PTFE 

slides. Scale bar: 5 mm. (C) AFM 3D images of different modified silicon wafers. Scale bars: 100 

nm. Bare: bare substrates; PDA: PDA modified surface; PDA/TVS: PDA and TVS-modified 

surface; PDA/F: 1H,1H,2H,2H-Perfluorodecanethiol (PFDT) click on PDA/TVS surface; 

PDA/OH: 2-mercaptoethanol (ME) click on PDA/TVS surface. Copyright 2022, Wiley-VCH. 
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Figure 2.2 Digital photos of modified PE, PP, glass and Al slides and 2 μL water droplets on them. 

Bare: Bare substrates. PDA: PDA modified surface; PDA/TVS: PDA and TVS modified surface; 

PDA/F: 1H,1H,2H,2H-Perfluorodecanethiol (PFDT) click on PDA/TVS surface; PDA/OH: 2-

Mercaptoethanol (ME) click on PDA/TVS surface. Copyright 2022, Wiley-VCH. 

 

 

Figure 2.3 Static CA of bare substrates and surfaces with PDA coatings, followed by silanization 

(PDA/TVS), and thiol grafting (PDA/F and PDA/OH, respectively). Bare: bare substrates; PDA: 

PDA modified surface; PDA/TVS: PDA and TVS-modified surface; PDA/F: 1H,1H,2H,2H-

Perfluorodecanethiol (PFDT) click on PDA/TVS surface; PDA/OH: 2-mercaptoethanol (ME) click 

on PDA/TVS surface. Copyright 2022, Wiley-VCH. 
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Figure 2.4 (A) C 1s XP spectra of different PTFE modification steps. (B) S 2p XP spectra of 

PDA/TVS, PDA/F and PDA/OH modified PTFE. Bare: bare substrates; PDA: PDA modified 

surface; PDA/TVS: PDA and TVS-modified surface; PDA/F: 1H,1H,2H,2H-Perfluorodecanethiol 

(PFDT) click on PDA/TVS surface; PDA/OH: 2-mercaptoethanol (ME) click on PDA/TVS surface. 

Copyright 2022, Wiley-VCH. 

 

2.1.2.2 Silanization of polydopamine 

After applying the PDA coating, we used trichlorovinylsilane (TVS) to secondary modify PDA 

coated substrates. The chlorosilane reacts with the amino and hydroxyl groups of the PDA coatings. 

Moisture from the surface and air further hydrolyzes the chlorosilane functionalities into silanol 

functional groups, which condensate to a polysiloxane network and increase the thickness of the 

coating to 42.3±2.9 nm. The silanization resulted in an increase in the WCA on PTFE, PP, PE, Al 

and glass surfaces from 48±2o, 47±2o, 46±2o, 46±2o, and 41±2o, respectively, to 84±1o, 80±2o, 

82±1o, 84±1o, and 83±1o, respectively (Figure 2.3), demonstrating successful surface modification 

independent of the substrate used. In the XPS characterization, the Si 2p3/2 peak at 102.8 eV in the 

PTFE/PDA/TVS (the material names are given as “Substrate material/first coating/secondary 

modification”) sample also confirmed successful silanization (Figure 2.5). The Rq value of the 

PDA/TVS-modified silicon wafer increased to 3.69±0.43 nm, showing that TVS forms aggregates 

on the surface of the PDA (Figure 2.1C). The thickness of the PDA/TVS layer on the silicon wafer 
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was 42.3±2.9 nm, which was almost three times that of the PDA coating. In addition, we used 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane and trichloroethylsilane to test the reactivity of other 

chlorosilanes with PDA coatings. As shown in Figure 2.6, the static WCA increased from 45o to 

80o and 90o, respectively, after the silanization. In the case of trichloro(1H,1H,2H,2H-

perfluorooctyl)silane, the WCA was not as high as expected probably because its low vapor 

pressure reducing the density of functional groups after deposition.179 

 

 

Figure 2.5 Si 2p XP spectra of PDA and TVS silanized PDA on PTFE. Copyright 2022, Wiley-

VCH. 
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Figure 2.6 Static water contact angle of surfaces. Bare: bare substrates; PDA: PDA modified 

surfaces; PDA/R1: PDA and trichloro(1H,1H,2H,2H-perfluorooctyl)silane modified surfaces; 

PDA/R2: PDA and ethyl trichlorosilane modified surfaces. Copyright 2022, Wiley-VCH. 

 

2.1.2.3 UV-induced thiol-ene reaction 

Substrates modified with TVS were then functionalized using the photoclick thiol-ene reaction. 

Different materials were covered with a 1H,1H,2H,2H-perfluorodecanethiol (PFDT) solution and 

irradiated with 265 nm UV light (3.0 mW cm-2) for 1 min through a quartz slide. The static WCA 

on PTFE, PP, PE, Al and glass surfaces changed from 84±1o, 80±2o, 82±1o, 84±1o, and 83±1o, 

respectively, to 124±1o, 121±1o, 119±2o, 116±4o, and 100±4o, respectively (Figure 2.3), thus 

confirming the success of the photoclick thiol-ene reaction. Compared with the PTFE/PDA/TVS 

sample, additional peaks (C 1s peak from CF3 at 294.2 eV and C 1s peak from CF2 at 292.0 eV) 

stemming from PFDT appeared in the XP spectra of the PTFE/PDA/F sample, confirming the 

successful modification with PFDT (Figure 2.4). The corresponding F 1s peak at 689.1 eV, typical 

of a covalently bound fluorine, was also observed (Figure 2.7). To demonstrate universality of the 

photoclick thiol-ene reaction on the PDA/TVS coating, we functionalized the vinyl-bearing 

surfaces with hydrophilic thiol 2-mercaptoethanol (ME) in the same way. The static WCA on PTFE, 

PP, PE, Al and glass surfaces changed from 84±1o, 80±2o, 82±1o, 84±1o, and 83±1o, respectively, 

to 43±3o, 45±2o, 44±1o, 56±2o, and 44±3o, respectively, indicating successful completion of the 

reaction and substrate independency (Figure 2.3). At the same time, the S 2p3/2 peak at 163.9 eV 
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appeared in both the PTFE/PDA/F and PTFE/PDA/OH samples, indicating that both PFDT and 2-

mercaptoethanol (ME) had clicked to the siloxane surface successfully (Figure 2.4B). PDA 

coatings can also react with thiols,55 here, we reacted PFDT and ME with PDA coatings directly 

and characterized them by XPS as a comparison of our method. As shown in Figure 2.8, the fluorine 

content measured by XPS increased from 5.7 atomic% (at%) to 12.9 at% after reacting PFDT 

directly with the PDA layer. However, the difference was much less marked than that achieved 

with the thiol-ene reaction (from PDA/TVS 0.9 at% to PDA/TVS/F 27.1 at%). As a marker of the 

PDA layer, the nitrogen signal was also followed in parallel with these reaction steps. The nitrogen 

concentration did not decrease significantly after the reaction of PDA with either PFDT or ME, 

whereas a non-negligible decrease in the nitrogen fraction was observed after the thiol-ene click 

reaction (Figure 2.8), indicating that the PDA-thiol reaction is much slower than the thiol-ene click 

reaction. In addition, the secondary modification of the PDA coating became reversible through 

the fluoride-induced desilylation (vide infra). 

Chlorosilanes are commonly used as surface modification reagents; therefore, we compared direct 

modifications based on bare substrates using our PDA-based approach. We silanized bare 

substrates, performed photoclick thiol-ene reactions, and then measured the WCAs of the resulting 

surfaces (Figure 2.9). While the glass sample showed a significant change as expected, the WCAs 

of the PTFE and Al samples hardly changed after both the TVS treatment and the photoclick thiol-

ene reaction. TVS reacts with hydroxyl group on glass, thus TVS aggregates attach readily to the 

glass surface.180 Due to the absence or low density of OH groups on the surfaces of bare PTFE or 

Al, modification of these surfaces by TVS was not possible. For bare PP and PE, small amount of 

TVS aggregates attached to the surface, causing small changes in the WCA and WCA hysteresis 

after the photoclick thiol-ene reaction with PFDT and ME (Figure 2.3, 2.9 and Table 2.1). This 

showed that the PDA layer effectively changed the surface properties of the substrates, facilitating 

their subsequent modification. Thus, the introduction of PDA drastically improves the substrates 

compatibility with chlorosilanes. 
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Figure 2.7 F 1s XP spectra of PFDT clicked TVS silanized PDA on PTFE. Copyright 2022, Wiley-

VCH. 

 

 

Figure 2.8 Fluorine and nitrogen surface concentrations (atomic %) based on XPS along substrate 

modification. PDA: PDA coated PTFE; PDA/TVS: TVS modified PTFE with PDA coating; 

PDA/TVS/F: PFDT clicked PDA/TVS; PDA/F control: PFDT react directly with PDA layer; 

PDA/TVS/OH: ME clicked PDA/TVS; PDA/OH control: ME react directly with PDA layer. 

Copyright 2022, Wiley-VCH. 
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Figure 2.9 Static water contact angle of surface without polydopamine. Bare: bare substrates; TVS: 

TVS modified bare surface; F: 1H,1H,2H,2H-Perfluorodecanethiol (PFDT) click on TVS surface; 

OH: 2-Mercaptoethanol (ME) click on TVS surface. Copyright 2022, Wiley-VCH. 

 

Table 2.1 Water contact angel hysteresis of modified PTFE, PP, PE, Al and glass. Bare: bare 

substrates; PDA: PDA modified surface; PDA/TVS: PDA and TVS modified surface; PDA/F: 

1H,1H,2H,2H-Perfluorodecanethiol (PFDT) click on PDA/TVS surface; PDA/OH: 2-

Mercaptoethanol (ME) click on PDA/TVS surface; TVS: TVS modified bare surface; F: 

1H,1H,2H,2H-Perfluorodecanethiol (PFDT) click on TVS surface; OH: 2-Mercaptoethanol (ME) 

click on TVS surface. Copyright 2022, Wiley-VCH. 

CA hysteresis (°) Bare PDA PDA/TVS PDA/F PDA/OH TVS F OH 

PTFE 23 50 32 36 52 22 24 25 

PP 20 52 29 34 53 22 23 24 

PE 26 49 27 31 49 28 29 30 

Al 25 53 22 31 59 25 28 30 

glass 28 44 28 32 41 57 33 40 

 

2.1.2.4 Stability of modified surfaces 

The hydrolytic stability of the PDA/TVS layer and thiol click layers was investigated by 
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monitoring the static WCA at different times after immersing the substrates in a 1:1 ethanol/water 

mixture for 72 h (Figure 2.10). In the first 24 h, the static WCA of the PDA/TVS layer on all 

substrates decreased by several degrees. With the exception of glass, the static WCA of all 

substrates remained constant after immersion for more than 24 h (Figure 2.10A). After 72 h, the 

static WCA of all substrates was higher than 70o and the large difference compared with the static 

WCA of PDA was retained (Table 2.2). After click reaction with PFDT, all coatings were much 

more stable and the static WCA did not change significantly after 72 h. The hydrophilic thiol 

modified layer on PTFE, PE and Al remained hydrophilic after 72 h (Figure 2.10B). In addition to 

the broad applicability on several substrate materials, the stability of the PDA/TVS layer and the 

thiol-ene post-modifications is of great significance to their practical applications. 

 

 

Figure 2.10 (A) Stability of polydopamine and trichlorovinylsilane (PDA/TVS) coating in 

ethanol/water=1:1 mixed solvent. (B) Stability of PFDT and ME click surface in ethanol/water=1:1 

mixed solvent. Copyright 2022, Wiley-VCH. 

 

Table 2.2 SCA, ACA and RCA of modified PTFE, PP, PE, Al, glass after immersing in 

ethanol/water mixed solvent. Copyright 2022, Wiley-VCH. 

Unit ° 0h  72h 

 SCA ACA RCA  SCA ACA RCA 

PTFE-PDA/TVS 83.3±1.0 89.5±0.8 57.6±1.1  79.4±1.6 88.7±0.8 58.3±0.5 

PP-PDA/TVS 80.4±1.3 92.4±0.6 63.9±0.3  77.1±1.2 92.0±0.3 60.0±0.6 
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2.1.2.5 Patterning on different materials 

The advantage of this method is that PDA coating is substrate independent, thus allowing us to 

pattern various materials using essentially the same protocol. To demonstrate this universality, we 

reacted PDA/TVS-modified substrates with PFDT by UV irradiation for 1 min through a 

photomask (Figure 2.11) to generate hydrophobic pattern. After washing with acetone and reaction 

with hydrophilic ME under UV for a further 1 min, the region of the surface that did not react with 

PFDT in the previous step was rendered hydrophilic (Figure 2.12A). ToF-SIMS imaging of OH- 

and CF3
- secondary ions showed the patterning of ME and PFDT on PP, PE, and PTFE coated with 

PDA (Figure 2.12C, Figure 2.13). The pattern fidelities at the edge of the obtained 1-mm squares 

were below 100 µm (approximately 20 µm on PP and PE, and approximately 80 µm on PTFE). 

These results showed that TVS modification of PDA coating can be used to achieve accurate spatial 

programing of the surface of various materials. Different types of hydrophilic-hydrophobic patterns 

were created on PTFE, PP, Al and glass. Water flowed across the microscopic PFDT-ME-patterned 

surface of PP, with spontaneous dewetting of the PFDT areas to form an array of separated droplets 

located on ME-modified areas. A precise and continuous winding route pattern with a path width 

of 350 m was obtained on PP. For large-scale patterns on PTFE, Al and glass, water was added 

by pipetting to form a pattern on the hydrophilic area (Figure 2.12B). 

 

 

Figure 2.11 Photomasks used for UV-induced thiol-ene photo-click reaction on PTFE, PP, Al and 

glass. Scale bar: 3 mm. Copyright 2022, Wiley-VCH. 

 

PE-PDA/TVS 82.0±0.5 88.8±1.7 62.2±0.2  74.5±0.9 86.5±0.1 57.9±0.2 

Al-PDA/TVS 83.7±0.7 85.2±0.6 63.5±0.1  74.7±1.5 77.6±0.4 0 

Glass-PDA/TVS 83.1±0.8 91.5±1.2 63.5±0.1  70.7±0.4 77.3±0.6 56.7±0.4 
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Figure 2.12 Substrate-independent patterning of TVS modified PDA-coated surfaces via UV-

induced thiol-ene click reaction. (A) Schematic representation of the silanization reaction and UV-

induced thiol-ene photoclick reactions used to create hydrophilic-hydrophobic patterns on PDA 

coated substrates. (B) Water pattern on hydrophilic-hydrophobic pattern produced on various 

substrates: PTFE, PP, Al and glass. Water containing a food dye. Scale bar: 3 mm. (C) ToF-SIMS 

2D images of negative OH- and CF3
- secondary ions, showing the patterning of ME and PFDT on 

PP coated with PDA, respectively. Copyright 2022, Wiley-VCH. 
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Figure 2.13 ToF-SIMS 2D graphs of negative OH- and CF3
- secondary ions, showing the patterning 

of ME and PFDT on PP, PE, PTFE coated with PDA, respectively. The pattern resolution at the 

square spot edge is around 20 µm on PP, 25 µm on PE and 80 µm on PTFE (intensity of secondary 

ions from 16% to 84%). Scale bar: 1 mm. Copyright 2022, Wiley-VCH. 

 

2.1.2.6 Re-writable process via silanization and desilanization 
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Recently, we demonstrated the use of silanization and desilanization for creating, erasing and re-

writing the surface wettability patterns on polymer and silicon substrates. Reversible and versatile 

control of surface wettability was achieved by modifying the hydrophilic surface with fluorinated 

alkyl silane, followed by removing the functionalization by fluoride anions.112 This dynamic and 

reversible process is of great significance for the recovery and reuse of substrates. To demonstrate 

the desilanization process on PDA coatings, TVS silanized PDA pre-coated substrates were treated 

with TBAF solution for 10 min. AFM images showed that the surface became smoother after TBAF 

treatment, with a similar Rq value 0.84±0.13 nm to that of the unmodified PDA coating on silicon 

wafers (0.90±0.04 nm, Figure 2.14B). The static WCA of surfaces treated with TBAF on different 

substrates ranged from 40o to 50o, which is almost the same as that of the original PDA coating 

(Figure 2.14C). After re-silanizaton of the TBAF treated surfaces with TVS, the static WCA was 

restored to 80o. Repeatability of the process was demonstrated by multiple cycles of desilanization 

and silanization (Figure 2.14C). After three cycles, the original hydrophilicity of PTFE, PP, PE, Al 

and glass with PDA coating was maintained, with static WCA ranging from 40o to 50o (Figure 

2.14C). Silanization and desilanization was correlated with the presence and absence of the Si 2p 

doublet (with Si 2p3/2 at 102.8 eV), respectively (Figure 2.14D). Finally, we demonstrated that the 

reversible process was successful after the TVS layer was reacted with thiols. After PFDT was 

clicked under UV, the static WCA on different substrates increased to more than 100o. After 

treatment with TBAF solution in the same way as the TVS-modified substrates, the hydrophilicity 

of the surfaces was restored and the static WCA dropped to 40o (Figure 2.15). This reversible 

process was shown to be repeated successfully in multiple cycles. Thus, combining PDA coating 

and silanization allows rapid and accurate definition of the properties of a variety of substrates. 

Furthermore, repeated patterning of surfaces can be achieved by TBAF desilanization to restore 

hydrophilicity of the original PDA coating. Following this process, a new pattern can be generated 

on the same substrate by silanization and the UV-induced thiol-ene click reaction (Figure 2.16A). 

As shown in Figure 2.16B, hydrophilic pattern filled with water was created on PTFE and the entire 

surface was rendered hydrophilic by TBAF treatment. The surface was then silanized and clicked 

with PFDT and ME to create a new circular water pattern on the PTFE. Square pattern was also 

removed, and a new semicircle pattern created on glass with PDA coating (Figure 2.16C). 
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Figure 2.14 Reversible silanization process on PDA-coated substrates. (A) Schematic 

representation of the process to reverse the TVS-modified PDA coating. (B) AFM images of PDA, 

PDA/TVS, PDA/TBAF and PDA/TVS2 modified silicon wafers. (C) Static WCA changes of PDA-

coated PTFE, PP, PE, Al and glass treated with TVS and TBAF. (D) Si 2p XP spectra of PDA, 

PDA/TVS, PDA/TBAF and PDA/TVS2 modified PP. Bare: bare substrates; PDA: PDA modified 

surface; PDA/TVS: PDA and TVS-modified surface; PDA/TBAF: TBAF treated PDA/TVS 

surface; PDA/TVS2: TVS silanization on PDA/TBAF. Copyright 2022, Wiley-VCH. 
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Figure 2.15 SCA change of PDA coated PTFE, PP, PE, Al and glass treated with TVS, PFDT click 

and TBAF. Copyright 2022, Wiley-VCH. 

 

 

Figure 2.16 Writing, erasing and re-writing patterns on PDA-coated materials using TBAF 

treatment. (A) Schematic representation of the process to erase and re-write patterns on PDA 

coating using the TBAF treatment. (B) Examples of the possibility to reversibly create functional 

chemical patterns on PTFE substrates with PDA coating. Left: round hydrophilic spots (patterned 

with ME) show the water droplet array on PTFE (pattern 1); middle: pattern 1 erased by TBAF 

treatment; right: new pattern prepared on PDA coated PTFE substrates. (C) Pattern reversibility on 

PDA coated glass substrates. Left: hydrophilic square on glass filled with water (pattern 1); middle: 

pattern 1 erased by TBAF treatment; right: new pattern prepared on the TBAF treated area. Scale 
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bar: 3 mm. Copyright 2022, Wiley-VCH. 

 

2.1.2.7 Application of the PDA/TVS modification strategy 

PDA-based surface coating method offers the advantage of substrate-independency and simplicity. 

In addition, the dip-coating method allows modification of large objects with complex shapes in a 

single step process. As our patterning method is based on the use of PDA coating as the first layer, 

the method benefits from these same advantages. To demonstrate the feasibility of functionalization 

and patterning of complex large-scale objects, we performed modification and patterning on 

various objects (soft adhesive PE tape, a plant leaf, a plastic flabellum and a metal spoon). After 

PDA coating, TVS modification, and patterning (hydrophobic PFDT and hydrophilic ME reacted 

by thiol-ene click reaction), hydrophilic-hydrophobic patterns formed on the objects and could be 

visualized by water patterns confined by the hydrophobic regions (Figure 2.17 and 2.18). Thus, the 

method allows to create chemical patterns on flexible, natural, curved and large substrates in only 

three steps. 

 

 

Figure 2.17 Application of the PDA/TVS modification strategy on complex-shaped large objects: 

soft adhesive PE tape, a plant leaf, a plastic flabellum and a metal spoon. Digital images of objects 

before (A) and after (B) modification. (C) Water pattern on objects (red patterns contain food dye). 

From left to right: Pattern on soft adhesive PE tape; array of round hydrophilic spots on a 

fluorinated plant leaf; letter “C” on a plastic flabellum; letter “SL” on a metal spoon. Scale bar: 3 
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mm. Copyright 2022, Wiley-VCH. 

 

 

Figure 2.18 Photomasks used for UV-induced thiol-ene photo-click reaction on complex objects. 

Scale bar: 3 mm. Copyright 2022, Wiley-VCH. 

 

2.1.3 Summary 

In summary, I have established a rapid, facile and substrate-independent strategy for reversible 

surface modification and patterning. This strategy is based on three steps: polydopamine coating, 

functionalization of polydopamine using trichlorovinylsilane, and UV-induced modification or 

patterning using thiol-ene reaction. We have demonstrated that this method can be extended to a 

variety of substrates, including polytetrafluoroethylene, polypropylene, polyethylene, aluminum 

and glass, using essentially the same procedure for all substrates. We further investigated 

reversibility of the silanization step and re-usability of patterned substrates to create new patterns 

on the same surface in multiple cycles of silanization and desilanization. This is important for the 

reuse of surfaces and for achieving higher flexibility in applications of PDA-coated surfaces. 

Finally, we demonstrated that the versatility of polydopamine coatings allows modification and 

patterning of complex large-scale objects, such as soft adhesive polyethylene tape, plant leaves, 

plastic flabellum and metal objects. Thus, our universal and simple approach for substrate 

independent surface modification and patterning will help in the development of novel functional 

materials, surfaces and devices, which can be useful in myriads of applications. 

 

2.1.4 Experimental Details 

2.1.4.1 Chemicals and materials 

3-Hydroxytyramine hydrochloride (99%) and tetrabutylammonium fluoride hydrate (99%) were 

purchased from Acros Organics (Geel, Belgium). Isopropanol, ethanol and acetone were obtained 
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from Merck (Darmstadt, Germany). All other chemicals were purchased from Sigma-Aldrich 

(Darmstadt, Germany) and used without further purification. PTFE plates, PP plates, PE adhesive 

tape and aluminum adhesive tape were purchased from RS Components GmbH (Frankfurt, 

Germany) and were cut to the desired size for use. NEXTERION B glass slides were obtained from 

Schott AG (Mainz, Germany) and silicon wafers (CZ-Si-wafer 50 mm) were obtained from Siegert 

Wafer (Aachen, Germany). Tris buffers were prepared at a 10 mM and adjusted to pH 8.5 using a 

Mettler Toledo digital pH meter (Shanghai, China). 

 

2.1.4.2 Characterization 

CA measurement 

The static WCA (approximately 2 μL) on bare and modified substrates was measured using a 

DSA25S drop shape analyzer (Krüss, Hamburg, Germany). Advancing WCA values were obtained 

by measuring the WCA while the liquid was slowly added (at 0.2 μL s-1) to increase the volume of 

droplet from approximately 5 μL to 15 μL in contact with the sample using a micrometer syringe. 

Receding WCA values were obtained by slowly retracting the liquid (0.2 μL s-1) to decrease the 

volume of the droplet from 15 μL droplet to 5 μL. 

Atomic force microscopy 

AFM was performed on a Dimension Icon AFM (Bruker, Karlsruhe, Germany) in standard tapping 

mode under air (INT, KIT). Cantilevers (HQ/NSC15/AI BS; MikroMasch) were used with a 

nominal force constant of 40 N m-1 and a resonance frequency of 325 kHz. 

Time‐of‐flight secondary ion mass spectrometry 

ToF-SIMS analysis was performed using a TOF-SIMS.5 spectrometer (IONTOF GmbH, Münster, 

Germany) at IFG, KIT. A bunched primary beam of 25 keV Bi3
+ ions was applied (10 kHz, 0.33 

pA target current, approx. 1 ns pulse width). Mass scale calibration was based on C-, CH-, CF-, C2
-, 

and C3
- signals. Large field of view images were obtained by rastering the primary ion beam and 

the sample stage, whereas 500×500 µm2 images were obtained by rastering the primary beam alone 

(dose density 2×1011 ions cm-2, 128×128 pixels). Charge compensation was achieved using an 

electron flood gun (21 eV) and time-of-flight analyzer tuning. Intensity traces were obtained by 

summing the signals of given secondary ions (devoid of detector saturation) from pixels parallel to 
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the pattern border (image de-rotating and summing) and calculating the spacing between 16% and 

84% of the total signal step. 

X-ray photoelectron spectroscopy 

XPS analysis was performed using a K-Alpha+ XPS spectrometer (Thermo Fisher Scientific, East 

Grinstead, UK), IAM, KIT. Thermo Advantage software was used for data acquisition and 

processing. All surfaces were analyzed using a microfocused, monochromated Al Kα X-ray source 

(400 µm spot size). The K-Alpha+ charge compensation system was employed during analysis, 

using electrons of 8 eV energy, and low-energy argon ions to prevent any localized charge build-

up. The spectra were fitted with one or more Voigt profiles (BE uncertainty: ±0.2eV) and Scofield 

sensitivity factors were applied for quantification.181 All spectra were referenced to the C 1s peak 

(C-C, C-H) at 285.0 eV binding energy controlled by means of the well-known photoelectron peaks 

of metallic Cu, Ag, and Au. 

Digital photography 

Digital photos were taken using a Canon EOS 80D digital camera. 

 

2.1.4.3 Preparation of PDA coatings 

PTFE, PP, PE and Al slides were cut to the. desired size (usually 2.1 cm  7.6 cm). Glass slides 

were used as purchased (2.1 cm  7.6 cm). All slides were washed with isopropanol, ethanol and 

deionized (DI)-water, then immersed in 2 mg mL-1 3-hydroxytyramine hydrochloride tris solution 

(tris solution: 10 mM, pH 8.5) for 24 h. The slides were then rinsing thoroughly with DI water and 

dried. 

 

2.1.4.4 Vapor deposition of vinylchlorosilane 

PDA-coated substrates were placed in a desiccator containing an open vial with 0.5 mL 

trichlorovinylsilane (TVS). The desiccator was evacuated and left closed for 15 min. The reaction 

was performed in the gaseous phase at room temperature. Leave the samples in a fume hood for 

half an hor until the hydrochloric acid produced in the reaction has evaporated. All samples were 

then washed with ethanol and DI water and dried. 

 

2.1.4.5 UV-induced thiol-ene photoclick 
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For fully reacted samples, TVS-modified substrates were wetted with acetone solution of 10 vol % 

of PFDT or ME, and irradiated with 3.0 mW cm-2 265 nm UV light for 1 min. The samples were 

then washed several times with acetone and dried with airflow. 

For patterning samples, substrates were wetted with a 10 vol % solution of PFDT in acetone, 

covered by a quartz photomask, and irradiated with an intensity of 3.0 mW cm-2 and a wavelength 

of 265 nm (UV) light for 1 min. The distance between substrates and photomasks were controlled 

by placing 200 μm polyimide spacers between them. Samples were then washed several times with 

acetone and dried with airflow. Next, substrates were wetted with a 10 vol % solution of ME in 

acetone and irradiated with an intensity of 3.0 mW cm-2 and a wavelength of 265 nm (UV) light 

for 1 min. The samples were washed several times with acetone and dried with airflow.  

 

2.1.4.6 Degradation of siloxane layer with TBAF 

TVS silanized substrates with PDA coating were immersed into 0.1 M TBAF ethanol solution. 

After 10 min treatment, the substrates were washed with ethanol and deionized water then dried. 
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2.2 Inherently UV Photodegradable Poly(meth)acrylate Gels* 

*This chapter and associated sections were published previously. Figures and tables also have been 

published and reproduced for use in this chapter. Copyright has been acquired from the publisher. 

Scheiger, J. M., Li, S., Brehm, M., Bartschat, A., Theato, P., & Levkin, P. A. (2021). Advanced 

Functional Materials, 31(49), 2105681. 

This is a project in cooperation with Dr. Johannes Scheiger. Dr. Johannes Scheiger and Shuai Li 

contributed equally to this work. Dr. Johannes Scheiger proposed the original idea, performed and 

evaluated experiments. Shuai Li performed and evaluated experiments. This chapter only contains 

the experimental part completed by Shuai Li. 

2.2.1 Introduction 

Organogels (hydrophobic polymer gels) are three-dimensional networks swollen with organic 

liquids. These networks can be formed either via self-assembly of low-molecular weight gelators 

(LMOGs) or via polymerization reactions. Analogue to hydrogels, crosslinking is achieved 

chemically (covalent bonding,) or physically (cooperative interactions). However, the term 

organogel is controversial since there is no IUPAC definition, and some prefer to use the term only 

for non-covalent networks. In the scope of this work, the term organogel includes covalently 

crosslinked polymers. Applications of organogels include actuators,182 anti-biofouling,183,184 anti-

waxing,185 cosmetics,186 drug and nutrition carriers,187-191 encapsulants,192 freeze tolerant 

elastomers,193 oil-water separation,194,195 solid edible oils,196 and slippery and self-cleaning 

surfaces.197-200 Control over the structure of organogels is mandatory for their applications or can 

enhance their functionality. For example, Zhang et al. demonstrated controlled water droplet sliding 

on a grooved organogel surface.201 Moreover, the surface texture of organogels influences their 

wettability and optical properties.202 However, fabrication of structured organogels is not trivial, 

since established methods for hydrogels cannot be employed readily. For example, the crosslinked 

polydimethylsiloxane (PDMS) molds utilized in soft-lithography swell in hydrophobic solvents 

and are thus prone to deformation.203-205 If the organogel has thermoreversible properties, 

micromolding can be used to create a defined structure.206 The fabrication of micro- or nano 

structured organogels can be controlled via supramolecular self-assembly.207,208 While this 
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approach does not require templates, it lacks variety and predictability of structures and is restricted 

to certain starting materials (e.g. LMOGs, block copolymers). The few reports available about 

photodegradable organogels suffer from long degradation times, require laborious synthesis of 

photolabile crosslinkers, or are too hydrophilic to serve in the applications mentioned above.209-213 

There has been no report about organogels that are readily synthesized, contain a large amount of 

hydrophobic solvent, and degrade fast under UV light. Thus, it is challenging to fabricate structured 

or patterned organogels. Recently, we reported the inherent photodegradability of 

poly(meth)acrylate hydrogels and demonstrated their use for biological applications.214,215 I 

hypothesized, that this approach could be extended beyond water infused hydrophilic networks to 

hydrophobic organogel networks. Since most (meth)acrylate monomers are hydrophobic, the 

monomer pool that can be addressed with our approach is naturally high. Herein, we report for the 

first time, the inherent photodegradation of poly(meth)acrylate organogels under UV light. 

Organogels were synthesized via free radical polymerization and their chemical composition and 

swelling properties were investigated. Structured organogels were fabricated via UV light 

irradiation and the solvent infusing the organogel was identified to be an influential factor for the 

photodegradation. The inherent photodegradability of poly(methacrylate) organogels reported 

herein is simple, cheap and was used to create a variety of structured organogels for application as 

an extractive fluid channel or positive photoresist. 

 

2.2.2 Results and Discussion 

2.2.2.1 Preparation and degradation of organogels 

Organogels were synthesized via free radical polymerization using a 1:1 vol% mixture of n-butyl 

methacrylate (BMA) and lauryl methacrylate (LMA) as monomers and poly(propylene) glycol 

dimethacrylate (PPGDMA) as crosslinker in 1-nonanol as solvent (Figure 3.1A and B). The 

chemical composition and gel-like properties of the prepared organogels were confirmed with 

rheometry, infrared spectroscopy (IR), and UV-vis spectroscopy (Figure 3.2-3.4). When swollen in 

1-butanol or 1-nonanol, the organogels showed inherent photodegradation properties under UV 
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light (Figure 3.1 C). Details about the UV lamp (i.e., power, emission spectrum) are provided in 

the supporting information (Figure 3.5). 

 

 

Figure 3.1 (A) Reaction equation for the synthesis of net-poly(BMA-co-LMA-co-PPGDMA) 

organogel from lauryl methacrylate (LMA) and butyl methacrylate (BMA) monomer with 

poly(propylene glycol) dimethacrylate (PPGDMA) as crosslinker. (B) Image of the organogel 

precursor solution and the as-prepared organogel in a vial. (C) Image and schematic molecular 

structure of organogel pieces without solvent, organogel pieces swollen in 1-nonanol and the 

swollen organogel pieces after 30 min of UV photodegradation. The diameter of the petri dish is 5 

cm. Copyright 2022, Wiley-VCH. 

 



Results and Discussion 

50 

 

 

Figure 3.2 Rheometry of organogels swelled in the 1-butanol or 1-nonanol. The storage moduli 

(G´) are independent of the frequency as expected for an elastic material. The observed increase of 

G" with the frequency might be explained by pendent chains due to the low degree of cross-linking 

(0.5 vol% PPGDMA rel. to the monomers LMA+BMA). Copyright 2022, Wiley-VCH. 

 

 

Figure 3.3 ATR-IR spectrum of an as-prepared organogel (1-nonanol). Position and width of 

relevant peaks: v [cm-1] =  3330 (b, s), 2957 (s) , 2924 (vs), 2855 (vs), 1730 (m), 1466 (s), 1379 

(m), 1242 (m), 1155 (m), 1057 (s), 721 (m). Copyright 2022, Wiley-VCH. 
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Figure 3.4 UV Vis spectrum of an as prepared organogel film (125 µm). The UV absorbance of 

the organogel starts from around 320 nm. The peak absorbance is at ca. 230 nm due to the ester 

functionalities in net-poly(LMA-co-BMA-co-PPGDMA). The contribution of 1-nonanol to the UV 

absorbance in the spectrum of the organogel is small, as evident by comparison with a UV-vis 

spectrum of pure 1-nonanol (Figure 3.8). Copyright 2022, Wiley-VCH. 

 

 

Figure 3.5 Emission spectrum of Hg bulbs used in the UVA cube 2000 from Dr. Hönle AG 

(Gräfelfing, Germany). The maximum power of the setup is 2000 W (100 W cm-1, 20 cm bulb 

length). Spectrum taken from the product brochure of Dr. Hönle AG. For all experiments, the 

device was used at half power (1000 W). Copyright 2022, Wiley-VCH. 
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2.2.2.2 UV-induced degradation patterning 

Increasing the UV irradiation time led to an increase in erosion depth (Figure 3.6A). Thus, the 

depth of degradation was controllable by the choice of irradiation time. Structured bulk organogels 

were prepared by exposing cuboid shaped organogels to UV light for 20 min using a photomask 

and were analyzed with optical profilometry (Figure 3.6B). The depth of erosion of a feature after 

20 min UV irradiation was determined to be 1.185 ± 0.039 mm (SD, n=3) based on optical 

profilometry measurements at different positions of the pattern (Figure 3.7). Thin-film organogel 

patterns were analyzed with microscopy (Figure 3.6C). Round shapes or patterns with feature sizes 

as small as 100 µm were readily obtained. Organogels were transparent after all steps, i.e., synthesis, 

swelling, and degradation, indicating chemical homogeneity.  

 

 

Figure 3.6 (A) Microscopy images of degradation profiles for different UV irradiation times. 

Scalebars are 1 mm. (B) 3D optical profilometry images of patterned bulk organogels such as (i) a 

geometrical pattern, (ii) a channel and (iii) a stripe pattern. Organogels were sprayed with chalk 

spray to enable optical profilometry measurements. The height of the organogels is 4 mm, the 

degradation depth is ca. 1.2 mm. Scalebars are 10 mm. (C) Brightfield microscope images of 
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different patterned organogel films such as (i) an array of circles, (ii) three letters, (iii) an array of 

hexagons, and (iv) an array of squares. The initial film thickness was 125 µm. Organogel films 

were exposed to UV light for 10 min using a photomask. Scalebars are 1 mm. Copyright 2022, 

Wiley-VCH. 

 

 

Figure 3.7 Optical profilometry measurements of a patterned organogel. The irradiation time was 

20 min. (A) Profile measurements at three positions and (B) their respective height profiles. The 

average height with standard deviation was 1.185 ± 0.039 mm (N=3). (C) 3D image of the 

investigated cross section. Copyright 2022, Wiley-VCH. 

 

2.2.2.3 Relationship between degradation and swelling solvent 

The main difference between hydrogels and organogels is the polarity of the polymer network and 

thus the selection of solvents that can infuse the network. Hydrogels are inherently suitable for UV 

photochemistries, as water does not absorb significant amounts of UV light.216 However, the choice 

of the solvent was found to be decisive for the photodegradation of organogels. We hypothesized, 

that this was due to two main factors: (i) the UV absorbance and (ii) swelling capability of the 

solvent. For a fast photodegradation process, the UV absorbance of the solvent should be low, and 

it should swell the organogel network strongly. A high UV absorbance of the solvent would reduce 

the effective light intensity available for the photodegradation, whereas insufficient swelling could 
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cause the gel network to undergo photocrosslinking, due to lower inter-chain distances within the 

polymer network.215 To test our hypothesis, we measured UV-vis spectra of different solvents 

(Figure 3.8) and tested the swelling factor of selected solvents in our organogel networks. The 

swelling factor was defined as the mass of the swollen organogel (ws) divided by the dry mass of 

the polymer network (wd) (Table 3.1). 

 

 

Figure 3.8 UV-Vis measurements for different organic solvents between 220 – 400 nm. The UV 

cutoff value, where the UV absorbance reaches 1, was found to be 290 nm for toluene. No UV 

cutoff was reached for the other solvents. 1-nonanol has an absorption band with a maximum at 

250 nm, which is presumably an impurity with 1-nonanal in the commercial solvent.192 Copyright 

2022, Wiley-VCH. 

 

Table 3.1 Properties of solvents investigated for their influence on the photodegradation properties 

of organogels. Data are given as mean ± SD (n=3). Copyright 2022, Wiley-VCH. 

Solvent 1-Nonanol 1-Butanol Toluene PDMS 

Swelling Factora 3.78 ± 0.17 3.48 ± 0.07  15.88 ± 0.37 1.02 ± 0.01  

UV Transmissionb
 (%) 19 94 < 1 92 

Boiling Point (°C) 214 118 111 - 

aDefined as ws/wd  

bDetermined at 250 nm 
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To first test the influence of the swelling on the photodegradation rate, as-prepared organogels were 

freed from 1-nonanol or swollen in excess 1-nonanol for different times (0, 6, and 48 h) to obtain 

organogels with a different content of 1-nonanol (0, 60.7, 67.5, and 76.3 wt%, respectively). The 

organogels were then exposed to UV light for different times and the mass fraction (m t/m0), defined 

as the mass of the organogels after irradiation (mt) relative to their initial mass (m0), was determined 

(Figure 3.9A). To ensure comparable results, the exposed surface area of the organogels was kept 

the same. The rate of photodegradation was found to increase with increasing 1-nonanol content. 

For example, after 30 min of irradiation 87 wt% of organogels swollen for 0 h (60.7 wt% 1-nonanol) 

remained, whereas organogels swollen for 48 h (76.3 wt% of 1 nonanol) were fully degraded into 

a polymer solution, i.e., a liquefied organogel. For dry organogels (0 wt% of 1-nonanol), no loss 

of mass was detected. GPC measurements of organogels irradiated for different times revealed 

monomodal molecular weight distributions. The molecular weight averages (MN, MW) and the 

dispersity (Đ) decreased with increasing irradiation time (Figure 3.10 and Table 3.2). The 

photodegradation products were separated from 1-nonanol by precipitation in cold methanol and 

their chemical composition was analyzed with IR, UV-vis, and NMR spectroscopy (Figure 3.11-

13). 1H and 13C NMR spectra of degraded polymers did not differ significantly for different 

irradiation times and closely resembled those of pure poly(butyl methacrylate) or poly(lauryl 

methacrylate), whereas UV-vis spectroscopy and IR spectroscopy showed indications of 

photooxidation. To clarify the influence of the UV absorbance and swelling factor of the solvent 

on the speed of photodegradation, organogels immersed into an excess of toluene, 1 butanol, or 

PDMS (10 cSt) for 48 h, respectively, were irradiated with UV light for 10 min (Figure 3.9B). 

Toluene and PDMS were chosen as model solvents to represent a low transmission but high 

swelling solvent (toluene) and a high transmission but low swelling solvent (PDMS).  
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Figure 3.9 (A) Photodegradation speed of dry and as-prepared organogels swollen in 1-nonanol 

for 0, 6, and 48 h. The resulting 1-nonanol content of the organogels was 0, 60.7, 67.5, and 76.3 

wt%, respectively. Data are given as mean ± SD (n=4) (B) Photodegradation of organogels swollen 

in 1-butanol, PDMS, and toluene after 10 min of UV light irradiation. (C) Scheme summarizing 

how the solvent properties affected the photodegradation of organogel. Solvents with low UV light 

transmission or swelling capability inhibited the photodegradation of organogels (red), whereas 

highly swelling, UV-transmitting solvents such as 1-butanol or 1-nonanol enabled the 

photodegradation of organogels (green). Copyright 2022, Wiley-VCH. 
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Figure 3.10 GPC traces of a photodegraded gel irradiated for 30, 50, 60, and 70 min. The number 

average molecular weight (MN) and the weight average molecular weight (MW) decreased with 

increasing irradiation time. Interestingly, the molecular weight distribution became narrower with 

increasing irradiation time as observed from the steady decrease of the dispersity (Đ) from 30 min 

(Đ = 4.84) to 70 min (Đ = 2.51). These results indicate a random chain cleavage mechanism since 

long polymer chains are statistically more likely to be cleaved somewhere in the middle of the 

chain rather than on the sides. Such an effect could also explain the initial strong decrease of the 

molecular weight observed between 30 min and 50 min irradiation, which is mainly caused by the 

disappearance of the high molecular weight shoulder. The same effect was previously described by 

our group for the UV photodegradation of poly(meth)acrylate hydrogels.193,194 Copyright 2022, 

Wiley-VCH. 

 

Table 3.2 GPC data of gels for different irradiation times. Copyright 2022, Wiley-VCH. 

Irradiation time [min] MN [kg mol-1] MW [kg mol-1] Đ 

30 30.7 148.8 4.84 

50 23.7 78.4 3.31 

60 19.1 48.7 2.55 

70 18.8 47.3 2.51 
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Figure 3.11 ATR FT-IR spectrum of an organogel photodegraded for 30 min. Position and width 

of relevant peaks: v [cm-1] =2958 (m), 2925 (s), 2855 (m), 1726 (vs), 1464 (m), 1381 (w), 1240 (s), 

1147 (vs), 966 (s), 748 (m). Copyright 2022, Wiley-VCH. 

 

 

Figure 3.12 UV-vis spectrum of an organogel photodegraded for 30 min. The degraded organogel 

was diluted with MeCN. In contrast to the unirradiated organogel, an absorbance maximum at 281 

nm was found. This indicated the formation of functional groups such as aldehydes or ketones 

(esters of formic acid) as by-products of the photodegradation. This finding hinted towards 

involvement of molecular oxygen from air. Such photooxidation processes were reported for 

poly(alkyl methacrylate) polymers (including poly(butyl methacrylate)) before.187,188 Copyright 

2022, Wiley-VCH. 
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Figure 3.13 1H NMR and 13C NMR spectra of gels irradiated for 30, 40, 50, 60, and 70 min. After 

photodegradation, polymers were precipitated in cold methanol and dried in an oven. The polymer 

was then dissolved in CDCl3. Both 1H and 13C NMR spectra of polymer solutions irradiated for 

different times did not change significantly. This is presumably because the number of functional 

groups introduced by UV cleavage reactions is very small relative to the number of repeating units. 

Thus, the spectra look like those of unirradiated poly(butyl methacrylate) and poly(lauryl 

methacrylate). The signals corresponding to the crosslinker (PPGMDA) could be detected only in 

the 1H spectra. Copyright 2022, Wiley-VCH. 

 

Toluene had the highest swelling factor (15.88 ± 0.37) but does not transmit UV light below 280 

nm, whereas PDMS possesses a negligible UV absorbance but a very low swelling factor (1.02 ± 

0.01). Interestingly, neither the toluene infused organogel nor the PDMS infused organogel showed 

significant photodegradation after 10 min irradiation time. In contrast, organogels infused with 

1-butanol showed an even faster photodegradation than those infused with 1-nonanol, which we 

attributed to the lower UV absorbance of 1-butanol compared to 1-nonanol. In conclusion, an ideal 

solvent for the photodegradation of organogels can swell the organogel network strongly whilst 
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being transparent for UV light. If only one of these conditions was fulfilled, it could not compensate 

the other requirement, as shown by the incapability of organogels swollen in toluene or PDMS to 

degrade under UV light (Figure 3.9C). It is expected that all n-alcohols between 1-butanol and 1-

nonanol (C5-C8) are suitable as solvents for the photodegradation of organogels due to their 

hydrophobicity, low UV absorbance, and high boiling point. For this study, 1-nonanol was 

preferable over 1-butanol due its higher boiling point, lower hazard potential, and more pleasant 

smell (Figure 3.14). 

 

 

Figure 3.14 Comparison of the safety hazards of 1-butanol and 1-nonanol. The low vapor pressure 

and low hazards of 1-nonanol eased handling of organogels. Copyright 2022, Wiley-VCH. 

 

2.2.2.4 Investigation of slippery properties 

To investigate the application of inherently photodegradable organogels as slippery lubricant 

infused porous (SLIP) materials, we investigated whether the wettability properties of bulk 

organogels infused with 1-nonanol could be altered via UV light irradiation (Table 3.3). For 30 s 

and 60 s of irradiation we could not detect an effect on the water contact angle hysteresis (Δθ) 

before and after degradation outside the frame of errors. For 120 s of UV irradiation, Δθ decreased 

by 2.1 ° between the pristine and irradiated state, which could be attributed to a surface erosion 

induced release of 1-nonanol. For all irradiation times, a decrease in the advancing (θa) and 

receding (θr) water contact angles was observed. In conclusion, the organogels´ slippery properties 

were slightly more pronounced after photodegradation, which we attributed to the formation of an 

excess layer of 1-nonanol serving as lubricant. The low contact angle hysteresis of water droplets 
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suggested that the critical sliding angle of 1-nonanol infused organogels should be low, which is a 

relevant property for substrates in microfluidics applications. 

 

Table 3.3 Wettability of organogels before and after UV irradiation. Data is given as mean ± SD 

(n=5). Copyright 2022, Wiley-VCH. 

Before UV irradiation  After UV irradiation 

θa [°] θr [°] Δθ [°] UV exposure [s] θa [°] θr [°] Δθ [°] 

49.1 ± 2.2 45.4 ± 0.8 3.9 ± 0.8 30 45.7 ± 0.8 43.9 ± 1.1 3.1 ± 1.2 

49.7 ± 1.1 44.6 ± 0.7 6.5 ± 1.0 60 46.6 ± 0.9 40.0 ± 0.7 7.7 ± 0.7 

50.6 ± 1.4 44.6 ± 0.7 7.7 ± 0.5 120 47.2 ± 1.8 41.6 ± 0.7 5.6 ± 0.8 

 

2.2.2.5 Organogel-based photoresists 

The transfer of light-induced structures onto substrates that are not photodegradable themselves is 

the key principle of photoresist technology. To date, no positive gel-based photoresists have been 

demonstrated, even though gels offer advantages over established procedures using linear polymers 

such as PMMA.218 First, no designated step is required to remove irradiated polymer fragments 

from the copper surface using a solvent (“developer”), since the degraded organogel dissolves into 

the solvent released upon gel degradation. Second, the inherently photodegradable organogels can 

be removed with affordable UV lamps, whereas PMMA typically requires x-ray or electron beams 

to degrade efficiently.218 To test the suitability of inherently photodegradable organogels as a 

photoresist, we coated a copper circuit board with a thin film of organogel (200 µm). The organogel 

film was then spatially degraded with UV light for 10 min using a photomask and immersed into 

0.5 M aq. FeCl3 solution for two hours. Unprotected copper was etched by the FeCl3, whereas 

copper covered by the organogel remained (Figure 3.15A). 
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Figure 3.15 (A) Preparation of a copper pattern on an epoxy resin circuit board. (B) Image (i) and 

magnification (ii) of a thin (100 µm) and long (50 mm) Cu0 stripe on a circuit board. The stripe 

conducted the electric current, as apparent by a light bulb turning on upon connecting a battery and 

a bulb along the copper stripe (iii, iv). Scalebars are 5 mm. Copyright 2022, Wiley-VCH. 

 

To test whether thin conducting features can be obtained, we used a photomask with a slit length 

of 50 mm and a slit width of 100 µm together with the organogel photoresist. The respective copper 

pattern conducted the electric current (Figure 3.15B). This method could offer a cheap and simple 

alternative to fabricate circuit boards for labs and businesses without access to expensive x-ray and 

electron beam setups. Photopatterned organogels could further be used as stamps for contact 

printing. The resolution of the stamped patterns, however, was rather low due to the soft nature of 

the organogels (Figure 3.16). 
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Figure 3.16 Microscopy images of surface patterns produced via organogel stamping. Structured 

organogel films were loaded with tetrabutylammonium fluoride (TBAF) and pressed on a surface 

coated with 1H,1H,2H,2H-trichloroperfluoroctylsilane (TCPOS), according to a procedure 

published recently.112 The surface areas exposed to the TBAF loaded organogel were de-silanized 

and turned hydrophilic, whereas the surrounding surface remained hydrophobic. Water could then 

be confined on the hydrophilic spots. Upon contact with water, the surfaces became transparent in 

the hydrophilic areas (bright), whereas the hydrophobic areas did not transmit light due to their 

high porosity (dark). Scale bars are 10 mm. Copyright 2022, Wiley-VCH. 

 

2.2.3 Summary 

Organogels with customized 3D or surface structure can improve the performance of organogels 

in applications such as oil-water separation, drug delivery, or as slippery-, anti-waxing, anti-

bacterial or self-healing surfaces. In this chapter, inherently photodegradable poly(methacrylate) 

organogels offer a simple and versatile way to fabricate structured organogels without the need for 

additional photolabile crosslinks. The UV transmission and swelling ability of the infusing organic 

solvent were identified as the key factors influencing the photodegradability of organogels, which 

will presumably hold true for other photoresponsive or photoreactive organogels in the future. 

Moreover, the first ever use of a gel as a positive photoresist has been demonstrated, which is 

interesting for photolithographic fabrication processes in the electronics industry. Since the solvent 

(developer) for the polymer is already incorporated in the organogel network, the degraded polymer 

does not need to undergo a dissolution step but can be rinsed off immediately. Since organogels are 

hydrophobic soft-materials, inherently photodegradable organogels could serve as an alternative to 

the frequently used soft-lithography. 
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2.2.4 Experimental Details 

2.2.4.1 Chemicals and materials 

All chemicals were purchased from Merck (Darmstadt, Germany) and used as delivered. Inhibitors 

were removed from the monomer and crosslinker by filtration through basic alumina. 

 

2.2.4.2 Characterization  

ATR FT-IR (Attenuated total reflection Fourier transform infrared) 

ATR FT-IR spectra were recorded with a Bruker Tensor 27 spectrometer from Bruker Optic 

(Ettlingen, Germany). A 45° geometry with a diamond crystal (single reflection) was used. As 

prepared organogels were pressed on the ATR crystal to ensure contact. Photodegraded organogels 

were precipitated in cold methanol and extracted by centrifugation for 5 min at 1000 rpm in a 15 

mL Falcon tube. The precipitate was dissolved in THF and then drop casted onto a glass plate. THF 

was removed in an oven at 80 °C overnight. This was repeated several times until a thick polymer 

layer had formed on the glass. The polymer layer was then tightly pressed onto the ATR crystal.  

GPC (Gel permeation chromatography) 

Organogel pieces were photodegraded for 30, 50, 60, and 70 min. The resulting polymer solution 

was precipitated in cold methanol. The suspension was centrifuged for 5 min at 1000 rpm in a 15 

mL Falcon Tube, and the precipitate was collected by filtration. The precipitate was dissolved in 

THF (ca. 2 mg mL-1), filtered through 0.43 µm PTFE filters and injected in a Tosoh EcoSEC GPC 

system from Tosoh (Tokio, Japan) equipped with a SDV 5 μm bead size guard column (50 × 8 mm) 

followed by three SDV 5 μm columns (300 × 7.5 mm, subsequently 100, 1000, and 105 Å pore 

size, PSS), and a differential refractive index (DRI) detector. THF was used as eluent at 35 °C with 

a flow rate of 1.0 mL min-1. The SEC system was calibrated using linear poly(methyl methacrylate) 

standards ranging from 800 to 1.82 × 106 g mol-1. 

Microscopy 

Images were recorded on a Keyence BZ 9000 from Keyence (Osaka, Japan).  

NMR 
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1H and 13C NMR spectra were recorded on a 500 MHz spectrometer from Bruker (Rheinstetten, 

Germany) using CDCl3 (99.8 atom% D) from Merck (Darmstadt, Germany) as a solvent. For the 

1H and 13C spectrum 16 and 256 scans were collected, respectively. Data were analyzed using 

MestReNova 14.1.0 from Mestrelab Research S.L. (Santiago de Compostela, Spain).  

Optical Profilometer 

For profilometry measurements, a 3D-Profilometer VR-5200 from Keyence (Osaka, Japan) was 

used. Organogels were treated with chalk spray to generate a thin, non-transparent surface prior to 

the measurements. 

Rheometry  

Rheological measurements were carried out on an ARES G2 rotational rheometer from TA 

Instruments (obtained from Waters GmbH, Eschborn, Germany) equipped with a parallel plate 

Invar geometry (13 mm diameter) at a gap of 3 mm. Organogel discs were prepared using 2 mL 

precursor solution in a round 20 mL vial and were swelled in excess 1-nonanol for 48 h. An 

amplitude sweep was carried out to confirm that the measurements were performed within the 

linear viscoelastic regime. Oscillatory frequency sweeps were conducted at 25  °C with a constant 

strain of 1% in the frequency range of 100-0.1 rad s-1. 

UV lamp 

Photodegradation experiments were performed using a UVA cube 2000 from Dr. Hönle AG 

(Gräfelfing, Germany) with 20 cm Hg bulbs and a power of 100 W cm-1.   

UV-Vis 

Spectra were recorded with a PerkinElmer Lambda 35 UV/VIS spectrometer from PerkinElmer 

Ink. (Waltham, USA). Organogel films (125 µm) were measured on a quartz glass slide using air 

as background. Photodegraded organogels were diluted with acetonitrile and were measured in a 

quartz glass cuvette using acetonitrile (HPLC grade) as background. 

Water contact angle 

Measurements were performed with a DSA 25 contact angle goniometer from Krüss (Hamburg, 

Germany) using the sessile drop technique. Advancing contact angles were determined by 

measuring the contact angle while the droplet volume was increased from 5 µL to 15 µL at a rate 

of 0.2 µL s-1. Receding contact angles were obtained in the reverse process. For tilting experiments, 
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the device was programmed to tilt the surface to 0-5° before depositing a droplet with a volume of 

5 µL. All experiments were repeated five times to form an average. 

 

2.2.4.3 Synthesis of net-poly(LMA-co-BMA-co-PPGDM) organogel films and bulk materials 

Precursor solutions were prepared from 2 mL (1.73 g) lauryl methacrylate (LMA), 2 mL (1.79 g) 

butyl methacrylate (BMA) and 8 mL (6.58 g) 1-nonanol or 1-butanol, respectively. As initiator, 40 

mg of 2,2′-Azobis(2-methylpropionitril) (AIBN) and 110 mg of poly(propylene glycol) 

dimethacrylate (PPGDMA) crosslinker were added and the resulting mixture was warmed to ca. 

30 °C and agitated to ensure quantitative dissolution of AIBN. The resulting polymerization 

solution was distributed into different reactions vessels. Reactions were carried out at 80 °C in an 

oven for 6h. Depending on the targeted shape of the organogel, the polymerization was carried out 

in 20 mL vials for disc shaped gels or in a Teflon mold covered with glass for cuboid gels. The 

largest organogel was prepared in a petridish (d = 5 cm) using 10 mL of organogel precursor 

solution. After swelling, the diameter increased to 7 cm. Organogel films were prepared by 

pipetting 200 µL of organogel precursor solution in between polyimide spacers on a glass slide. 

The glass slide was then covered with another glass slide and they were clamped together. 

 

2.2.4.4 Photolithography of organogels 

Gels were placed onto a glass plate and (optionally) a chromium photomask (quartz glass) was 

placed on top of the organogel. The gels were then exposed to UV irradiation for defined times 

using a timer. The light intensity was kept constant and was monitored using a UVA and a UVC 

sensor from Dr. Hönle AG (Gräfelfing, Germany). After irradiation, organogels were briefly rinsed 

with water, methanol, or ethanol and then carefully blow dried to remove excess solvent. 

 

2.2.4.5 Swelling properties 

As prepared organogels were swelled in excess n-hexanes overnight. Excess liquid was removed 

by filtration. This was repeated three times. Then, n-hexanes was removed from the polymeric 

network by drying the organogel in a fume hood for 1 h and then in an oven at 80 °C overnight. 
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Organogels were then immersed into an excess of solvent for 48  h and their respective swelling 

constants were determined as 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =  
𝑤𝑠𝑤𝑒𝑙𝑙𝑒𝑑

𝑤𝑑𝑟𝑦
.  
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2.3 Pampers to Paints and Pressure Sensitive Adhesives: Recycling of 

Superabsorbers via UV Degradation 

2.3.1 Introduction 

Nowadays, plastic products have become a necessity of human life. However, 76% of plastic 

products are discarded after single using, resulting in a huge waste of non-renewable petroleum 

resources.219 At the same time, these waste plastics are seriously damaging the natural 

environment.220-222 Recycling and reusing of waste plastic can not only reduce the pressure on 

environment, but also ensure an efficient use of the limited resources of petroleum. 

In recent decades, various techniques for recycling plastic products have been developed.223-226 

These recycling processes are generally grouped into the following four recycling types: primary 

recycling, secondary (melting) recycling, tertiary (chemical) recycling, and energy recovery.223,227 

Primary recycling is a simple process but can only be applied to a small percentage of discarded 

plastics and the quality of recycled product is usually reduced.228-230 Melting recycling is suitable 

for linear polymer but cannot be used for cross-linked polymers.231-233 Chemical recycling is 

applicable to a wide range of plastics, but usually requires more time and resources such as energy 

or chemicals.234-237 Energy recycling is the final strategy in the recycling of plastic products in 

which the polymer is irreversibly destroyed, potentially usually producing harmful gases and 

residues.238 Polymer networks made from superabsorbent sodium polyacrylate as used in 

disposable pampers and hygiene products are covalently cross-linked polymers that are hard to 

recycle by mechanical recycling since they do not melt but rather decompose at 300 °C.239 Most of 

the discarded superabsorbent products are directly landfilled or incinerated. In recent years, 

researchers turned their attention to such difficult-to-recycle polymers.240-244 For example, the 

recycled superabsorbent materials are directly used for soil moisturization.240,241 In 2021, McNeil 

and co-workers proposed a strategy for the tertiary (chemical) recycling of sodium polyacrylate 

pampers based on the acid or base catalyzed hydrolysis of ester bonds.244 The authors demonstrated 

the clean conversion of a sodium polyacrylate network into linear sodium polyacrylate followed 

by an esterification to quantitative conversion, which were useful as pressure sensitive adhesives. 

However, the initial step of hydrolysis required very long reaction times (16 h), the use of an acid 
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(H2SO4) or base (NaOH), and heating (80 °C). Inspired by this work and our previous experience 

with the UV photodegradation of poly(meth)acrylate hydrogels,175 we hypothesized that the time, 

energy, and chemicals consuming process of hydrolysis could be replaced by a rapid UV 

photodegradation of the sodium polyacrylate networks in a swollen hydrogel state. Herein, we 

demonstrate the inherent rapid photodegradation of sodium polyacrylate hydrogels and their 

conversion into polybutylacrylate (PBA) and poly 2-ethylhexylacrylate (PEHA) for lackquers and 

as pressure sensitive adhesives (PSA). In our research, we take advantage of the inherent 

photodegradability of sodium polyacrylates in superabsorbent polymers, degrading cross-linked 

sodium polyacrylates to water-soluble linear polymers within minutes under UV irradiation. These 

degraded polymers can be directly used in waterborne pigment additives or further esterified to 

synthesize pressure sensitive adhesives. Synthesized esters have potential as removable and 

general-purpose pressure sensitive adhesives. The recycling and reuse of superabsorbent materials 

is an important contribution to reduce the pollution of the environment and a sustainable use of 

polymers. 

 

2.3.2 Results and Discussion 

2.3.2.1 Swelling and degradation of superabsorbent materials 

In this study an UVAcube 2000 from Dr. Hönle AG (Gräfelfing, Germany) using a 2000 W Hg 

bulb was utilized for UV irradiation. The lamp was calibrated to 15.0 mW/cm2 (use 1000W power) 

at 265 nm with the OAI 306 UV power meter. The light source at 265 nm (15.0 mW/cm2) was used 

for UV irradiation unless otherwise specified. The crosslinked sodium polyacrylate was extracted 

from commercially available pampers produced by Proctor and Gamble (P&G). From published 

patents it is known that these superabsorbent polymer are sodium poly(acrylate) crosslinked with 

~0.05 mol% poly(ethylene glycol) diacrylate.245 Powdered poly acrylate superabsorber (PAS) 

transformed into a hydrogel infusing it with water, 100 times of its weight, i.e., resulting in a 

hydrogel consisting of 1 wt% PAS and 99 wt% water. After UV irradiation for only 5 min the solid 

hydrogel transformed into a clear solution due to the degradation of the crosslinked polymer 

network into a linear polymer (Figure 4.1A). Compared to the degradation via the hydrolysis of 
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superabsorbent polymers, the UV degradation process did not require additional reagents and 

shortens the degradation time from hours to minutes (Figure 4.1B).244 To monitor the degradation 

process, the changes in complex viscosity of the CSPA gel-solution after different UV degradation 

times were measured by rheometer. A substantial drop of 99.5 % of the complex viscosity from 

84.5±1.6 to 0.4±0.0 Pa s was observed after 2 minutes of UV irradiation, at a frequency of 1 rad s-

1, and reached a value of 2.8±1.2*10-2 Pa s after 5 min, which is very close to the complex viscosity 

of water (Figure 4.1C, Figure 4.2). This indicates that the degradation of the sodium polyacrylate 

hydrogel occurred rapidly in the first 2 minutes and was completely degraded to a linear polymer 

after only 5 minutes. The molecular weight of the degraded polymer chains could be controlled by 

the UV irradiation time. With increasing UV irradiation time, the molecular weight of the polymer 

chains continued to decrease as determined with water-based size exclusion chromatography 

(Figure 4.1D, Table 4.1). The hydrodynamic radius of polymer chain in aqueous solution decreased 

with the increase of UV irradiation time as determined with dynamic light scattering (Figure 4.1E). 

The determination of the hydrodynamic radius and the molecular weight demonstrate that UV 

irradiation can not only be used to rapidly de-crosslink or break the crosslinked PAS in but also 

that it can be used to alter the molecular properties of the linear sodium polyacrylate (NaPA) 

polymer. 
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Figure 4.1 (A) Image of pampers and powdered superabsorbent cross-linked sodium polyacrylate 

(PAS), sodium polyacrylate hydrogel and degraded sodium polyacrylate solution after 5 min of UV 

photodegradation (15 mW cm-2). The diameter of the petri dish is 5 cm. (B) Degradation process 

cross-linked sodium polyacrylate. Blue box: molecular structure of cross-linked sodium 

polyacrylate; Orange box: UV degradation process in this study; Grey box: hydrolysis degradation 

process in previous study.244 (C) Changes of the complex viscosity of PAS gel after different UV 

degradation times as determined by rheometry.Oscillatory frequency sweeps were conducted at 

25°C with a constant strain of 2% at a frequency of 1 rad s-1. Blue dotted line: The complex 

viscosity of water at 25°C (8.9*10-4 Pa·s). (D) Weight average molecular weight (Mw) of NaPA 

after different UV photodegradation times as measured by SEC. E) Hydrodynamic size of NaPA 

after different times UV photodegradation times as determined by dynamic light scattering (DLS). 

 



Results and Discussion 

73 

 

 

Figure 4.2 Complex viscosity change of PAS gel-solution after different UV degradation time 

measured by rheometer, oscillatory frequency sweeps were conducted at 25°C with a constant 

strain of 2% in the frequency range of 100-0.1 rad s-1. 

 

Table 4.1 GPC data of gels for different irradiation times. 

Irradiation time [min] MN [kg mol-1] MW [kg mol-1] Đ 

5 90.3 362.6 4.0 

10 58.2 192.9 3.3 

20 14.8 71.3 4.8 

30 9.3 41.0 4.4 

40 5.6 25.5 4.6 

50 3.5 15.4 4.4 

60 2.9 10.2 3.5 

 

2.3.2.2 Continuous preparation of photodegradation solution 
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The UV degradation of crosslinked PAS is a surface erosion process, i.e., the top layer will degrade 

first and turn from a gel to an aqueous solution. Since the degradation of the linear polymer chains 

continues in aqueous solution, this would lead to a gradient in the degree of degradation from the 

top to the bottom of the PAS hydrogel. To compensate for influence of the depth of light penetration 

and to ensure the use of the minimum dosage of UV light, the degradation was conducted in a 

Buchner filter equipped with a cellulose filter (Figure 4.3A). The thickness of the gel in device is 

~5mm unless otherwise specified. The degraded polymer solution can flow into a collection flask 

and is protected from further degradation while the gel is held back from the cellulose filter and 

the Buchner filter. The aqueous solution from the degraded PAS hydrogel was collected and dried 

by rotary evaporation at 60 °C (4 h) to obtain linear sodium polyacrylate as a solid, which was then 

ground into a powder. In our previous studies, we found that the rate of degradation of the cross-

linked poly(meth)acrylate network was closely related to its degree of swelling.175,246 Here, the 

degradation efficiency of crosslinked PAS superabsorbent polymers with different degrees of 

swelling were evaluated. The degradation-time curves were calculated by the weight of the 

obtained degradation solution at different time points. Cross-linked PAS extracted from Pampers 

(Figure 4.3B, D) and as purchased from Sigma-Aldrich (Figure 4.3C, E) were compared. In 

agreement with our previous findings, the rate of degradation decreased significantly with an 

increasing polymer mass fraction in the gel. Gels with a polymer mass fraction of 0.5 wt.% gels 

were degraded within 4-5 minutes while 2 wt.% gels took 14-18 minutes to be completely degraded 

(Figure 4.3B, C). At the same time, the molecular weight of polymer degradation products from 

high polymer mass fractions were slightly larger than from low polymer mass fractions (Figure 

4.3D, E). It indicated that the UV-induced degradation rate of superabsorbent crosslinked PAS is 

also affected by the swelling degree, degradation rate of the polymer network is faster while the 

swelling degree is higher. 1 wt.% PAS from Sigma-Aldrich was used in subsequent experiments 

due to the uncertainty about potential additives in commercial Pampers, the possible contamination 

of the PAS with cellulose fibers, and for the purpose of convenience. 
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Figure 4.3 (A) Schematic diagram of rapid and continuous preparation of PAS hydrogel 

photodegradation solution in Buchner funnel. (B), (C) Kinetics of photodegradation as quantified 

by the mass percentage of the NaPA photodegradation product for different swelling ratios. (D), 

(E) Molecular weight of degraded NaPA as determined by with aqueous gel permeation 

chromatography (GPC), UV degradation time of 2 wt.%, 1 wt.% and 0.5 wt.% samples are 20 min, 

10 min and 5 min, respectively. (B, D: cross-linked PAS from P&G pampers; C, E: cross-linked 

PAS from Sigma-Aldrich. 2 wt.%, 1 wt.%, 0.5 wt.%: mass percentage of cross-linked PAS in 

swollen gel.) 

 

2.3.2.3 Characterization of soluble NaPA 

The process of degradation was investigated with 1H-NMR and 13C-NMR in D2O (Figure 4.4A, 

B). In the cross-linked PAS, peaks of hydrogens on the main chain of PAS were very broad in the 

1H-NMR spectrum. Hydrogen peaks of the methylene and methine groups on the backbone became 

fairly sharp after 10 min UV irradiation (Figure 4.4A). At the same time, peaks of the methine 

carbon were visible in the 13C-NMR spectrum of the starting crosslinked PAS, whereas no peaks 

of methylene and carbonyl carbons could be observed. Peaks of methylene carbon and carbonyl 

carbon appeared in the degradation products, and the peak of methine carbon became more 

pronounced (Figure 4.4B). The cross-linking distorted the relaxation of the polymer chains, 1H-

NMR and 13C-NMR results indicated that UV irradiation degraded the cross-linked PAS to a linear 

soluble polymer. In the ATR-IR spectra, no significant difference between NaPA before and after 

UV degradation could be observed, indicating that 10 minutes of UV initiation did not cause 
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excessive photooxidation (Figure 4.4C). However, the formation of species absorbing UV light 

(λmax = 275 nm) is detectable already after 10 min UV-vis spectroscopy (Figure 4.4D). The UV 

absorbance increased with increasing UV degradation time and increasingly absorbs blue light, 

causing a macroscopic faint yellow color. Yellowing is indicative for the formation of oxydized 

moieties, such as aldehydes, ketones, or more. The mechanism of photodegradation of PAS is thus 

likely to involve known photooxidative pathways, namely the formation of peroxyl radicals (R-O-

O•), hydroperoxyls (R-O-OH), oxyl radicals (R-O•), and peroxides (R-O-O-R).247 

 

 

Figure 4.4 (A, B) 1H NMR and 13C NMR spectra of crosslinked PAS before and after UV 

irradiation for 10 min. The polymer was dissolved in D2O. (C) ATR FT-IR spectrum of cross-linked 

PAS and 10 min’s UV degraded PAS. (D) UV-vis spectra of a PAS gel (solution) after different UV 

degradation time. Concentration of PAS in water is 10 mg mL -1 (~1 wt.%). 

 

2.3.2.4 Esterification of NaPA 

To demonstrate that UV photodegraded PAS gels are suitable as a resource for applications as 

laquers and as pressure sensitive adhesives, photodegraded sodium polyacrylate (NaPA) was 
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esterified with n-butanol and 2-ethylhexanol. Inexpensive alcohols are commonly used in the 

chemical industry to convert acrylic acid to the respective acrylates.248 Here, n-butanol and 2-

ethylhexanol, were used to esterify the photodegraded NaPA (Figure 4.5A). The synthesis 

procedures followed the procedure as described by McNeil et al,244 and here added excess sulfuric 

acid (1.00 instead of 0.25 equivalent) to acidify sodium polyacrylate. 1H-NMR and 13C-NMR 

measurements confirmed the successful synthesis of both poly butyl acrylate (PBA) and 2-

ethylhexyl polyacrylate (PEHA) (Figure 4.5B, C). The peak integral ratio between peak b and peak 

c in the 1H NMR spectrum of methine and methylene hydrogen on the main chain is 1 to 2, 

indicating an efficiency of esterification close to 100%. In the ATR FT-IR spectrum, peak of methyl 

and methylene appeared at 2865 cm-1, 2964 cm-1, peak of C-O-C appeared at 1162 cm-1, further 

confirmed the successful synthesis of PBA and PEHA (Figure 4.5D). At the same time, the peak of 

the carbonyl group in the products at 1560 cm-1 completely disappeared and reappeared at 1730 

cm-1 indicated that all carboxylates were converted to esters. The molecular weight of NaPA 

increased from 140 kg mol-1 to 220 kg mol-1 (PBA) and to 180 kg mol-1 (PEHA), respectively 

(Figure 4.5E). The isolated yields of PBA and PEHA were 78.7% and 86.4%, respectively. 
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Figure 4.5 (A) Reaction equation of the esterification of degraded NaPA with n-butanol and 2-

ethylhexanol. B, C) 1H NMR and 13C NMR spectra of poly butyl acrylate (PBA) and poly 2-

ethylhexyl acrylate (PEHA) in CDCl3. (D) ATR FT-IR spectrum of 10 min’s UV degraded NaPA 

and the esterification products PBA, PEHA. (E) Molecular weight of 10 min’s UV degraded NaPA 

measured by aqueous gel permeation chromatography and esterification product PBA, PEHA 

measured by tetrahydrofuran gel permeation chromatography. 

 

2.3.2.5 Application of NaPA, PBA and PEHA 

Linear sodium polyacrylate (NaPA) is commercially used as a thickener for food or aqueous 

paints,and as water-retention agent for paints. Through UV degradation, linear NaPA free of other 
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chemicals could be obtained from crosslinked superabsorbent PAS. Recycled linear NaPA could 

be used directly as paint thickeners. The viscosity of methylene blue aqueous solution with and 

without degraded linear NaPA were measured by rheology (Figure 4.6A). After adding linear NaPA 

to the aqueous paint solution consiting of methylene blue in water, the viscosity of the solution 

increased significantly. Digital photographs and optical microscope images showed that the paints 

with NaPA paint exhibit a higher gloss and could form a stable film on surface of the paper instead 

of being soaked into it (Figure 4.6B). PBA and PEHA obtained by esterification have potential as 

pressure-sensitive adhesives. Here, the storage and loss moduli of PBS and PEHA were determined 

via rheology (Figure 4.6C, D). Chang's viscoelastic window (VW) was used to evaluate their 

performance as pressure-sensitive adhesives (Figure 4.6E). To determine Chang's viscoelastic 

window, the storage (G′) and loss (G′′) moduli must be determined at the bonding and debonding 

frequencies of 0.01 and 100 rad s-1, respectively. The VW of PSA is defined by these four moduli. 

In Chang's VW, the existing pressure sensitive adhesives were divided into five categories, high 

modulus-low loss classic adhesive (quadrant 1), high modulus-high loss high shear PSA (quadrant 

2), low modulus-low loss removable PSA (quadrant 3), low modulus-high loss cold temperature 

PSA (quadrant 4) and medium modulus-medium loss general purpose PSA (central).249 Molecular 

weight of PBA and PEHA used here were 220 kg mol-1 and 180 kg mol-1, they were low molecular 

weight pressure sensitive adhesive. The storage modulus and loss modulus of PBA were located 

between 103 and 105 Pa, indicating that it could be used as removable and general-purpose PSA. 

This is also illustrated by the fact that PBA mainly fell within the central area and 3 quadrants in 

VW. The storage modulus and loss modulus of PEHA at low frequency were too low, indicating 

that it would flow easily when standing still and tended to residue when peeled off. This might 

affect its use in some application scenarios, but could still be used as removable PSA. It mainly 

fell within in the 3 quadrants in VW and went beyond the lowest modulus range of the 3 quadrants 

also indicated that its application was restricted. This limitation could be improved by increasing 

the molecular weight of degraded NaPA. 
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Figure 4.6 (A) Viscosity of methylene blue aqueous solution (10 mg mL-1) with and without 

degraded NaPA (0.5 g mL-1) measured by rheometer, sweeps were conducted at 25°C. (B) 

Drawings on paper using an aqueous solution of methylene blue with and without degraded NaPA. 

(C, D) Storage and loss modulus of PBA and PEHA measured by rheometer. Frequency sweeps 

were conducted at 25°C with a constant strain of 1% in frequency of 1 rad s-1. (E) Plots of storage 

(G′) versus loss (G′′) moduli for PBA and PEHA, including visualization of Chang’s viscoelastic 

window. 

 

2.3.3 Summary 

A rapid approach to recycle crosslinke sodium polyacrylate is presented. The recycling process is 

based on the inherent UV induced degradability of sodium polyacrylate, which thus does not 

require additional chemical reagents during the whole process and recycle rate is close to 100%. 

The recycled linear sodium polyacrylate can be used directly as a thickener for aqueous paints and 

can be esterified for applications as a pressure sensitive adhesive. The esterification process uses 

common industrial methods, which is also simple and efficient. PBA and PEHA synthesized from 

recycled NaPA have potential as removable and general-purpose pressure sensitive adhesives. The 
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recycling and reuse of superabsorbent materials is of great significance for reducing environmental 

pollution and sustainable development. 

 

2.3.4 Experimental Details 

2.3.4.1 Chemicals and materials 

The superabsorbent polymer obtained from commercial pampers (P&G) is a sodium poly(acrylate) 

crosslinked via ~0.05mol% poly(ethylene glycol) diacrylate co-monomer.245 Another 

superabsorbent polymer is a sodium poly(acrylate) partly crosslinked via poly(ethylene oxide) 

purchased from Sigma-Aldrich. Isopropanol, ethanol and acetone were obtained from Merck 

(Darmstadt, Germany). All other chemicals were purchased from Sigma-Aldrich (Darmstadt, 

Germany) and used without further purification. PTFE plates, PP plates and aluminum plates were 

purchased from RS Components GmbH (Frankfurt, Germany) and were cut to the desired size for 

use. NEXTERION B glass slides were obtained from Schott AG (Mainz, Germany).  

 

2.3.4.2 Characrization 

UV lamps 

In this study an UVAcube 2000 from Dr. Hönle AG (Gräfelfing, Germany) using a 2000 W Hg 

bulb was utilized for UV irradiation. The lamp was calibrated to 15 mW cm-2 at 260 nm with the 

OAI 306 UV power meter. The light source at 260 nm (15 mW cm-2) was used for UV irradiation 

unless otherwise specified. 

Aqueous size-exclusion chromatography (SEC) 

SEC measurements were performed on a SECcurity GPC System - Polymer Standards Service 

GmbH, Mainz - Agilent Technologies 1260 Infinity, comprising an autosampler, a Suprema 5 μm 

bead-size guard column (8 x 50 mm, PSS) followed by two Suprema 5 μm columns (8 x 300 mm, 

subsequently mixed-bed S and mixed-bed M, PSS), and a differential refractive index (RI) detector 

and a UV detector. The measurements were performed using disodium hydrogen phosphate 0.07M 

in water as the eluent at room temperature with a flow rate of 1 mL·min-1. The SEC system was 
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calibrated using linear poly(acrylic acid) sodium salt standards (PSS) ranging from 1250 g·mol -1 

to 1 484 000 g·mol-1 

Size exclusion chromatography (SEC) 

SEC measurements were performed on a TOSOH Eco-SEC HLC-8320 GPC System, comprising 

an autosampler, a SDV 5 μm bead-size guard column (50 × 8 mm, PSS) followed by three SDV 5 

μm columns (300 × 7.5 mm, subsequently 100 Å, 1000 Å and 105 Å pore size, PSS), a differential 

refractive index (RI) detector using tetrahydrofuran (THF) as the eluent at 35 °C with a flow rate 

of 1 mLmin-1. 

The SEC system was calibrated using linear polymethylmethacrylate standards (PSS) ranging from 

800 to 1.82106 gmol-1. 

Rheometry 

Rheological measurements were carried out on an ARES G2 rotational rheometer from TA 

Instruments (obtained from Waters GmbH, Eschborn, Germany) equipped with a parallel plate 

Invar geometry (13 mm diameter) at a gap of 3 mm. 

Dynamic light scattering (DLS) 

DLS measurements were conducted using a Zetasizer Nano ZS from Malvern (Kassel, Germany). 

UV–vis spectroscopy 

UV–vis spectroscopy was performed with an Infinite M200 Pro (Tecan Trading AG, Switzerland) 

plate reader. 

NMR 

NMR spectra were recorded on a Bruker Avance III 400 MHz spectrometer from Bruker 

(Karlsruhe, Germany). 

Attenuated total reflection infrared spectroscopy (ATR-IR) 

All IR measurements were performed on a Bruker Alpha II ATR-IR from 400-4000 cm-1 at 25 °C. 

Microscopy 

Images were recorded on a Keyence AHX7000 from Keyence (Osaka, Japan). 

Digital photography 

Digital photos were taken using a Canon EOS 80D digital camera.  
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3 Conclusions and Outlook 

This PhD thesis described three projects aimed at utilizing UV light to pattern surfaces, to structure 

bulk gels, and to recycle superabsorbers, i.e., (1) the photopatterning of polydopamine based 

surfaces, (2) the photodegradation and photopatterning of poly(meth)acrylate gels and gel films, 

and (3) the recycling of superabsorbers into soluble sodium polyacrylate, poly butyl acrylate, or 

poly 2-ethylhexyl acrylate. 

In (1) the advantages of polydopamine coating were combined with those of silane chemistry and 

thiol-ene click chemistry, resulting in a substrate-independent and reversible surface patterning 

strategy. In the first part, a rapid, facile and substrate-independent strategy for reversible surface 

modification and patterning was developed. The strategy was consisted of three steps: a 

polydopamine coating, the functionalization of the polydopamine coating using 

trichlorovinylsilane, and the UV-induced modification or patterning of the vinylsiloxane 

functionalized polydopamine coating using a thiol-ene reaction. This method was extended to a 

variety of substrates, including polytetrafluoroethylene, polypropylene, polyethylene, aluminum, 

and glass. No pre-processing steps were required for any of the substrates. Through reversible 

silanization and desilanization, followed by thiol-ene click reaction, new patterns can be created 

repeatedly on the same surface, enabling the reuse of the substrate. Due to the universal 

applicability of polydopamine coatings, the developed strategy can be used to pattern objects with 

complex surfaces, such as plant leaves, toys, and soft tapes. This substrate-independent reversible 

surface patterning strategy has important implications for the development of novel functional 

materials and devices. 

The focus of (2) is the UV photodegradation of poly(meth)acrylates to pattern poly(meth)acrylate 

organogels. Based on the inherent UV photodegradability of poly(meth)acrylates, a strategy was 

developed to rapidly pattern poly(meth)acrylate organogels without additional photosensitizers. 

The UV transmission and the swelling ability of the organic solvents infusing the organogel were 

identified as key factors affecting the photodegradability of the organogels, which is likely to be 

applicable to other light-responsive or photoreactive organogels in the future. In addition, the use 

of organogels as positive photoresist to manufacture copper circuit patterns is of great interest for 
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electronic industry manufacturing. Since the gel directly becomes a liquid polymer solution after 

the photodegradation, no dissolving step is required, and the polymer can be rinsed off conveniently. 

The developed technique to photodegrade organogels is a potential alternative to soft lithography. 

Finally, based on the inherent UV photodegradation of polyacrylates, a rapid and efficient strategy 

to recycle linear sodium polyacrylate from waste superabsorbent materials such as diapers was 

developed (3). No additional reagent was necessary for the recycling based on UV 

photodegradation, and the conversion of crosslinked sodium polyacrylate to linear sodium 

polyacrylate is close to 100%. Recycled linear sodium polyacrylate could be used as a thickener 

for water-based paints or can be esterified with n-butanol and 2-ethylhexanol to obtain poly butyl 

acrylate and poly 2-ethylhexyl acrylate for applications as pressure-sensitive adhesives. The 

esterification of linear sodium polyacrylate was conducted following procedures used in the 

chemical industry, which ensured the scalability of the strategy to recycle superabsorbers. The 

recycling of superabsorbent materials is of great significance for reducing environmental pollution 

and sustainable development. 

However, there are still some meaningful research directions that can be further explored in these 

projects.  

(1) Polydopamine plays an important role in strategy due to its simple versatility. However, 

polydopamine coating is generally considered to be bonded physically to the surface of the 

substrate, resulting in a lower mechanical strength of the polydopamine coating than that of 

chemically bound coatings.250 Improving the mechanical strength of polydopamine on the 

surface of many substrates is a direction that can be further explored and improved in this 

project. 

(2) The use of UV-degradable poly(meth)acrylate as photoresist is an application with a large scope 

of applications in the electronics industry. However, so far organogels with only one component 

was studied in our project, poly(BMA-co-LMA-co-PPGDMA) organogel from lauryl 

methacrylate (LMA) and butyl methacrylate (BMA) monomer with poly(propylene glycol) 

dimethacrylate (PPGDMA) as crosslinker. The UV-induced degradation and patterning of 

poly(meth)acrylate organogels with a wider range of components need to be further explored 

and understood.  
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(3) Recycling and reusing waste polymers and functionalized materials not only maintains 

sustainable economic development, but also reduces environmental pollution. Based on the 

inherent UV photodegradation of polyacrylate gels, a strategy to rapidly obtain soluble sodium 

polyacrylate from waste superabsorbent materials was presented here. However, in the 

recycling process, the superabsorbent material needs to be swollen to a high degree. Isolating 

dilute aqueous solutions of sodium polyacrylate from water requires a lot of energy. Optimizing 

the degradation processes in terms of the demand for water and energy would be interesting for 

commercializing this strategy. 
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4 Appendix 

4.1 Abbreviations 

°C degree celsius 

AFM atomic force microscopy 

AIBN 2,2′-Azobis(2-methylpropionitril) 

Al aluminum 

BMA butyl methacrylate 

CA contact angle 

CDCl3 chloroform, deuterated 

δ chemical shift 

DCM dichlormethane 

DHI 3,4-dihydroxyindole 

D2O deuterium oxide 

DoG Difference of Gaussian 

DLS dynamic light scattering 

DMA droplet microarray 

eq. equivalents 

GPC gel permeation chromatography 

h hour 

Hz hertz 

IR infrared 

LMA lauryl methacrylate 

ME 2-mercaptoethanol 

min minutes 

MNPs metal nanoparticles 

MN number-average Molecular Weight 

MW weight average molecular weight 
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NaPA sodium polyacrylate 

nm nanometer 

NMR nuclear magnetic resonance 

PAS polyacrylate superabsorber 

PBA poly butyl acrylate 

PDA polydopamine 

PDMS poly(dimethylsiloxane) 

PE polyethylene 

PEG poly(ethylene glycol) 

PFDT 1H,1H,2H,2H-perfluorodecanethiol 

PEHA 2-ethylhexyl polyacrylate 

PMMA polymethylmethacrylate 

PP polypropylene 

PPGDMA poly(propylene) glycol dimethacrylate 

PTFE polytetrafluoroethylene 

rt room temperature 

SAMs self-assembled monolayers 

SEM scanning electron microscope 

SLIPS slippery liquid-infused porous surfaces 

TBAF tetrabutylammonium fluoride 

TCPOS 1H,1H,2H,2H-trichloroperfluoroctylsilane 

THF tetrahydrofuran 

ToF-SIMS time-of-flight secondary ion mass spectrometry 

TVS trichlorovinylsilane 

UV ultraviolet 

µCP microcontact printing 

µm micrometer 

VW viscoelastic window 

XPS X-ray photoelectron spectroscopy 
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