Figure 1.5. Schematic illustrations of the cone shaped and the structural dimensions of α-, β-and γ-CD. Adapted with permission from ref. 33

Outline and aims of this thesis

The main research focus of this PhD thesis is the development of "smart" stimuli-responsive polymers and polymeric materials that are mediated by supramolecular host-guest complexation. The dynamic and selective character of these complexes allows the synthesis of highly adaptable materials in which their macroscopic properties can be altered by subtle external stimuli like temperature, pH or the presence of specific molecules. Nowadays, the creation of these smart materials through host-guest chemistry is mostly done by using cyclodextrins, curcurbit[n]urils and pillar[n]arenes as macrocyclic host molecules. In this thesis, the potential use of cyclobis(paraquat-p-phenylene), also called blue box (BB) and cyclobis(paraquat-4,4'-biphenylene), also called big blue box (BBB) is investigated for the creation of intelligent polymers and polymeric materials. These electron deficient cyclophane box like structures can form multi-sensitive, colored donor-accceptor charge transfer complexes with different electron-rich guest molecules including naphthalene (Napht), tetrathiafulvalene (TTF) and hydroquinone making them the perfect candidate for sensing purposes as the unambiguous output signal is immediately visible to the naked eye.

Chapter 1 will provide a broad introduction on the two major chemistry fields used in this thesis, namely supramolecular and polymer chemistry, complemented with recent developments reported in literature combining both fields to create smart polymeric systems mediated by host-guest molecules.

The rather unexplored macrocyclic host BBB, is discussed in Chapter 2 focusing on the formation of 1:2 complexes with electron rich guest molecules Napht and TTF in water to allow the creation of smart hydrogels and aqueous nanostructures. To investigate the complexation of the hydrophobic guest molecules with BBB in water, reversible addition-fragmentation chain transfer (RAFT) polymerization was employed to synthesize short, water-soluble poly(dimethylacrylamide) (PDMAc) chains endfunctionalized with either the hydrophobic Napht or TTF guest moiety through the modification of the CTA agent. Afterwards, the complexation of both these Napht and TTF polymer chains with BBB was studied in aqueous media using UV-VIS and 1 H-NMR spectroscopic titrations, isothermal calorimetry titration (ITC) and diffusion ordered NMR spectroscopy (DOSY). In a final step the potential thermoresponsiveness of the Napht-PDMAc complex with BBB was highlighted allowing the creation of highly adaptable and sophisticated smart materials with an inherent visual output signal. Hydrogels are 3D polymeric networks which have the ability to retain and a maintain substantial amount of water within their complex structure. The structural integrity of the hydrogels upon swelling is preserved using either chemical cross-links or reversible physical junctions. By incorporating hostguest complexes into such 3D polymeric structure the sol-gel transition or expansion-contraction process can be regulated via different external stimuli which can be used in wide range of applications including catalysis, sensor systems and biomedical materials. Chapter 3 will focus on the creation of intelligent hydrogels by incorporating BB-Napht host-guest complexes into the complex 3D-structure of covalent hydrogels in order to control its water uptake. The hydrogels were synthesized using free radical co-polymerization of N-isopropylacrylamide (NIPAm), dialkoxynaphthalene functionalized with an acrylamide (Napht.Ac) and N,N'-methylenebisacrylamide as cross-linker. It was observed that the dynamic character of the BB-Napht assembly introduces a large hysteresis window in the thermoresponsive volume phase transition of the PNIPAm-based system which was thoroughly investigated via differential scanning microscopy (DSC) and 1 H-NMR spectroscopy. When heated above its volume phase transition temperature in aqueous solution, the collapse of the hydrogels causes disassembly of the complex, expelling the BB from the hydrogel through contraction. The rate of releasing the BB was found to be dependent on both the solution temperature and heating time. This difference in BB release influences the hydrophobicity of the remaining hydrogel inducing size changes upon subsequent cooling and reswelling in fresh aqueous medium. By careful monitoring of these variations, the system can report how long it was heated at a known temperature. To the best of our knowledge, this is the first reported polymeric sensor device that contains a time memory function.

Finally in Chapter 4, the Plasma Dye Coating (PDC) procedure was explored as a less time-consuming fabrication method for host-guest complexation based stimuli-responsive materials and surfaces. The PDC procedure was initially developed by the university of Ghent for the creation of colored material with significantly reduced dye leaching through covalent immobilization of the desired dye onto the material surface using plasma-generated surface radicals. A pre-adsorbed layer of polymerizable dye on the surface is immobilized through radical addition caused by a short plasma treatment step. The non-specific nature of the plasma-generated surface radicals allows surface modification for a wide variety of complex dyes including azobenzenes, functionalized with radical sensitive groups to avoid significant dye degradation, to be combined with various polymeric materials including polypropylene (PP), polyethylene (PE), polyamide6 (PA6), cellulose and Teflon (PTFE). As part of this thesis, the work originally done in our group was firstly extended by the further characterization of the material surface after PDC using scanning electron microscope (SEM), contact angle measurements and X-ray photoelectron spectroscopy (XPS). Secondly, the dye application step was further optimized by using a liquid spray technique to coat the materials with the desired dye prior to plasma treatment in order to allow lower dye consumption, the application of a specific design onto the surface and the use of more complex material geometries. Finally, the applicability of this PDC technique was expanded towards the incorporation of naphthalene moieties as representative electron-rich guest molecule allowing the incorporation of host-guest assemblies, on the surface of a variety of materials including more inert Teflon, PP and PE.

Chapter 1

Chapter 1. Introduction 1 Supramolecular chemistry

Supramolecular chemistry can be defined as the 'chemistry beyond the covalent bond' and aims for the creation of complex, adaptive and functional chemical systems through the assembly of different molecular components and subunits. This branch of chemistry focusses on the formation of weak and dynamic non-covalent interactions rather than the stronger and irreversible covalent bonds used in more traditional chemistry and was firstly introduced by Jean-Marie Lehn, who received the Nobel Prize in Chemistry 1987 together with Charles Pederson and Donald Cram for their seminal work on 'the development and use of molecules with structure-specific interactions of high selectivity' (Figure 1.1). [1][2][3][4][5] Figure 1.1. Comparison between molecular chemistry and supramolecular chemistry. 3 In the last 25 years, this highly interdisciplinary field of supramolecular chemistry covering chemical, biological and physical features has gained more interest by scientists to form well-defined functional nanostructures used in various applications, including smart materials [6][7][8] , drug delivery systems [9][10][11] and molecular machines. [12][13][14][15][16] Especially the latter topic has been gaining interest recently with attempts to take macroscopic machines down to the molecular level resulting in the Nobel Prize in chemistry awarded to Jean-Pierre Sauvage, J.Fraser Stoddart and Bernard L. Ferringa in 2016. Most of these assemblies are inspired by different biological processes found in nature relying on similar physical intermolecular forces for their functionality, such as the enzyme-substrate recognition, metal-ligand coordination, phospholipid bilayer formation and the helical assembly of the DNA complementary strains (Figure 1.2). 17 , c) metal-ligand coordination with Fe 2+ present in the hemoglobin protein 18 and d) formation of a phospholipid bilayer membrane via the hydrophobic effect of the phospholipids in water. 19 These different weak and reversible non-covalent interactions mainly consist of van der Waals forces, electrostatic interaction, hydrophobic interaction, hydrogen bonding, metal-ligand coordination and π-π interaction (Figure 1.3). 20 Although these bonds are significantly weaker than covalent bonds (200-1000 kJ/mol), most of the supramolecular assemblies that are common in nature and used in supramolecular chemistry do not rely on a single bond(type) between molecule A and B, but allow for a complex binding pattern containing multiple binding types reinforcing the assembly. Supramolecular chemistry can be organized in two main categories: self-assembly and host-guest chemistry. Self-assembly is the process where individual molecules assemble spontaneously to form an organized structure via reversible, selective physical interactions. Although host-guest chemistry can be considered as a specific case of self-assembly, it is generally associated with the enclosure of one or more guest molecules inside an 'artificial' receptor called a host molecule, containing a Chapter 1 complementary structural cavity using non-covalent interactions. The difference between both is illustrated in Figure 1.4. 21 Because the work described in this thesis deals with the use of host-guest complexes, we will focus our attention on these specific supramolecular interactions for the remainder of this introduction. Where [H], [G] and [HmGn] represent the concentration of free host, the concentration of free guest and the concentration of host-guest complexes in solution. This binding constant Ka is the most important value when describing supramolecular chemistry as it indicates the affinity of the host-guest complex, i.e. a high Ka above 10 6 M -1 is generally considered an indication of a strong supramolecular assembly while below a Ka of 10² there is practically no association (equation 1.2). The Ka is specific for each host-guest complex and is strongly dependent on the solvent and temperature. This binding constant can be experimentally determined by monitoring physical changes in the system during titration experiments which will be explained in more detail in Chapter 2 of this thesis.
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Examples of host molecules

Nowadays, a wide range of artificial receptors or "hosts" have been discovered and evaluated displaying exceptionally affinity and selectivity towards different organic, inorganic and biological molecules. In the following section the most well-known host molecules, namely cyclodextrin, curcurbit[n]uril, pillar [n]arene and cyclobis(paraquat-p-phenylene), will be briefly discussed.

Cyclodextrins

Cyclodextrins (CD) are the most widely studied host molecules. One of the earliest papers describing the interaction between CD and D/L-alanine β-naphthylamide was published in 1990 by T. Shono et al. 22 Nowadays CD is commonly used for the microencapsulation of different sensitive flavours, oils and dyes to prolong their shelf-life, which is important in various applications ranging from textiles 23- 25 to cosmetics and food-industry favored by its negligible cytotoxic effects, high solubility in water and wide variation in guest molecules. [26][27][28][29] The most common CDs are composed of six, seven and eight glucopyranose units joined together by α-(1-4)-glycosidic linkages in a ring and are named α-, β-and γ-CD, respectively. These cyclic oligosaccharides form a toroidal 3D-structure where both the primary and the secondary hydroxyl groups are orientated to the surrounding environment making the CDs soluble in water (Figure 1.5). Due to this design, the interior cavity of the CDs is hydrophobic enabling the encapsulation of molecules that are otherwise insoluble in water. The main driving force for complexation is the hydrophobic effect causing the displacement of the high-energy water molecules from the apolar cavity into the surrounding water. The size of the interior cavity also plays an important role in the host-guest complexation as it will only allow guest molecules with a complementary size to enter the cavity, facilitating in the use of CD in molecular recognition (Figure 1.5). [30][31][32][33] The smallest CD (α-CD) is characterized by a cavity volume of roughly 174 ų and can encapsulate linear organic alkyl chains and smaller aromatic compounds, such as dodecyl groups and azobenzene, the latter only in trans-configuration. [33][34][35] Increasing the cavity volume up to 262 ų (β-CD) allows for the complexation with more branched alkyl chains or more bulky aromatic molecules, including ferrocene and adamantyl groups. [36][37][38][39] Finally, the cavity of the γ-CD (427 ų) is large enough to even complex two guest molecules simultaneously yielding ternary assemblies, e.g. with anthracene. 40,41 Chapter 1 Figure 1.6. Top: Reaction scheme for the synthesis of CB [n]. Center: Schematic representation of the difference in size for the hydrophobic cavity of CB [5], CB [6], CB [7] and CB [8]. Bottom: Dimensions of CB [n]. Adapted with permission from ref. 44 Copyright 2019 American Chemical Society.

These pumpkin shaped molecules show two carbonyl-lined rims at the top and bottom of the cavity that act as portals with an electronegative nature making it possible for the outside of the CB[n] to interact with cations via ion-dipole interactions. The inner cavities of these macrocyclic molecules are relatively hydrophobic as the alignment of the glycoluril units prohibits the presence of any functional groups or electron pairs inside the cavity. This interesting duality of a hydrophobic cavity with an electron rich rim allows for strong host-guest complexes with dicationic species separated via an alkyl spacer, such as alkylated ammonium and imidazolium ions. While the cation of the guest interacts with the hydrophilic portals on either side of the hydrophobic cavity, the alky chain becomes encapsulated in the cavity resulting in exceptionally strong complexes. [46][47][48] Similarly to cyclodextrins, the size and volume of the hydrophobic cavity play an important role in the molecular recognition of the guest with the CB[n]-host. By tailoring its cavity volume, CB[n] can encapsulate different guest molecules ranging from gaseous molecules for the smaller CB [5] to linear alkyl chains in CB [6] and aromatic compounds in CB [7]. The bigger CB [8] and CB [10] can simultaneously accommodate two guest molecules. [49][50][51] A nice example of the use of CB [8] for the simultaneous complexation of two guest molecules has been reported by the group of Scherman who formed ternary complexes in a host:guestA:guestB ratio of 1:1:1 by the encapsulation of both an electron-poor and an electron rich aromatic guest molecule by Chapter 1 CB [8] in water. 52,53 In this stepwise binding process a charge transfer complex is formed inside the CB [8] whereby first an electron-deficient guest molecule, such as methyl viologen, enters the cavity followed by the corresponding electron-rich guest molecule, such as dihydroxynaphthalene (Figure 1.7). These charge transfer interactions are easily detected by the unique features in their electronic spectra resulting in colored complexes which can be visualized and followed upon complexation. The synergistic event of supramolecular interactions results in the formation of an assembly with an overall high binding constant of up to 10 14 M -2 . 54,55 This highly stabilized complex can be used in different applications, such as protein conjugates [56][57][58] as well as supramolecular polymers and networks. 54,55,59- 62 Figure 1.7. Top: The chemical structures of CB [8], the auxiliary first electron-deficient guest molecules and the second guest labelled polymer.

Bottom: Schematic illustration of the ternary complex formation. Reprinted with permission from ref. 53 Copyright 2019 American Chemical Society.

Pillar[n]arenes

This more recently developed class of macrocyclic host molecules consisting of 1.4-dialkoxybenzene units linked by methylene bridges, was first reported by the group of Ogoshi in 2008. 63 Ever since, this pillar[n]arene chemistry has been extensively studied for their ability to self-assemble and to form host-guest complexations. Pillar[n]arene is a highly symmetrical cylindrical-shaped molecule composed of 5-15 aligned electron-donating hydroquinone units where the alkoxy groups are gathered at both outer rims of the cylinder as depicted in Figure 1.8 for pillar [5]arene and pillar [6]arene as examples. The most common synthesis route for pillar [n]arenes is the Lewis acid catalysed condensation reaction of hydroquinone monomers with paraformaldehyde (Figure 1.8). By fine-tuning the reaction conditions, a desired cavity size can be selected either kinetically by carefully controlling the reaction temperature and time or thermodynamically by adding specific templates, like cyclohexane and adamantane promoting the synthesis of pillar [6]arene by arranging the 1,4dialkoxybenzene building blocks in a specific confirmation prior to condensation. 64 Besides the cavity Chapter 1 size, pillar [n]arenes can also easily be functionalized via two simple approaches: i) Cocyclooligomerization with two or more differently functionalized dialkoxybenzene monomers resulting in a final pillar [n]arene consisting of different repeating units (Figure 1.8). ii) Post-functionalization of a simple pillar[n]arene mostly performed by dealkyloxylation and oxidation of the alkoxy group present in the rims of the molecule. 65 These chemical alterations have a huge impact on both the host-guest complexation and the chemical properties of the host-molecule including the solubility in different solvents ranging from water to dichloromethane and acetone. [64][65][66][67] Figure 1.8. Top: The schematic synthesis route of homopillararenes (a) and copillararenes (b). Center: Schematic representation of the difference in size for pillar [5]arene and pillar [6]arene. Bottom: Dimensions of pillar [5]arene and pillar [6]arene. *based on the distance between the two oxygen atoms present in the dialkoxybenze units. 65,66,68,69 Reprinted from ref. 70 Copyright 2019 with permission from Elsevier.

The symmetrical architecture of pillar[n]arenes, together with the electron-rich benzene units and the alkoxy rims allows them to encapsulate many different cationic, neutral and, to a lesser extent, anionic organic guest molecules driven by electrostatic, hydrophobic and charge-transfer interactions similarly to cucurbit[n]uril. For example, Ogoshi et al reported that pillar [5]arene can both encapsulate cationic Chapter 1 viologen and pyridinium groups while pillar [6]arene are reported to accommodate larger guest molecules including the ferrocenium cation and adamantane derivatives. 65 Pillar[n]arenes are used in various applications ranging from biology to materials science and environmental sciences, mostly due to their easy preparation and functionalization, allowing their incorporation into larger structures. [71][72][73][74][75][76][77] 1.1.4 Cyclobis(paraquat-p-phenylene) and derivatives A final interesting host molecule that will be discussed here is cyclobis(paraquat-p-phenylene), which is commonly referred to as Blue Box (BB). BB is a tetracationic rectangular shaped molecule consisting of two electron-poor paraquat or dimethyl viologens units linked by para-phenylene spacers. This particular cyclophane host was first reported in 1988 by J. Fraser Stoddart's group reporting the ability to form strong inclusion complexes with electron-rich aromatic guest molecules due to the unique design features of the BB structure. 78 Nowadays a plethora of different tetracationic cyclophanes, containing two electron-poor bipyridinium units have been synthesized capable of interacting with one or two electron-rich aromatic guests depending on the cavity sizes. [79][80][81][82][83] A common method to increase the cavity size of these tetracationic cyclophanes is to incorporate additional phenyl moieties along the cyclic structure with the most prominent examples being cyclobis(paraquat-4,4'-biphenylene) also called big blue box (BBB) and the semi-rigid ExBox comprised of bipyridinium units extended with 1,4phenylene bridges which are illustrated in Figure 1.9. 82,84,85 Figure 1.9. Top: The structures of the BB (left), BBB (middle) and ExBox (right). Bottom: Structural dimensions of BB, BBB and ExBox together with the association constants of their complexes with a TTF or b azulene in CH3CN at 298 K. 80,82,84,85 The number of compatible guest molecules for the BB hosts has expanded since the initial report to include dialkoxybenzene (DB), tetrathiafulvalene (TTF) and 1.5-dialkoxynaphthalene (DNP). The interesting complexation properties can firstly be attributed to the distance between the two paraquat moieties which is ideal to encapsulate an electron-rich aromatic ring structure while maximizing the ππ stacking and the charge transfer (CT) interactions with the two paraquat units. Due to these CT-Chapter 1 interactions, an absorption wavelength characteristic to a specific guest molecule will be present in their UV-VIS spectra resulting in strong colored complexes which can be easily visualized and followed upon complexation. Secondly, the tetracationic character of the cyclophane makes it possible to gain control over the solubility of both the host and the eventual complex by careful selection of the counterions allowing the use of BB in various solvent. For example, the solubility of BB can easily be switched from water to acetonitrile by exchanging the counterions from chloride to hexafluorophosphate. 78,[START_REF] Cheng | Artificial Molecular Motors and Machines: Design Principles and Prototype Systems[END_REF][START_REF] Goodnow | [END_REF][88] A final interesting feature of the BB unit is its ability to manipulate the host-guest interaction via the redox potential of its two bipyridinium units. By using oxidation/reduction reactions, the BB molecule can be switched between its tetracationic, dicationic and neutral form, drastically altering the electronegativity of the host-molecule. These different redox states cause drastic changes in its binding mode, as reducing the electron deficiency of the tetracationic BB form, will result in less affinity towards electron rich quest molecules like DNP, TTF and DB due to the decreasing dominance of the CT interaction between the host and the guest. Instead the dicationic BB selectively forms stronger assemblies with guest like methyl viologen radical cations (MV +• ) with radical pairing interactions being the dominant interaction while the neutral BB encapsulate electron-poor aromatic units like terephthalonitrile via van der Waals interactions (Figure 1.9). 89 Chapter 1 Figure 1.9. Structural and graphical representation of the different redox states of the cyclophane involving (tetracationic) BB (top), dicationic BB (center) and neutral BB (bottom). Depending on the redox state of BB, different supramolecular interactions will be involved in the selective complexation of electron-rich, radical or electron-poor substrates respectively. Reprinted with permission from ref. 89 Copyright 2019 American Chemical Society.

These cyclophane hosts have been widely used for the synthesis of mechanically interlocked molecules, such as rotaxanes and catenanes. [90][91][92][93][94][95][96][97][98] For example, Stoddart et al. reported the synthesis of palindromical [3]rotaxane consisting of both a Napht -and TTF unit which can interact with the threaded BB ring via donor-acceptor interactions. The location of the BB along the rotaxane is electrochemically controlled by the oxidation/reduction of the TTF unit allowing the directional motion of the BB rings between both guest units. Via this alternating switching of the inter-ring distance from 4.2 to 1.4 nm, an artificial molecular machinery was created which mimics the contraction and extension of skeletal muscle (Figure 1.10). 95 Chapter 1

Figure 1.10. The structural illustration of the extended (top) and contracted (bottom) state of the [3]rotaxane. Reprinted with permission from ref. 95 Copyright 2019 American Chemical Society.

Polymers

A Polymer chain is a macromolecule composed of small repeating subunits, called monomers typically consisting of hydrocarbons, and are defined by the international Union of Pure and Applied Chemistry (IUPAC) as: "A molecule of high relative molecular mass, the structure of which essentially comprises the multiple repetition of units derived, actually or conceptually, from molecules of low relative molecular mass called monomers, typically consisting of hydrocarbons besides other hetero-atoms". 99 A large number of natural polymers have already been discovered and many play an important key role in essential biological processes. Proteins for example consist of highly ordered monomers called amino acids, which participate in various metabolic pathways including cell communication, catalysing metabolic reactions and immune responses. Another example is the DNA double helix that consists of polynucleotide chains carrying the genetic information on development, growth, functioning and reproduction of every organism and virus.

Over the past 50 years, the production of synthetic polymers has exponentially grown due to their light weight, cheap production cost and large variation on the eventual properties. Originally, the term "plastics" was used to describe the cheap synthetic polymer materials that were used as alternative material in food packaging, clothes and lightweight transportation vehicles reducing the fuel consumption. However, polymer research in the last few decades has pushed the properties of polymers far beyond simple plastics, resulting in the use of these versatile macromolecules in high added-value, high-end applications in the biomedical fields, clean energy and complex composite materials. 100,101 Chapter 1

The most important parameter that influences the polymer properties is the chemical composition.

Depending on the chemical structure of the used monomer(s), the material can possess different thermal properties and heat/chemical resistance for example. The incorporation of two or more monomers into the polymer chain allows for different polymer compositions including block copolymers, random copolymers and gradient copolymers determined by the arrangement of de comonomers in the polymer chain (Figure 1.9). The selection of the composition depends on multiple parameters such as the used co-monomers, their relative reactivity and their molar ratios in the feedstock. Another parameter that has a profound impact on properties of the polymeric material is the architecture or topology of the polymer chains. This is basically how the monomers will be linked and arranged on a macromolecular level which can range from simple linear polymers to more complexed structures like crosslinked networks and hyperbranched polymers (Figure 1.9). 100,101 Finally, the incorporation of functional groups along the polymer chain, on the side chains or at the end-chains of the polymer structure can have an additional influence on the polymer properties such as its solubility by changing the hydrophobicity of the polymer chain. The functional groups can be introduced on the polymer chain by either the use of monomers containing a desired functional group, via a post polymerization modification reaction or via the use of functional initiators or terminators. 102 Nowadays, a vast range of different polymers can be synthesized for a wide range of different applications. There is a lot of research focused on the fine tuning of polymer materials on a structural and chemical level and, recently, the investigation towards bio-based resources has gained a lot of importance in an attempt to decrease the dependence on the mostly petroleum-based monomers and look for monomers created from renewable sources. 100 Another important parameter which has an enormous influence on the physical properties, including crystallinity, viscosity and the glass transition temperature is the molecular weight of the polymer. This molecular weight, which is defined by the monomer unit and the number of incorporated monomer units, is an average value due to the lack of uniformity in chain length of a polymer material. As a result, polymer materials are described via an average molecular weight, e.g. number averaged (Mn) or mass averaged (Mw), and the dispersity (Đ) which is a measure for the broadness of the molecular weight distribution. The latter value is characterized by the ratio of Mw/Mn and approaches 1 when all the polymer chains have the same length. 103,104 Chapter 1 The second type of polymerization process, called chain-growth polymerizations, involves the repetitive inclusion of monomers to an active site, which can be of radical or ionic nature, on the growing polymer chain re-establishing the active site after every monomer addition. As a result, high molecular weight chains can be formed already at the start of the polymerization as only monomer addition is possible at the reactive end of the polymer chain. 108,109 The mechanism of the step-growth polymerization is characterized by four distinct reactions that happen continuously during the polymerization: initiation, propagation, transfer and termination, which are explained below for a subset of the chain-growth polymerizations, called radical polymerizations (Figure 1.11):

 Initiation: During this step, radicals are introduced into the reaction mixture mostly via thermal decomposition or photolysis of initiator molecules. These formed radicals can then react with a monomer creating a growing polymer chain with an active radical center.

 Propagation: The polymer chain is growing (propagating) during this step by the repetitive addition of monomers to the radical active site of the polymer chain, regeneration the radical center at the chain end after every chemical reaction with a monomer unit. The simplest and mostly used method to produce synthetic high-molecular-weight polymers worldwide is free radical polymerization (FRP) due to its robustness and simplicity allowing the production of a wide range of materials with unique properties. Furthermore, this FRP process is compatible with a lot of different monomers including (metha)acrylates, styrene and (meth)acrylamides. Secondly, it is tolerant to a lot of different functional groups, such as alcohols, acids, amides. Finally, it is easy to implement in different reaction conditions, eg. emulsion-, solutionand bulk polymerizations. However, due to the high reactivity and concentration of radicals, especially at high conversions, very little control over the molecular weight (Mn), molecular weight distribution (Đ) and the architecture of the synthesized polymer chains is possible. To overcome these restrictions a new class called living/controlled polymerizations was invented allowing the synthesis of more tailormade polymers while retaining the versatility of the radical polymerization process. [110][111][112] Chapter 1

Living/controlled polymerizations

Living polymerization was first reported by Szwarc for the anionic polymerization of non-polar vinyl monomers by performing the polymerization under high vacuum to minimize the traces of oxygen and moisture, eliminating termination and transfer reactions. Under these conditions the active site will not be deactivated and therefore the polymer chain will propagate for an unlimited time even if the initial monomer feed is exhausted and will theoretically keep on growing as long as fresh monomer is added into the reaction mixture. 113 This discovery in polymer science made it possible to synthesize tailor-made polymers with predetermined molecular weights, low dispersity and precise control over the chain architecture and end-group functionality. Unlike in anionic and cationic polymerization, where termination through recombination is impossible due to electrostatic repulsion, the active sites of radical polymerization has the propensity to undergo bimolecular recombination and disproportionation reactions making a true "living"-polymerization impossible. However, these irreversible deactivation processes can be limited by keeping the concentration of active radicals low, significantly reducing the contribution of termination reactions during the polymerization, allowing for a "living"-like polymerization called "controlled" radical polymerizations (CRP). From the kinetics of general radical polymerizations listed below, it can be determined that with a low concentration of the propagating species [𝑃 • ] (~10 -7 M) termination will be limited as a result of its second order kinetic dependence on the concentration of active propagating centres without quenching the propagation. 102,114 Equation 1. 3 Propagation

𝑅 𝑝 = 𝑘 𝑝 [𝑀] [𝑃 • ] Equation 1.4 Termination 𝑅 𝑡 = 2𝑘 𝑡 [𝑃 • ] 2
With Rp and Rt, the rates of the propagation -and termination step, respectively. The real-time concentration of the monomer is represented by [M], the concentration of the propagating polymer chain by [𝑃 • ] and the propagation -and termination rate constant by kp and kt, respectively.

Different controlled radical polymerizations have been reported since early 1980, such as nitroxidemediated polymerization (NMP), atom transfer radical polymerization (ATRP) and reversible additionfragmentation chain transfer (RAFT) polymerization. All mechanisms have one common key aspect, namely establishing a dynamic equilibrium between the propagating radicals and dormant nonpropagating species resulting in a low concentration of the propagating species. In NMP and ATRP this equilibrium is achieved by deactivating the propagating polymer chains via the reversible reaction with a stable radical deactivator X, such as a nitroxide for NMP or a halogen for ATRP (Figure 1.12). The reactivation of these dormant species can either be accomplished via heat (NMP) or via the addition Chapter 1 of an appropriate catalyst, such as copper(I) (ATRP), reforming the growing chains and allowing them to react with a number of monomer units before going back to their dormant state. 102,115,116 Figure 1.12. Deactivation/activation process of the growing polymer chain controlled via stable radicals. Reprinted from ref. 102 Copyright 2019, with permission from Elsevier.

In RAFT polymerization, however, this equilibrium is achieved by a degenerative exchange reaction based on the addition of a transfer agent. Here, the transfer agent plays the role of the dormant species and can be transferred between growing chains (Figure 1.13). This CRP technique will also be used in this thesis and will therefore be further explained in the next section. To accomplish high control over molecular weight, topology and dispersity, it is necessary that the CRP processes have a fast initiation rate compared to the rate of propagation as this will allow the simultaneous growth of all polymers and therefore a low dispersity. Furthermore, the equilibrium between dormant and active species should be shifted towards the dormant species ensuring the necessary low concentration of radicals but the exchange should also be very fast compared to the propagation rate to ensure that all active chain termini are equally susceptible to reaction with the monomer and grow evenly. 102,117 To analyze whether the radical polymerization is controlled, both the kinetics of the polymerization and the progression of the molecular weight Mn with conversion should be analyzed. Controlled radical polymerizations follow first order kinetics if both fast initiation compared to propagation rate occurs and a constant number of growing chains are maintained throughout the polymerization by suppressing the termination reactions.

Equation 1.5 The number average molecular weight (Mn) or the degree of polymerization (DP) also should show a linear relationship in function of the monomer conversion in a CRP, assuming fast initiation and the negligible transfer or termination reactions. This can be derived from the following equation:

𝑅 𝑝 = - 𝑑[𝑀] 𝑑𝑡 = 𝑘 𝑃 [𝑃 • ][𝑀]
Equation 1.7 𝐷𝑃 𝑛 = 𝑀 𝑛 𝑀 0 = [𝑀] 0 [𝐼] 0 × 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 Equation 1.8 𝑀 𝑛 = 𝑀 0 [𝑀] 0 [𝐼] 0 × 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛
A shift from this linear trend implies that all the polymer chains are not growing at the same rate indicating that one of the above mentioned requirements for CRP is not fulfilled (Figure 1.14). Finally, the dispersity (Ð), calculated as Mw/Mn, is used as a measure for the control during CRP reaction and indicates the MW distribution of the obtained polymeric species. It is generally considered for CRP that Ð < 1.2 is acceptable, although this value is dependent on the specific polymerization conditions, conversion and CRP-technique. Chapter 1

Reversible addition-fragmentation chain transfer (RAFT) polymerization

RAFT polymerization was first described in 1988 by Moad, Thang and Rizzardo at the Commonwealth Scientific and Industrial Research Organization (CSIRO) in Australia 104 and has mainly been used for the creation of functional and complex polymeric topologies including dendrimers, star-or brush-like polymers and even cross-linked materials. Among the existing CRP techniques, RAFT has some advantages as it is compatible with a lot of different reaction conditions like solvents and is tolerant to unprotected functionalities including OH, COOH and CONR2 groups. 119,120 In the RAFT polymerization process a degenerative exchange process is achieved by using thiocarbonyl compounds (RAFT agents), such as trithiocarbonates, xanthates or dithioesters as a chain transfer agent to regulate the equilibrium between the propagating radicals and the dormant polymer chains.

In this thesis, mostly acrylamide-based monomers will be used for the synthesis of end-functionalized polymers bearing the guest molecules TTF or DNP. To do this, a trithiocarbonate is used as RAFT-agent modified with an activating group (Z) and a homolytic leaving group (R) to control the polymerization, which will be explained using the mechanism in Figure 1.15. After the initiation step with a separate thermal or photo-initiator, the growing oligomeric radical chain (𝑃 𝑚 . ) will react with the reactive carbon center of the C=S bond of the RAFT agent (i), favoring the radical addition to the RAFT agent over the radical initiation with the vinyl moieties present in the monomers. The formed radical intermediate (ii) can subsequently fragment to generate an oligomeric RAFT agent and the homolytic cleaved radical R﮲ (iii). Ideally, this R-group should not only be a better leaving group than the propagating species (𝑃 𝑚 . )

but also possess a higher reaction rate with the monomer (ki) compared to the propagation rate kp to ensure a fast reinitiation step (iii) leading to a second growing polymer chain (𝑃 𝑛 . The discovery of the CRP played an important role in the further development of more complex stimuli responsive materials including hydrogels, micelles and porous membranes. It allowed for the full control over the polymer microstructure on various levels including the identity of the side chains/monomer, the composition of the polymer to allow block-co-polymers and gradient copolymers and finally the topology of the polymer chain to create star and cyclic polymers. This has enabled the design of more controlled smart materials with tailor-made responses through careful alteration of the polymer properties, for instance the hydrophilic/hydrophobic balance in thermoresponsive polymers to fine-tune their transition temperature. [127][128][129][130] A final mechanism to alter the properties of (stimuli-responsive) polymers that has been made available through the use of CRPtechniques is the incorporation of host-guest assemblies into the polymeric chains. The latter involves the incorporation of either the host or guest as polymeric side chain or end-functionality allowing significant changes in the polymer properties upon assembly/disassembly of the host-guest complex.

The reversible, non-covalent interactions involved in the host-guest assembly can influence the molecular interactions and/or the hydrophilic/hydrophobic balance of the polymer microstructure, allowing for the design of more controlled smart materials with tailor-made responses. 1 Indeed, the use of these artificial supramolecular assemblies not only provides an additional level of control over the properties in stimuli-responsive polymers but also allows for the on demand switching as the molecular recognition is governed by subtle external changes in the environment like the presence of a stronger guest or oxidation/reduction reaction to change the charge on the guest/host molecule. For example, rotaxanes and catenanes consisting of redox-active π-electron-rich TTF units encircled by a π-electron-poor tetracationic cyclophanes allows the fabrication of electrochemically induced molecular switching devices which is applicable for information storage and microscale mechanical actuation processes. 93 The most extensively studied smart materials are thermo-responsive polymers Chapter 1 as they can be used in many different applications, especially biomedical applications and their stimulus can be easily controlled and fine-tuned.

Thermo-responsive polymers

Most thermo-responsive polymers exhibit a unique solubility transition in aqueous solutions at a desired temperature. These polymers can be mainly divided into two categories: 1) polymers that exhibit a lower critical solution temperature (LCST) in which the polymer becomes insoluble upon heating and 2) an upper critical solution temperature (UCST) where it becomes insoluble upon cooling. 131 The most studied thermo-responsive polymer exhibiting a LCST behavior is poly(Nisopropylacrylamide) (PNIPAm), especially as its phase transition occurs around the human body temperature making it possible to implement them in various biomedical applications varying from drug delivery systems, tissue engineering to biosensors. 132 At lower temperatures this polymer will be hydrated, forming hydrogen bond interactions with the water molecules. These favorable enthalpic interactions will overcome the entropic loss resulting from the coordinated water molecules surrounding the polymer chain promoting the solubility of the polymer. With rising temperature however, this entropic value will become more important until at a certain temperature, called the cloud point temperature (Tcp), this entropic loss can no longer be compensated by the enthalpic gain of the polymer-water interactions. At this state the hydrophobic polymer-polymer interactions becomes favorable causing the polymer chains to phase separate in high polymer concentration mesoglobules by expelling the coordinated water into the low polymer concentration environment (Figure 1.17). In a second example reported by our group, the LCST behavior of PNIPAm was tuned by the incorporation of hydrophobic naphthalene units, which can form donor-acceptor complexes with BB.

It was noticed that the Tcp of the PNIPAm-co-naphtalene polymer could be altered from approx. 20°C to approx. 32°C upon the addition of stoichiometric amounts of BB. It was found that this PNIPAm-conaphtalene complexed with BB polymeric system showed a large hysteresis in its thermal transition, which could be employed as a thermal sensor with memory function as depicted in Figure 1.19. Heating this system above its Tcp (32°C) leads to the aggregation of the polymer and disruption of the BBnaphthalene (BB-Napht) complex accompanied by the disappearance of the characteristic purple color of the BB-Napht complex. Rehydration of the more hydrophobic non-complexed collapsed PNIPAmco-naphthalene polymer and the subsequent reformation of the BB-Napht complex, is only possible after cooling the system below 20°C. This means that at room temperature the systems still remembers if it was heated above its Tcp, which can be evaluated via a direct visible read-out. 134 These A final example highlights the possibility of using supramolecular interactions to change the selfassembly of the polymer under influence of a certain stimuli. Higher degree of complexity in the polymer architectures can easily be achieved with the use of supramolecular recognition, including the formation of block co-polymers via the synthesis of end-functionalized polymers or the formation of graft co-polymers by modifying the side chains with the molecular recognition units. Mostly these noncovalent interactions will link a hydrophilic and hydrophobic oligomer or polymer chain creating macromolecular supra-amphiphiles which can further assemble into nanostructures ranging from micelles to vesicles and nanotubes. Furthermore, due to the dynamic nature of these interactions, these macromolecular supra-amphiphiles can also display on demand switching regulated by multiple stimuli as highlighted in Figure 1.20. In this example reported by Huang et al., a pillararene-based supra-amphiphilic polypseudorotaxane was synthesized which can undergo thermo-and photo-responsive switching between solid nanospheres and vesicular structures. Therefore, a co-polymer of polystyrene containing 12 mol% azobenzene moieties was prepared which can form host-guest complexes with water-soluble pillar [7]arene (WP7) that was decorated with methoxy-(tri(ethylene glycol) chains. Due to the amphiphilic character of this polypseudorotaxane, the polymer chains will assemble into a vesicular nanostructure in aqueous solutions with a hydrophobic inner layer of styrene-based copolymer (blue) solubilized by the hydrophilic WP7 layers on both sides (red) as seen in Figure 1.20. The tri(ethylene glycol) chains on WP7 exhibit LCST behavior and when heated above their Tcp (> 50 °C), these oligomeric chains can no longer solubilize the hydrophobic WP7 cavities. This means that upon heating the pillararene-based supra-amphiphilic polypseudorotaxane above this Tcp, the dethreading process of WP7 occurs, releasing the hydrophobic styrene-co-azobenzene polymers which will assemble into smaller solid nanospheres. Upon cooling the inverse effect was observed and the original vesicle was reformed. A similar reversible phenomenon was achieved by the irradiation of UV light (365 nm) by switching the conformation of the azobenzene from trans to cis promoting the disruption of the WP7 -azobenzene complex. 144 Nowadays, different macrocyclic host molecules have been used for the creation of such macromolecular supra-amphiphiles including, cyclodextrins [145][146][147][148][149] , pillar[n]arenes 150- Chapter 1

Smart hydrogels

As shown before, supramolecular chemistry, and more particularly host-guest interactions, has profoundly altered the field of polymer chemistry, especially how these interactions can be used to control the properties of complex 3D polymeric networks, such as hydrogels. Hydrogels consisting of hydrophilic polymers can take up and retain large amounts of water within their 3D structure. Upon swelling, their structural integrity can either be maintained via covalent crosslinks, called chemical hydrogels, or via reversible physical junctions including metal ligand coordination or ionic interactions, called physical hydrogels. [159][160][161][162] By incorporating host-guest molecules into the hydrogels, the water uptake can be regulated reversibly via either a sol-gel transition of a physical hydrogel or via an expansion-contraction process of a covalent hydrogel.

Sol-gel transitions can be achieved in hydrogels where the polymeric 3D structure is held together by reversible physical crosslinks. Whereby, the hydrogel formation is driven by the molecular recognition process of the binding motifs incorporated along the polymer chain. These stimuli-responsive supramolecular hydrogels are mostly used in biomedical applications including tissue engineering, biosensors and wound healing. 159,[163][164][165][166][167] In Figure 1 In the second class, host-guest assemblies can be used to control the water uptake of covalent hydrogels while leaving the structural integrity unchanged, e.g. contraction or expansion of the hydrogel, by responding to subtle environmental changes. These chemical hydrogels mediated by host-guest chemistry are mostly applicable in shape memory engineering, artificial muscle formation, creation of actuators and in drug delivery systems. 164,165,169 An example of such a drug delivery hydrogel system is shown in Figure 1.22. Wuang et al. reported the synthesis of a polymeric network functionalized with ferrocene moieties which upon complexation with water-soluble carboxylic acid functionalized pillar [6]arene (WP6) can drastically promote its swelling ratio through increased hydrophilicity and the electrostatic repulsion between the polymer chains due to the negatively charged carboxylates of the now embedded WP6. The reversibility of the host-guest interaction allows for the expansion and contraction of the WP6-ferrocene mediated hydrogel which can be controlled via many stimuli such as temperature, pH, redox potential and by the addition of competitive guest molecules. It was demonstrated that this system can be used for controlled release of a pre-absorbed drug through minor variations in the environmental pH. This stimulus can regulate the disassembly of the WP6-ferrocene complex leading to the shrinkage of the hydrogel and expulsion of the preabsorbed drug through contraction of the hydrogel matrix (Figure 1.22). 170

Chapter 1 Reprinted with permission from ref. 170 Copyright 2019 American Chemical Society.

Another feature that these host-guest assemblies can implement into a hydrogel is their ability to both enhance the mechanical strength or toughness and also the stretchability of the gel by forming a double-network where the host-guest complexes can act as energy dissipation components. 171 Via this approach, Scherman and coworkers were able to create a polymeric network that could be stretched 100 x its initial length and can lift objects of 2000 x their weight by implementing dynamic CB [8] mediated host-guest assemblies into a chemically crosslinked polyacrylamide hydrogel. 172 Different smart hydrogels have already been developed with a wide variety of tailor-made responses depending on the used host molecule, including cyclodextrins [173][174][175][176][177] , curcurbit[n]urils 51,172,[178][179][180][181][182] and pilar[n]arenes [183][184][185][186][187] showing diverse dynamic properties and bindings strengths. In this thesis we will focuss on thermoresponsive, chemically-crosslinked materials in which the volume changes are modulated by the association and dissociation of host-guest complexes.

Thermo-responsive hydrogels mediated via host-guest chemistry

In the remainder of this chapter a selection of interesting examples of thermo-responsive hydrogels based on host-guest chemistry will be discussed. The remarkable responses that these materials show towards changes in temperature can be used in different fields ranging from biomedicine to smart advanced materials such as self-healing materials and shape-memory materials.

A first example will focus on the use of host-guest chemistry for the modulation of macroscopic assemblies composed of hydrogels. Harada et al. used radical polymerization to synthesize Chapter 1 polyacrylamide hydrogels containing 15 mol% benzyl moieties (Bz-gel) which can interact and adhere to hydrogels functionalized either with α-CD, β-CD or γ-CD as depicted in Figure 1.23. Depending on the environmental temperature, different macroscopic self-assemblies were formed in which the strength of adhesion of the CD-gels to the Bz-gel is increasing in the order of γ-CD-gel < α-CD-gel < β-CD-gel which is in line with the strength of the Ka values of their respective complex. The temperature sensitive macroscopic self-assembly is shown in Figure 1.23 where each gel was stained with a color, namely the γ-CD-gel (green), α-CD-gel (blue), β-CD-gel (red) and Bz-gel (yellow), for better visualization of the formed macroscopic assemblies. It can be noticed that at lower temperatures all the CDhydrogel pieces are participating in the macromolecular assembly (α-CD, β-CD or γ-CD). The dissociation of the green colored γ-CD-gels and the blue colored α-CD-gels from the macromolecular assembly occurs when the temperature was increased to respectively 15 °C and 23 °C. This indicates that at room temperature the interactions between the Bz-gel and the respective γ-CD and α-CD are too weak favoring the dissociation of this host-guest complex. Finally, the remaining gel assembly of Bz-gel and β-CD-gel will eventually dissociate at 90°C. This high dissociation temperature is not only indicative for the high Ka of the Bz-CD complexes, but also for the synergetic event that multiple hostguest assemblies are formed at the interface of both gels. Upon cooling the reverse effect is established and the macroscopic assemblies can stepwise be reformed. The different host hydrogels were stained with dyes to better visualize the temperature dependent supramolecular assemblies. Adapted with permission from ref. 188 Copyright 2019 American Chemical Society.

In a second example, Wang et al. reported a smart window that is able to autonomously change color, allowing to e.g. control the input of solar panels and, or so they claim, boost the emotions of the inhabitants by regulating the color of the window (Figure 1.24). This was realized by using pillar [6]arene modified with multiple triethylene glycol groups (EGP6), which exhibits LCST behavior.

EGP6 is able to from inclusion complexes with ferrocene groups embedded in a polyacrylamide based polymer network masking the hydrophobic character of the ferrocene units (Fc) and resulting in an induced swelling upon complexation. The higher water absorption of the EGP6-Fc-gel enhances the transparency of the Fc-gel, which is necessary for the smart window application. This transmittance of light can be drastically altered by increasing the temperature above the Tcp of EGP6 which disrupts the EGP6-Fc complex followed by the formation of insoluble EGP6 aggregates in the water entrapped within the hydrogel. By lowering the temperature from 40°C to 25°C the now opaque EGP6.Fc-gel turns back to its originally transparent state as the EGP6 re-dissolves and subsequently assembles back with Chapter 1 the embedded ferrocene moieties. An additional feature of these incorporated ferrocene moieties is that via oxidation to the ferrocenium cation, the smart window can change from a warm tone color (yellow) to a cool tone color (green) and vice versa making the homes of the inhabitants more comfortable by improving their feelings and emotions, as claimed by the authors. 189 Finally our group demonstrated that BB-complexes are also good candidates to thermally control the expansion or contraction of chemically crosslinked hydrogels. In this example the exchange of BB between a non thermoresponsive poly(N,N-dimethylacrylamide) hydrogel functionalized with DNP guest units (NaphtGel) and a LCST-sensitive PNIPAm polymer end-functionalized with TTF moieties (TTF-PNIPAm) allows to indirectly control the water uptake of the hydrogel (Figure 1.25).

Owing to the higher binding affinity of TTF towards BB compared to DNP, at lower temperatures (8°C) the solution of this three component system will color green which is characteristic for the formation of the TTF-BB complexes. This means that at lower temperatures the BB will selectively form pseudorotaxanes with the TTF-PNIPAm present in the system. Upon heating, the TTF-PNIPAm polymers will collapse into insoluble aggregates as a result of their LCST behavior, dethreading the BB and leading to the disappearance of the green color. The free BB can subsequently penetrate the NaphtGel to form donor-acceptor complexes with the embedded DNP moieties which is accompanied with the color change of the hydrogel from yellowish to the characteristic purple color of the DNP-BB complex. Beside the color change also an expansion of the hydrogels is noticeable as upon complexation the electrostatic contribution of the ionic BB molecules and their counterions results in Chapter 1

an increased water uptake of the NaphtGel.BB hydrogel. Cooling the system back to 8 °C will allow the resolubilization of the TTF-PNIPAm, forcing the BB out of the hydrogel to form the stronger TTF-BB complex. This transfer can be visually detected by both the contraction of the NaphtGel and the color change of the NaphtGel and aqueous solution to yellow and green, respectively. In conclusion, this three component system can induce a less reported positive thermoresponsive behavior in which the hydrogel undergoes strong swelling upon mild heating. 190 colored complexes. These are mainly established by charge transfer interactions with the pyridinium moiety of the host molecules making it possible to easily detect and follow the complexation, but can also be used as a direct visual output in sensing applications. By careful selection of the guest molecule, the resulting 1:1 BB-guest complex can be controlled by many different stimuli including pH, redox potential and the concentration of competitive guest. In addition, the reversible formation of the 1:2 BBB-guest complexes allows them to be used as structural component of multi-responsive polymeric materials. Furthermore, the solubility of these macrocyclic host molecules can be easily controlled by changing the counter ions, allowing their use in different solvents including acetonitrile and water.

Finally, the ionic character of BBB and BB will have a major influence on the hydrophilicity of the polymer systems upon complexation and can induce an increased uptake of water of the hydrogels functionalized with compatible guest molecules. These advantages make BB and BBB ideal candidates for novel aqueous-based smart sensor materials.

The goal of this thesis is therefore to characterize the association behavior of BBB with common guest molecules in water and highlight the applicability of the cylcophanes in smart materials by combining BB with a thermoresponsive hydrogel. By incorporating the guest molecules into the hydrogel, the subsequent complexation with BB will allow the control over the hydrophilicity of the hydrogel and therefore the swelling behavior. The decomplexation rate can thereby be controlled by either the stimuli-responsivity of the host-guest complex or by the temperature-induced contraction of the hydrogel. This has led to the first generation of reported polymeric sensors that contains a timememory towards heating. Finally, an alternative pathway for the fabrication of smart materials by the incorporation of guest and/or host moieties on the material surface using a radical approach, expands the range of substrates including also conventional, high-volume plastics such as polyethylene and polypropylene.

Chapter 2. Complexation of cyclobis(paraquat-4,4'biphenylene) (BBB) in water

Abstract

The macrocylic host molecule cyclobis(paraquat-4,4'-biphenylene), also referred to as 'big blue box' (BBB) was here for the first time characterized in aqueous media. BBB is able to form strong and colorful 2:1 complexes with different electron-rich guest molecules, including dihydroxynaphthalene (Napht) and tetrathiafulvalene (TTF). As BBB can be highly soluble in water depending on the counter ions, its host-guest complexation in aqueous solution opens up a variety of new applications, including materials with a high water content like hydrogels. To enhance the aqueous solubility of the hydrophobic, electron-rich guest molecules TTF and Napht, as required for complexation with BBB in water, reversible addition-fragmentation chain transfer (RAFT) 

polymerization

Introduction

Supramolecular chemistry studies the assembly of molecular systems based on weak but reversible non-covalent interactions, such as metal coordination, hydrogen bonding, π-π stacking, hydrophobic association and van der Waals forces between two or more building blocks. [1][2][3][4][5] An important category of supramolecular chemistry is the formation of inclusion complexes consisting of a macrocyclic host molecule that interacts in a highly controlled and cooperative manner with one or more smaller entities called guest molecules, via both non-covalent interactions and specific three-dimensional spatial arrangements. The integration of these supramolecular assemblies into conventional polymer chemistry has emerged as a powerful tool for the fabrication of smart polymeric materials due to their dynamic, reversible and adaptive nature towards external stimuli. [6][7][8][9][10] Furthermore, this strategy of incorporating interchangeable host-guest complexes into a polymer matrix also enables the straightforward fabrication of smart materials with unique responses by allowing the introduction of multiple guest molecules. Currently, pillar[n]arenes, cyclodextrins, cucurbit[n]urils and crown ethers are the most commonly used macrocyclic host molecules to develop smart materials with the ability to respond to changes in temperature, pH, light, solvent, redox potential and the presence of competing molecules/ions. [11][12][13][14][15][16][17][18] The stimuli-responsive character of these supramolecular materials can be a combination of both the polymeric scaffold through the use of a stimuli-responsive polymer matrix and/or the host-guest binding motifs. 9,[19][20][21][22][23] An interesting example of a material incorporating stimuli-responsive behavior resulting from hostguest interactions has been reported by Kim et al. who utilized the high-affinity host-guest assembly to achieve strong and reversible underwater adhesion of two substrates. 24 In this approach, the silicon surfaces were functionalized either with the host molecule CB [7] or with the complementary guest molecule amminomethylferrocene to form a supramolecular velcro as shown in Figure 2.1. It was reported that both surfaces could easily be glued together in aqueous solutions without the addition of any curing agents. These material are also highly responsive to oxidative stress due to the redoxsensitive nature of the ferrocene guest molecule allowing for the reversal of the adhesion process and the reuse of the separated materials. and CB [7]-based silicon substrates. This adhesion process was controlled by the redox-responsive behavior of the Fc:CB [7] complex.

Reprinted from ref. 24 Copyright 2019 John Wiley and Sons. deficient viologen groups that are ideally separated to strongly interact simultaneously with two planar electron-rich aromatic guest molecules. [26][27][28] The formed complexes are well known for their redoxsensitivity and strong color depending on the used guest molecules. 29,30 These features would allow for highly adaptable and sophisticated smart materials with an inherent visual output signal. To date, the complexation of BBB with electron rich guest molecules including tetrathiafulvalene (TTF) and dihydroxynaphthalene (Napht) has been thoroughly studied in polar organic solutions for the synthesis of mechanically interlocked molecules (MIM) such as rotaxanes and cantenanes and artificial molecular machines (AMM) and molecular devices, including switches, pumps and muscles. 28,[30][31][32] The state-of-the-art regarding the host-guest complexation of BBB uses organic solvents to investigate the reversible assembly and to fabricate the responsive materials due to their low boiling point and the mainly hydrophobic guest molecules. However, the tetracationic character of the cyclophane makes it possible to gain control over the solubility of both the host and its inclusion complexes by careful selection of the counterions allowing the use of BBB in various solvent, including water. Currently, no studies have been reported that describe the complexation behavior of BBB in aqueous solution. This could however open up the potential use of these responsive ternary complexes for the synthesis of supramolecular polymers and higher polymeric structures in water which are not possible with the smaller conventional BB. For example, as BBB can form strong 1:2 inclusion complexes with planar electron-rich aromatic guest molecules, this highly water soluble host may be used for the creation of physical hydrogels possessing interesting features like self-healability and shape memory function but also for the synthesis of smart supramolecular nanostructures which can be used for sensor systems as colored complexes are formed. Furthermore, the reversible formation of the BBB-guest complexation can be controlled using many different stimuli including pH, redox potential, competitive guest, depending on the used guest molecule allowing them to be used for the creation of multiresponsive polymeric materials. Additionally, the ionic character of BBB can be used to mask the hydrophobic nature of most compatible guest molecules upon complexation, resulting in an increased solubility of these molecules in aqueous solution. Finally, this cyclophane box like structure can form multi-sensitive, colored complexes with different guest molecules including naphthalene (Napht), tetrathiafulvalene (TTF) and hydroquinone making them the perfect candidates for sensor applications as the unambiguous output signal is immediately visible to the naked eye.

In this chapter the complex properties of BBB in aqueous media are investigated to further broaden the scope of this host molecule and its potential use in the fabrication of stimuli-responsive polymeric structures in water. In a first step, the complex formation of the BBB host molecule with electron-rich guest molecules including Napht and TTF was investigated in aqueous solution. Therefore, the solubility of these hydrophobic guest molecules was increased by incorporating these moieties as αchain-end on a short, water-soluble poly(N,N-dimethylacrylamide) (PDMAc) through RAFT polymerization. The formation and association constant of the formed, colored donor-acceptor complexes between BBB and these water soluble polymeric guest molecules were investigated using NMR spectroscopy, UV-VIS spectroscopy and isothermal titration calorimetry (ITC). Finally, the temperature responsive behavior of the Napht-BBB complex in aqueous solution was highlighted as potential visual output signal.

2 Results and discussion

Synthesis of the building blocks

This chapter will start with a detailed description of the synthesis of BBB and the Napht-and TTF endfunctionalized PDMAc polymers.

Synthesis of BBB

The first part of this chapter focusses on the synthesis of the host molecule BBB, which was based on the method reported by Venturi, M. et al. 33 In this two-step procedure, a disalt precursor was first prepared via the SN2-substitution reaction of two 4,4'-bipyridine" with 4,4'-bis(bromomethyl)biphenyl followed by the subsequent cyclization reaction of this precursor with another 4,4'bis(bromomethyl)biphenyl molecule as shown in Figure 2.3. To increase the yield of the second ring closure reaction significantly, a ferrocene template modified with glycol units was prepared and added to the reaction mixture. The electron-rich cyclopentadienyl rings can form π-π donor-acceptor interactions with the electron-deficient bipyridinium units of the forming BBB. By using glycol ferrocene as a template during the synthesis, the disalt and the 4,4'-bis(bromomethyl)biphenyl can be pre-organized in a box-like structure favoring the cyclisation reaction over the oligomerization, which increased the yield from 2% up to 32%. 26,33,34 The pure product was then obtained as a greenish solid through silica column chromatography with DMF/MeOH/2M NH4 + Cl -5/3/2 as eluent. In a final step, the counterions of this macrocyclic host molecule were exchanged from PF6 -to chlorine ions to enhance its solubility in aqueous media. The structure of this macrocyclic host molecule was confirmed via 1 H-NMR spectroscopy as displayed in Figure 2.4. 

Synthesis of Napt-PDMAc

Owing to the poor water solubility of the guest molecules TTF and Napht, hydrophilic PDMAc polymers bearing an TTF or Napht moiety as end group were synthesized in order to properly investigate the complexation of these guest molecules with BBB in water. This was done via RAFT-polymerization as this CRP technique provides good end-group fidelity, high control over both the molecular weight (Mn) and molar mass dispersity (Đ) and it is rather straightforward to modify the CTA-agent prior to polymerization, which is required for the creation of well-defined end-functionalized TTF and Napht-PDMAc polymers. In this work, we aimed for low molecular weight (DP = 45) of Napht-and TTF endfunctionalized polymers, in order to study the interaction of the electron rich guest molecules with the BBB in aqueous solutions without the interference of the hydrophilic polymer chain.

To create the low molecular weight Napht end-functionalized PDMAc polymers, a naphthalene bearing CTA-agent (Napht-CTA) was prepared starting from the commercially available 1.5dihydroxynaphthalene which was firstly modified with two glycol linkers on both alcohol groups. These incorporated glycol linkers on the Napht unit will probably provide further stability to the interaction with the BBB host molecule via an additional hydrogen bond with the acidic alfa-protons of the host molecule, as reported for the smaller cyclophane blue box. 34 Subsequently, one alcohol group on the glycol chains was asymmetrically modified through methylation using methyl iodide to yield 2- dissociation of the initiator at 60 °C. [37][38][39][40] In addition, it should be mentioned that these reported molecular weights are relative as they were determined using SEC against PMMA standards. Therefore, 

Synthesis of TTF-PDMAc

A similar modification strategy was followed for the synthesis of well-defined TTF end-functionalized PDMAc polymers. First, a TTF decorated CTA-agent (TTF-CTA) was prepared by following a synthesis route reported by our group describing the Steglich esterification of 2hydroxymethyltetrathiafulvalene and 2-(1-isobutyl)sulfanylthiocarbonylsulfanyl-2-methylpropionic acid. 41,42 The hydroxymethyltetrathiafulvalene was prepared starting from TTF which was first monofunctionalized with an aldehyde group via a nucleophilic acyl substitution reaction with Nmethylformanilide followed by its reduction to an alcohol with sodium borohydride (Figure 2.9). proving minimal occurrence of any termination reactions. In comparison to the Napht-CTA, no inhibition period was observed as the reaction was performed at a higher temperature, indicating that enough radicals are formed during the first initiation step to immediately start the polymerization. In addition, a linear trend is also visible when the evolution of the Mn was plotted in function of the conversion, indicating a constant concentration of reactive polymer chains. Again, it should be mentioned that these molecular weights are relative and determined using SEC against PMMA standards. Therefore, the calculated theoretical Mn values are significantly different. In contrast to the results obtained for the Napht-PDMAc, it is noticed that the Mn values for the TTF-functionalized polymers are lower than the theorectical Mn values. This lower increase in molecular weight can be ascribed to the TTF moiety which will interfere with the radical CRP as it can be easily oxidized to its radical cation and dicationic states. 43,44 Similarly to the Napht-PDMAc, the obtained kinetics were used to synthesize a polymer with a DP of 45 by terminating the polymerization after 40% conversion by cooling down the polymerization. The polymer was purified by precipitation in diethylether and was Chapter 2

The continuous variation method (Job plot)

As explained during the introduction, the size and shape of BBB allows to accommodate two planar electron-rich guest molecules inside the cavity. This 2:1 stoichiometry of BBB was investigated for both the Napht-and TTF-PDMAc polymers in water using the continuous variation approach or Job plots.

These plots were prepared on the change of the NMR shift of the BBB peaks upon complexation with one of the guest molecules. The Job plot is a popular method to determine the stoichiometry of a hostguest complex by plotting the concentration of the host-guest complex, measured via a physical property change, against the molar fraction of a building block. This leads to a parabolic curve that reaches a maximum when [H]0 : [G]0 is equal to stoichiometry of the host-guest assembly, in this case expected to be 1 : 2. In this work, the total concentration of the host-guest solution was kept constant at 2 mM, while the molar fractions of the building blocks were altered between 0:1 and 1:0. The 

Complexation studies via diffusion-ordered NMR spectroscopy

The complex formation was furthermore confirmed via diffusion-ordered NMR spectroscopy (DOSY)

which can be used to investigate the association and complexation behavior of the corresponding building blocks by measuring the diffusion coefficients via the Brownian motion. It was postulated that a change in diffusion coefficient would result from the complexation of TTF-PDMAc and Napht-PDMAc with BBB as the host-guest assembly has a different molar mass, especially if a ternary complex is formed, compared to its constituents for which the diffusion coefficients were measured to be 4.078

x 10 -6 cm²/s and 2.163 x 10 -6 cm²/s for BBB and Napht-PDMAc, respectively (Figure 2.17). Upon the addition of 1 eq of Napht-PDMAc to the BBB solution, it was noticed that the diffusion coefficient (2.176 x 10 -6 cm²/s) of the measured species was now almost identical as for the Napht-PDMAc.

This indicates that the BBB is associated with the polymer and is now moving with the same speed through the solution as the polymer presumably as a 1:1 pseudorotaxane complex. A further decrease of the diffusion coefficient to 1.742 x 10 -6 cm²/s was noticed upon addition of 2 eq of Napht-PDMAc to the BBB solution, ascribed to the formation of the larger 1:2 complex of BBB with Napht-PDMAc. These results were further confirmed by comparing the hydrodynamic radius of these species calculated from the Stokes-Einstein equation:

Equation 2.1: 𝐷 = 𝑘 𝐵 𝑇 6𝜋𝜂𝑅 𝐻
where kB is the Boltzmann constant, T the absolute temperature, η the viscosity of the solution and RH the hydrodynamic radius of the solute. 47 As observed for the diffusion constant, upon the addition of 1 eq of Napht-PDMAc to BBB the hydrodynamic radius increases from 6.0 Å to 11.3 Å showing that the formed species have the same hydrodynamic radius as the Napht-PDMAc polymer chains (11.3 Å) and thus confirming the formation of the pseudorotaxanes. Even though, upon the addition of 2 eq of Napht-PDMAc, the hydrodynamic radius of the formed species (14.1 Å) is only slightly higher than the RH of the 1:1 complex (11.3 Å) this still proves that higher structures, presumably 1:2 complex, are formed. This small difference in RH indicates that an average diffusion constant is presumably measured of the non-complexed molecules, the 1:1 complexes and the 1:2 complexes as a fast exchange was already noticed in the previous 1 H-NMR spectroscopy studies. The same DOSY experiments were undertaken to confirm the complex formation between the TTF-PDMAc and BBB. The reference measurements revealed a similarly lower diffusion coefficient (2.008

Sample

x 10 -6 cm²/s) with higher RH value (12.3 Å) for the TTF-PDMAc polymer, then for the BBB (D = 4.078 x 10 -6 cm²/s and RH = 6.0 Å) (Figure 2.18, a and b, and Table 3.2.). For the 1:1 TTF-PDMAc-BBB complex it was noticed that the protons corresponding to BBB moved to a lower diffusion coefficient (2.628 x 10 -6 cm²/s) with higher hydrodynamic radius (11.9 Å) almost equal to the TTF bearing polymer (Figure 2.18, c and Table 3.2.). In addition, no cross-peaks were observed for the free BBB confirming the existence of the 1:1 assembly between both components. The same trend was visible upon the addition of 2 eq. of TTF-PDMAc, in which a further decrease of the diffusion coefficient is observed (1.846 x 10 -6 cm²/s) and a higher hydrodynamic radius of 13.3 Å as shown in Figure 2.18, d and Table 3.2, respectively. Again further increase of the RH presumably indicates that an average diffusion coefficient is measured due to the fast exchange of the formed BBB-TTF complexes. 

Complexation titrations via UV-VIS spectroscopy

After the first NMR spectroscopy results indicated that indeed 1:2 complexes can be formed in aqueous media, the strength and the nature of the complex was further investigated using UV-VIS spectroscopy. Here, the intensity of the absorption band of the complex was monitored while either host or the guest molecules are gradually added to an aqueous solution of the other building block.

UV-VIS titrations of BBB and Napht-PDMAc

During the first titration, a concentrated aqueous solution of BBB was added in steps of 0.1 eq to a dilute aqueous solution of Napht-PDMAc (Figure 2.19). Diluted Napht-PDMAc was also added to the concentrated BBB stock solution prior to titration to maintain a constant concentration of guests in the measured solution. Upon titration of the BBB to the Napht-PDMAc solution, the appearance of the characteristic purple color clearly indicated the formation of the complex as can be seen in Figure 2.19.

The complexation can be monitored in the UV-VIS spectrum through the increase of the absorbance of the charge transfer (CT)-band at 550 nm. This absorbance peak becomes immediately visible upon addition of small aliquots of the BBB stock solution ascribed to the formation of 1:2-complexes as a large excess of Napht-PDMAc is present in the solution. Unfortunately, the main peak of BBB at 450-500 nm is much more intense than the formed CT-band and, therefore, it partially obscures the increase of the charge transfer absorbance peak upon further addition of BBB stock solution. When even more BBB is added to the solution, the amount of free BBB dominates the UV-VIS spectrum making the accurate quantification of the CT-band very difficult. Unfortunately, this interference prevents the calculation of the association constant through the monitoring of the absorbance increase of the CT-band.

ascribed to the possible shift in equilibrium from a 1:1 complex to a 1:2 complex as more Naphtderivatives are present in the solution forcing the equilibrium towards the 1:2 complexation. After that, the maximum of the CT-band remains constant at 550 nm and further addition of Napht-PDMAc will only cause an increment in the intensity of the absorbance band due to the formation of more 1:2 complexes. This observation that the 1:2 complex is already formed upon the addition of less than 1 eq of Napht-PDMAc could indicate the appearance of a strong cooperativity for the formation of the 1:2 complex. Surprisingly, the intensity of the complex bond is still rising with the addition of more than 2 eq Napht-PDMAc, which can be ascribed by the interference of the absorbance band of free Napht-PDMAc ( 250 nm -350 nm) and/or a possible additional interaction of Napht-PDMAc with the viologen groups on the outside of the box like host molecule. 

UV-VIS titrations of BBB and TTF-PDMAc

The same UV-VIS titration experiments were performed for TTF-PDMAc, to investigate its interaction with BBB by first performing a titration where a concentrated aqueous solution of BBB was added in steps of 0.1 eq to a dilute aqueous solution of TTF-PDMAc. Similarly to Napht-PDMAc, upon complexation the characteristic green color was immediately visible confirming the formation of the complex between the BBB and the TTF-derivative (Figure 2.21). In contrast to Napht-PDMAc, only a minor overlap with the free absorbance is noticed upon the addition of more than 1 equivalent of BBB as the CT-band of the complex is now located at a higher wavelength, namely at approximately 900 nm (Figure 2.21). This CT band is immediately visible upon the addition of aliquots of BBB and is increasing in intensity as more BBB is titrated into the solution. After the addition of 1 equivalent of BBB, the intensity of the CT-band of the complex remains constant as the added BBB can no longer form new complexes with TTF-PDMAc. Moreover, the presence of the free BBB is then visible by the Chapter 2 absorbance of a new peak in the region of 600 nm which partially overlaps with the CT-band of the complex. A red shift of the complex absorbance peak from 908 nm to 879nm was noticed upon the addition of more than 1 eq of BBB, which indicates that the equilibrium with an excess of BBB transfers from the initial formed 1:2 complex to the 1:1 complex. Chapter 2

The adverse effect is noticed when TTF-PDMAc is gradually added to a stock solution of BBB. Here, the gradual blue shift of the CT-band of the complex is observed from approximately 850 nm to approximately 909 nm when more than 1eq of TTF-PDMAc is added to an aqueous BBB solution, as highlighted in Figure 2.22. Similarly to Napht-PDMAc, this could also indicate that for TTF-PDMAc the equilibrium shift from the 1:1 complex to the 1:2 complex, is accompanied by a cooperative effect towards the formation of the ternary complex. However, the shift towards the formation of the ternary complex for TTF-PDMAc is less steep than the one for Napht-PDMAc (Figure 2.22, right) indicating that the 1:2 complex of Napht-PDMAc is more promptly formed compared to TTF-PDMAc displaying a possible higher cooperativity for the Napht-PDMAc-BBB complex. Normally, by plotting the difference in absorbance in function of the concentration of the gradually added building partner the value of the Ka can be estimated by fitting equation 2.3:

Equation 2.3: ∆𝐴 = 𝜀 𝐻𝐺 [𝐻] 0 𝐾 1 [𝐺]+ 𝜀 𝐻𝐺2 [𝐻] 0 𝐾 1 𝐾 2 [𝐺] 2 1+ 𝐾 1 [𝐺]+ 𝐾 1 𝐾 2 [𝐺] 2
With K1 the association constant of the 1:

1 complex (𝐾 1 = [𝐻𝐺] [𝐻][𝐺]
) and K2 the association constant of the 1:

2 complex (𝐾 2 = [𝐻𝐺 2 ] [𝐻][𝐻𝐺]
), εHG and εHG2 the absorbance coefficient of the 1:1 complex and the 1:2 complex respectively, [H]0 the initial concentration of the host molecule and [G] the concentration of added guest molecule. 48 However, for our complexes the association constant cannot be calculated accurately from these UV-VIS titrations due to the interference of the absorbance of the building blocks together with the overlap of the CT-bands of the formed 1:1 and 1:2 complexes. To determine the association constant of the complex, isothermal titration calorimetry (ITC) measurements were performed and are discussed in the next paragraph.

Isothermal titration calorimetry (ITC) results

The association constants were investigated using isothermal titration calorimetry (ITC). In this method the interactions between two building blocks is measured by monitoring either the absorbed or released heat upon the formation of the complex, circumventing the interference problems with UV-VIS spectroscopy. ITC experiments are performed by adding gradually either the guest or the host molecule to a sample cell containing an aqueous or organic solution of the complementary building block and connecting this sample cell with a reference cell in an adiabatic circuit to carefully measure the heat changes. Afterwards these heat changes are plotted in function of the molar ratio of the added building block during the titration, providing a binding isotherm from which the association constant (Ka), the stoichiometry (n) and the binding enthalpy (ΔH) can be derived.

During these experiments the host molecule BBB was titrated into the sample cell containing an aqueous solution of the guest-derivative. The reverse titration, where the guest is titrated to the host, is not possible due to the exothermic dilution process of the concentrated PDMAc solutions, which interferes with the exothermic response of the complex formation.

The ITC binding isotherm derived from the addition of a concentrated BBB solution to a dilute aqueous solution of Napht-PDMAc showed exothermic responses indicating the formation of the host-guest complex. To our surprises the binding isotherm could only be fitted to the 1:1 binding model, revealing a Ka of 1.1 x 10 4 M -1 with a stoichiometry (n) of 0.62 (Figure 2.23). The best fit of the 1:1 model may be ascribed to the fact that when aliquots of BBB are added to an excess of Napht-PDMAc polymers, the 1:2 complex will preferably be formed in a one-step process. In addition, the stoichiometry of the complex lays in between the one for a 1:1 complex (n = 1) and for a 1:2 complex (n = 0.5), which could indicate that a mixture of both complexes is present during the titration which supports the conclusion drawn from the results of the UV-VIS titration. The same ITC experiment was performed using TTF-PDMAc and the fitting of the ITC isotherm revealed that a complex was formed with a stoichiometry of 0.71 and Ka of 2.7 x 10 4 M -1 (Figure 2.24). The binding affinity of TTF-PDMAc towards BBB is approximately 2.5 times higher than the one of Napht-PDMAc, indicating that the TTF-derivative interacts stronger with BBB presumably due to the stronger π-electron donor character of TTF compared to the Napht unit, which is also observed for the smaller tetracationic cyclophane BB. 49 Similarly to the Napht-PDMAc, the stoichiometry of the BBB -TTF-PDMAc (n = 0.71) complex lays in between the 1:1 and 1:2 complex indicating that a mixture of both complexes is presumably present during titration supporting the UV-VIS data. However, this value leans more towards the stoichiometry of a 1:1 complex (n = 1.0), which could indicate that the difference in Ka for the 1:1 complex and the Ka of the 1:2 complex of the TTF-PDMAc with BBB is much smaller compared to the complex of BBB with Napht-PDMAc. This is in agreement with the observations from the UV-VIS titrations that showed a lower cooperativity for the formation of the BBB -TTF-PDMAc complex. and TTF-PDMAc with BBB (Ka = 2.7 x 10 4 M -1 ), means that the host-guest equilibrium favors the associated state and is correlated with a negative change in Gibbs free energy, resulting in the formation of spontaneous assemblies as shown in previous sections. Due to the temperature dependence of this thermodynamic potential, the chemical equilibrium of the host-guest complex was hypothesized to depend on the surrounding temperature. In this last section, the temperature responsivity of the BBB -Napht-PDMAc complex in aqueous solution, selected based on its lower Ka compared to the TTF-PDMAc complex, was quickly, due to lack of time, investigated by heating a NMR sample of the complex in D2O. Upon heating to 100°C, the decomplexation of the Napht-PDMAc and BBB assembly was immediately visible due to the disappearance of the characteristic purple color as displayed in Figure 2.25. This process is completely reversible as the complexation was spontaneously restored upon cooling the solution back to 5°C as shown by the characteristics purple color of the solution. Further investigations towards this thermo-responsivity should be done in the future. 

Conclusions and outlook

In summary, we have explored the ability of the macrocyclic host molecule BBB to form strong inclusion complexes with different electron-rich guest molecules in aqueous media, which can play a significant role in the formation of the next-generation stimuli-responsive materials ranging from hydrogels to micelles and (multilayer) films. In a first step, the electron-rich guest molecules, Napht and TTF, were successfully functionalized with a CTA-agent group allowing the controlled synthesis of water-soluble, end-functionalized PDMAc polymers bearing either a TTF -or Napht moiety using RAFTpolymerization. The ability of these polymers to form supramolecular complexes with BBB was afterwards investigated using UV-VIS spectroscopy, NMR spectroscopy and ITC measurements revealing that colored 1:2 complexes are formed with a high association constant of 1.1 x 10 4 M -1 and 2.7 x 10 4 M -1 for Napht-PDMAc and TTF-PDMAc respectively. During the UV-VIS titration of both complexes a shift in the CT-band was observed, which can presumably be ascribed to the transfer of the 1:1 complex into the 1:2 complex and vice versa. These shifts were already noticed before 1 eq of Napht-PDMAc or TTF-PDMAc was added to the concentrated BBB solution favoring the formation of the 1:2 complex over the 1:1 complex. This cooperativity effect was more pronounced for the Napht-PDMAc complex than for the TTF-PDMAc complexes.

Chapter 2

Finally, the reversible temperature dependence of the Napht-PDMAc complex was investigated showing a clear disruption of the complex when heated above 100°C and the quick reformation of the complex upon subsequent cooling below 5°C.

As a future follow-up study, the possible stimuli-responsivity of BBB-complexes could be expanded by using the reversible redox-responsive behavior of the TTF-PDMAc complex with BBB, which should lead to disruption of the complex when the TTF unit is electrochemically oxidized to its radical TTF .+ state followed by the reassembly of the complex by the subsequent reduction. The results presented in this chapter can now be used to incorporate the responsive BBB-guest complexes into multifunctional supramolecular materials through the use of both the host-guest responsivity and a stimuli-responsive polymer matrix which can lead to the creation of a variety of high-performance, smart materials ranging from actuators to shape memory and self-healing materials. Especially, the color change related with BBB complex formation opens up potential use of these smart materials for sensing purposes as the unambiguous output signal is immediately visible to the naked eye.

Secondly, an in depth comparison of the thermodynamics received with ITC of the polymer functionalized with the guest molecule with BBB and the their corresponding smaller molecules with BBB should be done in the future to enable more insight into the stoichiometry of both complexes. In addition, new investigations towards the influence of the polymer identity and chain length should be performed as the chemical nature of the polymer chain could have an influence on the stability of the formed end chain complex leading to a more accurate Ka value for the host-guest assembly. 50 Finally, in this manuscript mainly the head-to-tail conformation has been presented as the sterical hindrance of both polymer chains will then be reduced to a minimum. However, to fully confirm this, further studies should be performed.

Experimental details 4.1 Materials and instrumentation

All chemicals and solvents were commercially available and used as received unless otherwise stated with 2-(2-chloroethoxy)ethanol, 1.5-dihydroxynaphthalene, p-toluenesulfonyl chloride, 1,1'ferrocenedimethanol, sodium hydride as a 60% dispersion in mineral oil (NaH), 2-methyl-1propanethiol, aliquat 336, hydrochloride (HCl), n-butyllithium (n-BuLi), diisopropylamine, Nmethylformaniline, sodium borohydride, methyliodide, N,N'-dimethylacrylamide (99%, contains 500 ppm monomethyl ether hydroquinone as inhibitor) (DMAc), azobisisobutyronitrile (AIBN), carbondisulfide, 4,4' bis(bromomethyl)bisphenyl, sodium hydroxide, tetraethylammonium chloride (N(Et)4 + Cl -) and ammonium hexafluorophosphate (NH4 + PF6 -) were purchased from Sigma Aldrich. DMAc Chemical shifts are reported as parts per million (ppm) downfield from the TMS resonance for the organic solvents CD3CN and CDCl3 and the solvent water peak for D2O as internal standard.

Diffusion ordered spectroscopy (DOSY) NMR experiment. DOSY NMR experiments were performed on a 400 MHz Bruker Avance II spectrometer equipped with a broadband 1H decoupling probe (PABBO) using double stimulated echo, 2 spoil gradients and alternative phase cycle provided by Garreth Morris at a temperature of 298.2 K. Proton pulse lengths were determined to be 10.12 μs and bipolar gradient of δ = 2.5 ms length were incremented from G = 2.588 G/cm to 49.163 G/cm in 64 steps. 16 scans with 12 k complex data points were recorded for each increment with 16 dummy scans per experiment. The diffusion delay ∆ was set to 1000 μs. Processing was achieved using TopSpin 3.2 with the Dynamic Center 2.0.4. After zero filling to 24 k points and apodization using an exponential window function with an additional linewidth of 0.1 Hz, 1D increment spectra were Fourier transformed and the signal decay due to gradients was fitted using MestReNova. Technology. The detector is coupled on-line to an Agilent 1260 infitiny HPLC system (vide DMA-SEC), and used to determine absolute molar mass of the analyzed polymer samples. The measurements are performed at ambient temperature, i.e. no temperature control unit is supplied/installed with the above mentioned LS detector. The refractive index (RI) increment (dn/dc) values are either used as reported for the certain polymer in N,N-dimethyl acetamide (DMA) or determined via online sizeexclusion chromatography (SEC) equipped with an RI detector, which measures the RI increase for a 1-10 mg/mL concentration series of the mentioned polymers. The LS results are further analyzed with the provided Astra 7 software, also designed by Wyatt Technology.

Size-exclusion chromatography (SEC). SEC was performed on an

Gas Chromatography (GC) was performed on 7890A from Agilent Technologies with an Agilent J&W Advanced Capillary GC column (30 m, 0.320 mm and 0.25 μm). Injections were performed with an Agilent Technologies 7693 auto sampler. Detection was done with a FID detector. Injector and detector temperatures were kept constant at 250 °C and 280 °C, respectively. The column was initially set at 50 °C, followed by two heating stages: from 50 °C to 100 °C with a rate of 20 °C/min and from 100 °C to 300 °C with a rate of 40 °C/min. and then held at this temperature for 0.5 minutes. Conversion was determined based on the integration of monomer peaks using DMF as internal standard UV/VIS spectroscopy. UV/Vis spectra were recorded on a Varian Cary 300 Bio UV-VIS spectrophotometer equipped with a Cary temperature and stir control. Samples were measured in either quartz or disposable cuvettes with a path length of 1.0 cm in the wavelength range of 200 to 700 nm. An aqueous solution of NaOH (2.50 g, 0.064 mol, 1.5 eq) in 25 mL water was added to a solution of 2-(2-methoxyethoxy)ethanol (5g, 0.0417mol, 1eq) dissolved in 40 ml THF, which was first cooled in an ice bath to 0°C. The resulting reaction mixture was left to stir for 2 h at 0 °C followed by the dropwise addition of a solution of p-toluenesulfonyl chloride (8.00 g, 0.042 mol, 1 eq) dissolved in 20 mL THF at 0 °C after which the reaction mixture was allowed to warm to room temperature and was subsequently stirred overnight. For the workup, the reaction was washed with brine for three times, dried over Chapter 2 anhydrous MgSO4 and dried under reduced pressure to afford a clear oil. The crude product was used in the next reaction without further purification.

Yield: 8.10 g (70%). To a solution of 1,1'-ferrocenedimethanol (0.50 g, 1.97 mmol, 1 eq) and NaH (0.12 g, 5.00 mmol, 2.5 eq) in 175 mL dry THF under inert atmosphere, TS-DGM (5.43 g, 0.020 mol, 10 eq) dissolved in 175 mL dry THF was added dropwise. The reaction mixture was heated overnight under reflux after which another portion of NaH was added and heated again under reflux for 12 h. The reaction was followed on TLC (eluent: DCM/acetone 6/1) and depending on the presence of the starting product another portion of NaH was added to the mixture followed by overnight heating under reflux. This step was repeated until no more starting product is present in the reaction mixture. The reaction was stopped by diluting the reaction mixture with 300 mL water after cooling to room temperature. This aqueous phase was extracted with dichloromethane. The organic phases were collected, washed with water and dried over MgSO4. The product was further purified using column chromatography (silica, DCM/Acetone 1/0->6/1) yielding the pure ferrocene template as a dark orange oil. Yield: 0.76 g (84%). A solution of 0.336 g big disalt.2PF6 -(0.336 g, 0.527 mmol, 1 eq), 4,4'-bis(bromomethyl)biphenyl (0.1704 g, 0.501 mmol, 1 eq) and ferrocene template (0.3798 g, 0.846 mmol, 1.5 eq) in 100 mL dry CH3CN was stirred at room temperature (20-25 °C). The reaction was monitored using TLC (silica, DMF/MeOH/2 M NH4 + Cl -5/3/2) and was stopped after 14 days. The solvent was evaporated under reduced pressure after which the resulting precipitate was washed with chloroform to remove the used Fc-template. The product was purified using column chromatography with the same conditions as used for TLC. The resulting product was then dissolved in a minimum of distilled water and was precipitated out by the addition of 1 eq NH4PF6.

Yield: 0.144g (26%) In order to solubilize BBB in water, its counter ions needed to be exchanged from 4 PF6 -to 4 Cl -ions.

This ion exchange reaction from PF6 -to Cl -was done by solubilizing the BBB.4PF6 -in a minimum amount of nitromethane. Subsequently 6 eq of tetraethylammonium chloride were added yielding a greenish precipitate. This greenish precipitate was filtered, washed with MeOH and diethyl ether and dried under vacuum. A mixture of 2-methyl-1-propanethiol (9.6 mL, 90 mmol, 1 eq) and aliquat 336 (1.6 mL) in 56 mL acetone was added to a 3-neck flask and was left to cool in an icebath under inert atmosphere.

Subsequently, 8 mL of a 50 wt% NaOH solution was added dropwise after which the vigorous stirring was continued for another 20 min leading to the formation of white precipitates. In a next step, a solution containing carbondisulfide (5.6 mL, 93 mmol, 1 eq) was added slowly to the reaction during which the solution colors bright yellow and was left to stir for 30 min. After the stirring, chloroform (11.2 mL, 69 mmol, 0.76 eq) was added in one portion followed by the dropwise addition of 26 mL 50 wt% NaOH. Then the solution was allowed to heat up to room temperature and was stirred overnight.

Afterwards, the solution was acidified to pH = 1-2 by adding 130 mL H2O and 66 mL concentrated HCl solution. The acetone was removed by bubbling nitrogen into the reaction mixture to precipitate out the yellowish solid. The formed yellowish precipitate was removed via filtration and was washed with an excess of H2O. The final product was further purified via recrystallization in a hexane/acetone mixture (1:20).

Yield: 11.20 g (55%) A LDA-solution, which was prepared by adding slowly n-BuLi (6.3 mL, 66.87 mmol, 7 eq) to a solution of diisopropylamine (1.8 mL, 12.8 mmol, 1.5 eq) in 40 mL THF, was added dropwise to a solution containing tetrathiafulvalene (2 g, 9.79 mmol, 1 eq) in 200 mL diethylether/THF at -80 °C under inert atmosphere. The mixture was left for 40 min to stir at -80 °C and subsequently N-methylformanilide

(2.6 mL, 21.1 mmol, 2eq) was added under the same conditions. The reaction was stirred for another 30 min at -80 °C after which the temperature was allowed to warm up to room temperature. After that, 200 mL of diethylether and 200 mL of a 10 % HCl-solution was added to acidify the aforementioned mixture. The organic phase was collected, washed 3 times with 10 % HCl-solution and dried over MgSO4.The resulting reddish solid was further purified using column chromatography (Silica, eluent: dichloromethane/petroleum ether (50:50)) A solution containing EDC.HCl (0.59 g, 3.06 mmol, 1.25 eq) and CTA-COOH (0.89 g, 3.53 mmol, 1.5 eq) in 60 mL dry DCM was added dropwise to a solution of TTF-OH in 40 mL dry DCM at 0 °C and under inert atmosphere. Afterwards, the mixture was allowed to warm to room temperature and was stirred overnight. The organic solution was washed with 0.1 M NaHCO3 solution (2 x 100 mL) and brine solution (2 x 100 mL). The collected organic phases were subsequently dried over MgSO4. The crude product was further purified via column chromatography (silica, eluent: DCM/PE (1:1)) affording an orange powder.

Yield: 0.89g (40%)
Yield: 0.60 g (55%) Potassium carbonate (36.53 g, 264.36 mmol, 4 eq) was added to a vigorously stirring solution of 1,5dihydroxynaphthalene (10.58 g, 66.11 mmol, 1 eq) dissolved in 200 mL CH3CN. This mixture was refluxed for 30 min under N2. 2-(2-Chloroethoxy)ethanol (16.37 g, 132.03 mmol, 2 eq) in 100 mL CH3CN was added dropwise to the mixture which was first allowed to cool down to room temperature. The reaction was refluxed for 7 days. The potassium carbonate was removed by filtration and washed with CH3CN. The collected filtrate was evaporated under reduced pressure and the remaining residue was dissolved in DCM. The organic phase was then washed with a 10 % HCl aqueous solution, dried on MgSO4 and purified via a recrystallization (overnight) in cold EtOH.

Yield: 9.00 g (45%). A solution of Napht-OH (9.20 g, 27.36 mmol, 1 eq) dissolved in 50 mL dry THF was added dropwise over a period of 30 min to a suspension of NaH (0.95 g, 0.04 mmol, 1.3 eq) in 50 mL dry THF. The resulting mixture was stirred and heated to reflux (80 °C) for 30 min under Ar2. Afterwards, MeI (3.90 g, 27 mmol, 1 eq) dissolved in 30 ml THF was added dropwise at room temperature. The reaction was heated to reflux under Ar and was monitored via TLC (Silica, petroleum ether/acetone 7/3, Rfdubble: 0.69, Rfmono: 0.37 and Rfreagent: 0.20), which showed nearly full conversion of Napht-OH after 2 days.

Residual NaH was deactivated by the addition of 10 mL MeOH after which the solvent was evaporated under reduced pressure. The residue was dissolved in 100 mL CH2Cl2, washed with saturated Na2CO3 solution and water, dried with MgSO4 and subsequently dried under vacuum. The resulting yellowish solid was further purified using a gradient column chromatography (silica, starting eluent: acetone/petroleum ether (30:70) to end with pure acetone).

Yield: 2.75 g (29%)

. A solution of EDC.HCl (0.8 g, 4.20 mmol, 1.5 eq), DMAP (0.5 g, 4.13 mmol, 1.5 eq) and CTA-COOH (0.72 g, 3.00 mmol, 1 eq) in 25 ml DCM was added dropwise to Napht-OMe (1.75 g, 3 mmol, 1 eq) dissolved in 25 mL DCM. The reaction was stirred for 12 h at 0 °C under inert atmosphere after which the mixture was allowed to heat up to room temperature. In a next step, the organic solution was washed with 0.1 M HCl, 0.1M NaHCO3, water and was dried with MgSO4. The remaining solvent was removed under vacuo after which the crude product was purified in a final step using column chromatography (SiO2, acetone/petroleum ether (40:60) affording the pure product as a yellowish oil.

Yield: 1.14 g (65%) DMAc (1.5 g, 15 mmol, 70 eq), Napht-CTA (0.125 g, 0.21 mmol, 1 eq) and AIBN (0.011 g, 0.064 mmol, 0.3 eq) were dissolved in 3.5 mL DMF. After dissolving and degassing during three consecutive freezepump-thaw cycles, the mixture was heated to 60 °C for 81 min. The polymerization was quenched by immersing the flask into an ice-bath allowing the reaction mixture to cool down to room temperature.

In the next step, the polymer was diluted by adding 5-10 mL ethyl acetate and subsequently purified by precipitating the mixture into 100 mL ice-cold diethyl ether. The crude polymer was dissolved in 5 mL ethyl acetate and precipitated again in 100 mL ice-cold diethyl ether. This procedure was repeated for at least two times generating the pure polymer as a white fluffy powder.

Conversion: 60% (GC with DMF as internal standard), SEC (DMA + 50 mM LiCl, PMMA-std): Mn = 5300 g/mol, Đ = 1.10 DMAc (3.05 g, 30.76 mmol, 100 eq), TTF-CTA (0.14 g, 0.305 mmol, 1 eq) and AIBN (0.043 g, 0.256 mmol, 0.3 eq) were dissolved in 3 mL DMF. After dissolving and degassing during three consecutive freezepump-thaw cycles, the mixture was heated to 70 °C for 70 min. The polymerization was quenched by immersing the flask into an ice-bath allowing the reaction mixture to cool down to room temperature.

In the next step, the polymer was diluted by adding 5-10 mL ethyl acetate and subsequently purified by precipitating the mixture into 100 mL ice-cold diethyl ether. The crude polymer was dissolved in 5 mL ethyl acetate and precipitated again in 100 mL ice-cold diethyl ether. This procedure was repeated for at least two times generating the pure polymer as a white fluffy powder.

Conversion: 40% ( 1 H-NMR), SEC (DMA + 50 mM LiCl, PMMA-std): Mn = 3000 g/mol, Đ = 1.05 1 H-NMR spectroscopy (300 MHz, CH3CN) δ(ppm) 6.7-6.5 (broad, Ha), 4.9-4.7 (broad, Hb),

(broad, Hc), 3.2-2.2 (broad, Hd+He), 1.4-1.9 (broad, Hf), 1.4-1.1 (broad, Hg)

Procedure continuous variation method (Job Plot)

The stoichiometry of the host-guest complexation was determined using Job's method of continuous variation. A stock solution was prepared for each complementary recognitions motif dissolved in D2O in a 10 mL vial. The appropriate amount from the stock solution was transferred to the NMR tube in which the total concentration of the recognition motifs was kept constant at 2 mM. The molar fraction of the host and guest was varied between 0 and 1. The changes in chemical shift (ppm) was multiplied by the molar fraction and plotted against the molar fraction to receive the Job plot.

Procedure Isothermal titration calorimetry (ITC) experiment

ITC experiments were performed at 15 °C using a nano-ITC titration calorimeter from TA Instruments with a standard sample cell volume of 1 mL, following standard procedures. A 250 μL injection syringe was used with stirring at 400 rpm. Host molecules were dissolved in Milli-Q water and the solutions were degassed gently under vacuum before use. Each titration comprised an initial 2 μL preinjection followed by 24 × 10 μL injections of BBB (8 mM) into Napht-PDMAc or TTF-PDMAc solutions (≈ 2 mM). 

Introduction

Smart or stimuli-responsive materials that are capable of altering their properties and function in response to small external environmental changes such as fluctuations in temperature [1][2][3][4] , pH [5][6][7][8] , electric or magnetic fields [9][10][11] , solvent 12 or chemicals 13,14 and light [15][16][17][18][19] have been the focus of research in several fields. A wide range of artificial multi-responsive polymeric structures have been reported, including star co-polymers [20][21][22] and nanoparticles 23,24 , with hydrogels being the most prominent example. Hydrogels are three-dimensional networks of cross-linked macromolecules capable of entrapping a substantial amount of water. Responsive hydrogels can undergo reversible volume phase transitions, i.e. swelling and shrinking in aqueous solution, or sol-to-gel phase transitions when subjected to various stimuli. A popular thermo-responsive hydrogel is cross-linked poly(Nisopropylacylamide) (PNIPAm) and its derivatives. The LCST character of the PNIPAm introduces a shrinkage of the hydrogel when it is heated above the volume phase transition temperature (VPTT), caused by the expulsion of the water molecules from the hydrogel. Upon cooling, the hydrogen bonds between the water molecules and the PNIPAM side chains are reformed resulting in reswelling of the hydrogel. This temperature dependent volume change is used in many different applications ranging from biomedical applications 4,25,26 such as drug delivery systems and tissue engineering to sensors [27][28][29] and actuators 30,31 .

An important parameter of thermo-responsive hydrogels is the hysteresis of the thermal phase transition, which can be defined as the difference between the shrinkage and reswelling temperatures.

By changing the inter-or intramolecular interactions of the polymer chains, this difference between the VPTT of the heating and cooling cycles can be controlled. 32,33 Literature reports have shown that if this thermal hysteresis is very large, it can be used to allow the hydrogel to memorize changes in its environment, resulting in multiple swelling degrees of the hydrogel to be stable at room temperature. [34][35][36][37] Our group has reported one approach to improve or induce this large hysteresis window by introducing host-guest complexations in a linear soluble PNIPAm chain. 38,39 By functionalizing the polymer with naphthalene moieties and subsequently allowing the formation of donor-acceptor complexes with cyclobis(paraquat-p-phenylene), also called Blue Box (BB), a large hysteresis of the thermo-responsive LCST phase transition is introduced. Upon heating this system above its transition temperature, the polymer forms insoluble aggregates leading to disruption of the BB-Napht assembly and release of the BB making the polymer more hydrophobic. During subsequent cooling, the rehydration of these more hydrophobic uncomplexed polymer chains now becomes more difficult, significantly lowering the clearance point temperature. This means that depending on the assembly and disassembly of the incorporated host-guest complexation, the hydrophobicity of the Chapter 3 polymer chain can be altered leading to different collapse and redissolution temperatures with a large hysteresis window enabling a thermal sensor with a memory function.

This straightforward supramolecular strategy was here exploited for the creation of the next generation polymeric memory devices with potential time memory function. In this chapter, a PNIPAm hydrogel is designed containing naphthalene units that can form interactions with the tetracationic host molecule BB, inducing an additional uptake of water upon complexation. When heated at a temperature above its VPTT, the shrinking of the hydrogel induces the disassembly of the BB-Napht complexes, leading to a thermal hysteresis as described in our previous work for the soluble polymer system. However, depending on the exposure time at a known temperature, the hydrogel will expel free BB at different rates as it depends on the diffusion of free BB out of the hydrogel. The kinetically controlled amount of BB released and hence the time at a certain temperature, will control the swelling degree during rehydration of the hydrogel upon cooling as this is controlled by the amount of hydrophilic BB that is retained in the hydrogel. These changes could therefore be used to create a polymeric sensor with a potential erasable time memory function.

2 Results and discussion

Synthesis of the Napht-co-PNIPAm hydrogels

As a first step in this work, the naphthalene acrylamide monomer (Napht.Ac) was prepared starting from the commercially available 1.5-dihydroxynaphthalene (DNP) based on the synthesis route described by Lena Sambe et al. 38 In this synthesis route displayed in Figure 3.1, two glycol linkers where incorporated on both alcohol groups of DNP after which these alcohol groups were asymmetrically modified through consecutive methylation using methyl iodide and amination using a two-step procedure involving the generation and reduction of a phthalimide intermediate. Finally, the acrylamide was formed using acyl substitution with acryloyl chloride. The glycol linkers on the naphthalene monomer are incorporated for aqueous solubility and to further stabilize the It has been reported that gel-phase samples cause peak broadening in normal solution NMR spectroscopy as the polymer chains do not have sufficient internal mobility to average the direct polar coupling between nuclear spins. [41][42][43] Furthermore, the difference in magnetic susceptibility will induce variations in the magnetic field which also results in additional peak widening. However, these effects can be reduced by using high resolution magic angle spinning (HR-MAS) NMR spectroscopy. In this case the sample is rapidly rotated at an angle of 54.7° with respect to the static magnetic field, which Chapter 3 significantly decreases the line broadening for semi-solid samples making it possible to characterize our hydrogels via HR-MAS NMR spectroscopy. 44 UNapht.Ac is the units Napht.Ac incorporated in the hydrogel and UBackbone the units of the hydrogel backbone which consist mainly out of PNIPAm and Napht.Ac. The concentration of the naphthtalene groups inside the 3% Napht-co-PNIPAm was estimated to be 2.55 ± 0.23% using this calculation.

Although, this indicates that slightly lower amounts of Napht units are integrated than expected, the difference is rather small assuming that most added Napht.Ac monomer is incorporated during synthesis.

Complexation of the Napht-co-PNIPAm hydrogels with BB

From literature, it is well known that naphthalene can form inclusion donor-acceptor host-guest assemblies with BB. [45][46][47][48][49] Therefore, the ability of the Napht-co-PNIPAm hydrogels to form complexes with the BB was investigated as well as the influence of the complexation on the water uptake. These tests were performed on rectangular pieces (1.0 cm by 0.5 cm by 0.5 cm) of Napht-co-PNIPAm hydrogel to ensure a high surface/bulk ratio to facilitate the diffusion of BB into the hydrogel to complex with the embedded naphthalene. In a first step, a solution containing three equivalents of BB in a minimum amount of water (1 mL) was added to the hydrogel, which was left to complex for approximately 24 hours at 5 °C. The amount of BB was calculated using the weight percentage embedded naphthalene (wt% Napht.Ac) which was estimated to be equal to 11% for the 3% Napht-co-PNIPAm hydrogel by using the following equation 3. In a final step, an excess of water was added to the now fully complexed hydrogel, allowing it to swell until equilibrium swollen state (Figure 3.5). This two-step method ensures that the BB can easily interpenetrate the hydrogel to form complexes with the embedded naphthalene units. This is not only visible via the color change but also via the accompanied increase in swelling ratio meaning that the hydrogel now can take up more water (Figure 3.5). This enhanced swelling behavior is most likely due to the ionic contribution of the BB molecules and their counter ions, here Cl -ions, which was already reported by our group. 50 This two-step complexation procedure was followed for 3% Napht-co-PNIPAm hydrogel by measuring the swelling ratio in time, Figure 3.6. Only 40% of the additional water uptake was gained during the first complexation step. This means that this step is only necessary to ensure the full complexation of the hydrogel while the second step is crucial to reach the swollen equilibrium state of the complexed hydrogel. This phenomenon that the hydrogel swells more when fresh water is added can be ascribed to a difference in osmotic pressure of the hydrogel with the surrounding environment. In step one, a concentrated solution of BB is taken up by the hydrogel leading to the complexation of the embedded Napht moieties while the concentration of BB inside and outside the hydrogel remains constant. Upon the addition of 9 mL water in step two the concentration of BB in the surrounding environment significantly decreases, which lowers the ionic strength of the solution and enhances the osmotic pressure and water uptake. In a next step, this difference in swelling ratio of the non-and complexed 0%, 2%, 3%, 6% and 12%

Napht-co-PNIPAm hydrogels (mol% Napht.Ac feed) was investigated by Dr. Khaled Belal at the university of Lille 1 and is given in Figure 3.7. As expected, for the non-complexed hydrogel it can be noticed that the swelling ratio at equilibrium is decreasing with higher incorporated amounts of hydrophobic naphthalene units (Figure 3.7, orange data points). Upon complexation with 3 eq of BB,

an increase in swelling ratio at equilibrium can be seen with increasing amount of naphthalene moieties. This is due to the ionic contribution of the BB molecules and their counter ions. The increased swelling reaches a maximum in function of incorporated Napht-moieties at 3%, while further increase of the functionalization to 6% and 12% showed a steady decrease of water uptake. Even after soaking the 12% Napht-co-PNIPAm hydrogel for several days in the BB-solution, the complexation would only occur on the outside of the hydrogel piece as shown in Figure 3.7. This is probably caused by two events occurring simultaneously leading to a lower complexation and swelling ratio than expected.

Firstly the amount of embedded naphthalene is too high for the hydrogel making it too hydrophobic for efficient water uptake and to allow the BB to diffuse inside. Secondly, the naphthalenes located on the outer sphere of the hydrogels will complex first with BB creating a high positive charge density on the surface which prevents the further diffusion of more BB molecules into the hydrogel via coulomb repulsion. As the 3% Napht-co-PNIPAm hydrogel revealed the largest increase in swelling degree upon complexation, this hydrogel was selected for further in depth studies. The complex formation of the 3% Napht-co-PNIPAM was investigated in more depth via 2D-NMR (COSY, NOESY) and via HR-MAS 1 PNIPAm chains. 38,51 As expected, the resonance peaks of the naphthalene moiety shifted upfield out of the aromatic region to 6.2-6.6 ppm due to the shielding of the BB, which is typical for the formation of the BB-Napht complexation. In addition, the formation of the BB-Napht charge-transfer complex is confirmed by the broadening of all relevant peaks and the typical cross-over shift of the Hβ and HC6H4 peaks of the BB (Figure 3 Chapter 3

Degradation of the naphthalene units in the hydrogel

One problem we encountered during this research is that the color of the 3% Napht-co-PNIPAm hydrogels was changing in time from yellowish to dark brown indicating the degradation of the naphthalene moieties embedded in the water swollen hydrogels (Figure 3.10). Not only was the coloration of the hydrogel visible to the naked eye but also the supernatant water in contact with the hydrogel showed a darker color with increasing soaking time indicating that the degradation products of naphthalene are diffusing out of the hydrogel. The supernatant was therefore investigated using liquid chromatography-mass spectrometry (LC-MS). The chromatogram (Figure 3.12, Left) showed several peaks and one of them could be identified as a phenyl-2-propenal derivative of our Napht.Ac which is in correlation with the research done by B. J. McConkey et al. 52 on the photo-Chapter 3 oxidation of polycyclic aromatic hydrocarbons, including naphthalene, under environmental lighting conditions. In this study an aqueous naphthalene solution was exposed to natural sunlight for 24 h. In a next step, the photo-oxidation products were separated on LC and analyzed, identifying 5 major constituents including phenyl-2-propenal which was also identified in the supernatant of our hydrogels. The proposed reaction scheme of the photo-degradation of naphthalene, as reported by

McConkey is displayed in Figure 3.12, right. Right: The proposed reaction scheme of the photo-degradation of naphthalene in water under sunlight. Reprinted from ref. 52 Copyright 2019 Springer Nature.

To further prove that the coloration of the hydrogel is due to the degradation of the Napht-moieties, the swelling ratio of the non-complexed and fully complexed Napht-co-PNIPAm was investigated in function of the storage time. The non-complexed 3%-Napht-co-PNIPAm hydrogel pieces were soaked for weeks in a beaker filled with water at 5°C covered with aluminium foil in order to block the hydrogels from the sunlight and prevent the photo-oxidation. After 0, 1, 2 and 3 weeks of soaking in water, the hydrogel pieces were removed and complexed following the same two-step procedure used in the previous swelling trials. The results are given in Figure 3.13 revealing a steady decrease in water uptake of the 3%-Napht-co-PNIPAm hydrogels for the pieces soaked for 0, 1, 2 and 3 weeks in water prior to complexation. Within a time span of only 3 weeks, a reduction in swelling ratio from 100% to 65% upon complexation was noticed indicating that the degradation of the naphthalene moieties occurs rapidly and is not only a result of photo-oxidation as the sunlight was blocked during the soaking steps. This reduction in swelling ratio could also result from the fact that electron rich species, such as dopamine and anthracene, can upon polymerization reactions easily form additional crosslinks in the hydrogel resulting in lower swelling ratios. However, this hypothesis should be further investigated in the future. In contrast, the fully complexed hydrogel showed no difference in swelling ratio in time indicating that the formation of the BB-Napht inclusion complexes might shield the naphthalene from degradation or possible crosslinking reactions. Although more investigation is required in order to fully understand the mechanism of this non-photoinduced oxidation of the Napht-moieties, the Napht-co-PNIPAm hydrogels used in this chapter were immediately complexed after synthesis to avoid this encountered oxidation problem.

Figure 3.13. The swelling ratio upon complexing 3% Napht-co-PNIPAm hydrogel pieces soaking them for respectively 0, 1, 2 and 3 weeks in water at 5°C (hollow upward triangles). The swelling ratio for a complexed 3% Napth-co-PNIPAm hydrogel soaked for respectively 0, 1, 2 and 3 weeks (black downward triangles).

Temperature dependence of the Napht-co-PNIPAm hydrogel

In most literature reports, PNIPAm polymers have been employed for the preparation of thermoresponsive systems as it exhibits a sharp coil-globule phase transition upon heating above 32 °C, called the lower critical solution temperature (LCST). [53][54][55] An identical thermo-responsive phenomenon can be observed in the Napht-co-PNIPAm hydrogels as upon heating above a certain temperature the hydrogels will also display such an entropy driven phase separation where the polymer chains will be dehydrated upon heating. As the hydrogels consist of a 3D polymeric network the transition will induce a volume change going from a hydrated or swollen state to a dehydrated or collapsed state. This critical temperature where the reversible changes in water uptake of the hydrogel occurs is called the volume phase transition temperature (VPTT). 56,57 The VPTT of the Napht-co-PNIPAm hydrogels can be investigated via differential scanning calorimetry (DSC) as the transition temperature is correlated to an endothermic peak shown in the thermogram. 58 The endothermic nature of this transition is related to the breaking of polymer-solvent interactions, here hydrogen bonding between water and PNIPAm, and the release of the water molecules from the collapsing hydrogel.

The VPTT was determined via DSC for non-complexed and complexed 0%, 2%, 3%, 6% and 12% Naphtco-PNIPAm hydrogels (mol% Napht.Ac feed) and is depicted in where I is the integrated intensity of the signal corresponding to the partly collapsed hydrogel at the absolute temperature T (K) and I0 is the initial integrated intensity of the same polymer signal at temperature T0 which is below the VPTT. 59 The fraction of collapsed hydrogel was determined by integrating the polymer region from 0 to 2.6 ppm and is given in function of temperature to evaluate the thermal behaviour of the non-complexed and complexed 3% Napht-co-PNIPAm hydrogel in Figure 3.17. A gradual transition for the non-complexed hydrogels was observed with the fraction of collapsed polymer going from ca. 0% to ca. 90% over a temperature range of 15 °C. A sharper transition, from ca. 0% to 100% collapsed polymer, was encountered for the complexed hydrogel in the range from 34

Chapter 3 Simultaneously, the peaks corresponding to the free BB are becoming more prominent with increasing temperature, until at 37 °C only the signals from the free BB are visible in the spectrum. Furthermore, the ratios of the integrated intensities of the residual peaks in the spectrum at these higher temperatures correspond to BB, confirming the presence of free BB in solution (Figure 3.19). 

Time memory function

In the previous section, we have described that incorporating the BB-Napht host-guest complexation into PNIPAm hydrogels introduces a hysteresis window resulting from the dynamic character of the Napht-BB complexes. A thermal hysteresis of approximately 7 °C in its volume phase transition was determined for the BB complexed 3% Napht-co-PNIPAm hydrogels, providing a potential memory function in dimensional changes. It was postulated that both temperature and exposure time will have an influence on the disassembly and BB diffusion rate, providing kinetic control over the amount of BB that is retained in the hydrogel. This will cause different volume changes upon reswelling of these heated hydrogels in fresh water. This difference in swelling ratio is further investigated as basis for a thermal memory function where the systems remembers how long it had been exposed to a certain temperature, thereby creating a time memory function. To demonstrate this effect, the 2%, 3%, 6% and 12% Napht-co-PNIPAm hydrogels were heated for 10 min at 70 °C, 1 h at 50 °C and 12 h at their VPTT (33 °C, 35 °C, 30 °C and 21 °C) respectively, after which the hydrogels were soaked to equilibrium in 20 mL fresh demineralised water at 5 °C (Figure 3.20). The decomplexation of Napht-BB and the accompanied decrease in swelling ratio upon heating as described in the previous section can be controlled by the heating temperature and exposure times as shown in Figure 3.20. To illustrate the importance of the exposure time, full decomplexation (i.e. at T = VPTT for 12h) was compared with samples that were heated at temperatures exceeding the VPTT for shorter exposure times. Surprisingly, the samples that were heated at 50°C and 70°C for only 1 h and 10 min of exposure time respectively, showed a higher reswelling ratio indicating lower decomplexation. It is proposed that at these elevated temperatures the hydrogel will collapse more briskly trapping the free BB inside the hydrogel. As a result, during the subsequent resoaking step more complexes are restored resulting in higher reswelling ratios compared to the samples that were heated at the VPTT for 12h. The higher amount of restored Napht-BB complexes of these samples is further confirmed by their higher intensity of the purple color and their higher VPTT after the reswelling step in fresh water (Figure 3.20).

This behaviour can be explained by the influence of both temperature and exposure time on the rate of contraction of the Napht-co-PNIPAm hydrogels. Both these factors will strongly influence the decomplexation-and diffusion speed of the BB out of the Napht-co-PNIPAm hydrogels, leading to different reswelling ratios afterwards. This difference in diffusion rate of the BB and the accompanied Chapter 3 variation in either reswelling ratios or VPTT of the hydrogel was hypothesized to be used in a memory system preserving information on the physical history, here the exposure time at a certain temperature.

This memory function, where the system remembers how long it had been heated to a certain temperature, was further explored for a 3% Napht-co-PNIPAm hydrogel by heating complexed pieces at different temperatures ranging from close to the phase transition temperature (VPTT = 35°C) up to 60°C for increasing periods of time of 1 h, 5 h, 10 h and 14 h. After heating, the hydrogels were allowed to reswell in fresh demineralised water below the VPTT of the hydrogels (T = 5 °C) up to 96 h after which the percentage of decomplexation was determined using the reswelling ratio (Figure 3.21). A first trend that was noticeable is that hydrogels that were heated at higher temperatures show lower decomplexation percentages during reswelling, which confirms the previously obtained results. This is most likely due to a quicker collapse and more efficient dehydration of the 3% Napht-co-PNIPAm hydrogel at higher temperatures compared to the VPTT, trapping the decomplexed BB inside the hydrogel leading to lower decomplexation values after the reswelling step. Secondly, all graphs show that the decomplexation percentage increases with longer reswelling times. This is probably due to the use of fresh demineralised water and therefore the achievement of a new concentration equilibrium of BB inside and outside the hydrogel during the relaxation of the collapsed polymer chains leading to loss of BB. To fully explain the influence of the heating temperature on the possible memory function, we will focus first on the hydrogel pieces that were heated near the VPTT (35°C), i.e. at 42 °C (upper left graph, Figure 3.21). If the complexed 3% Napht-co-PNIPAm hydrogels pieces were heated near the VPTT (35°C) at 42 °C then 80% of the BB-Napht complexes were disassembled and therefore only approximately 20% of the initial swelling ratio of the complexed hydrogel is restored after heating them for 14 h. With decreasing heating times, the decomplexation rate also decreases showing respectively 40% and 30% after 5 h and 1 h of heating, corresponding to a restored swelling ratio of 60% and 70% in the subsequent reswelling step. Thus lower reswelling ratios are achieved with longer heating times as most of the BB can diffuse out of the slowly collapsing hydrogel. Even after more than 96h of resoaking in fresh demineralised water, a clear difference in decomplexation ratio is observed after a new equilibrium is achieved, allowing to differentiate between the different exposure times.

With increasing the heating temperature up to 46 °C and 50 °C, the time memory function window steadily decreases, however still significant differences in the restored swelling ratios is observed. Up to 24 h of reswelling, the heated samples clearly remember the exposure time as the difference in Chapter 3 decomplexation ratio for the different exposure times is reaching a maximum. With longer reswelling times up to 96 h, it is observed that the decomplexation ratios come more together losing their temperature-time memory function. Finally, almost no difference in decomplexation ratio is observed when the hydrogels are heated at 60°C or higher. It is theorized that this inability to differentiate between the exposure times at these high temperatures is due to the fast kinetic trapping of the BB in the collapsed hydrogel preventing the free diffusion of the BB outside of the hydrogel at elevated temperatures. This results in ambiguous decomplexation rates based on the subsequent reswelling step showing that the hydrogel collapses too rapidly for the time memory function to operate.

The above results show us that the system can report how long it was exposed to a certain temperature as the decomplexation and diffusion rate of BB has an exposure time and temperature dependence.

As reswelling is rather fast and nearly complete after 2 h, a reswelling time of 2 h was chosen for further evaluation of the sensor. In Figure 3.22, the decomplexation of the samples is given in function of the exposure time at temperatures of 42 °C, 46 °C, 50 °C and 60 °C, respectively. It can be noticed that a higher difference in decomplexation is observed with increasing exposure times, which is related to the rather slow diffusion of BB from the collapsed hydrogels, even at the VPTT. Nonetheless, a first significant difference between 42 °C / 46 °C and 50 °C / 60 °C was already noticed after exposing the hydrogels for 5 h. With further increment of the exposure temperature to 14 h, a clear difference in decomplexation was observed for all temperatures indicating that the system can preserve information of the environmental temperature for a fixed exposure time or about the time for a fixed temperature. Future work will focus on time memory hydrogels that can measure shorter times, by introducing larger porosity into the hydrogels to facilitate and accelerate the diffusion of BB from the system. Besides the reswelling ratio, the visual changes in color and dimensions of the memory function of the 3% napht-co-PNIPAm hydrogel heated for 1 h, 5 h, 10 h and 14 h at 50 °C were also investigated, which are depicted in Figure 3.21. As expected, the hydrogels in the collapsed state immediately after heating

show almost no color indicating fully decomplexation of the incorporated naphthalene moieties. After removing the samples from the heated solution, the color was restored after only 5 min in contact to air without the need of submerging them into water. This indicates that sufficient water is entrapped in the collapsed hydrogel to rehydrate the Napht-co-PNIPAm chains, allowing complexation with the BB that is still present in the hydrogel to occur immediately (Figure 3.23).

Upon restoring their swollen state after 24 h in 20 mL water, the slight dimensional change in shape of the hydrogel pieces persists, decreasing from 2 cm to approximately 1.5 cm when the exposure time increases from 1 h to 14 h, respectively. The lower uptake of water can be explained by the increased amount of expelled BB upon heating, resulting in lower recomplexation upon reswelling and ,thus, less efficient masking of the hydrophobicity of the embedded naphthalene moieties, which supports the findings in Figure 3.21.

Although the insignificant color change between the different sample upon resoaking prevents the use of these hydrogels as a visual sensor, the materials could possibly still be employed as a visual sensor through careful monitoring of the size changes, for example by using a smartphone camera capable of monitoring dimensional changes at pixel level. h, 10 h and 14 h at 50°C, after the exposure to the air for 5 min, and after reswelling them for 24 h in water.

Conclusions and outlook

In summary, a stimuli-responsive hydrogel was created that exhibits a time memory function in which the systems remembers information on how long it was exposed to a certain temperature. To achieve this, a thermally responsive hydrogels was synthesized via free radical co-polymerization of NIPAm with Napht.Ac in the presence of the cross-linking agent MBA. It was demonstrated that BB can easily penetrate the hydrogel functionalized with naphthalene moieties to form donor-acceptor complexes which is accompanied by a visible color change and with an increase in swelling ratio induced by the electrostatic contribution of the BB host molecule. The dynamic nature of these host-guest complexations made it possible to induce a large hysteresis window in the VPTT of these hydrogels as basis for a potential thermal memory. When heated above its VPTT, it was displayed that the disassembly of the complex is more important as the hydrophobic naphthalene units are masked by the ionic cyclic BB molecule (VPTTcomplexed), while upon cooling the presence of the free naphthalene units significantly lowers the rehydration of the polymer chains (VPTTnon-complexed).

Finally, the time memory function and temperature memory function for 3% Napht-co-PNIPAm hydrogels was demonstrated. The time memory function was investigated by heating hydrogel pieces for a certain time period at a specific temperature above the VPTT, after which the heated pieces were transferred to fresh demineralized water to restore their swollen state. Both temperature and exposure time have an influence on the decomplextion-and diffusion speed of the BB from the Naphtco-PNIPAm hydrogels leading to different percentage of decomplexation and reswelling ratios afterwards. The same experiment was repeated keeping the reswelling time constant to demonstrate the time and temperature memory functions of the hydrogel. It was observed that the system preserves the information at which temperature it was heated only when the hydrogel was exposed for longer times as then a clear difference in BB diffusion and decomplexation was observed, ascribed to the slow diffusion of the release BB from the collapsed hydrogels.

In the future these memory functions should also be explored for the Napht-co-PNIPAm hydrogels functionalized with respectively 2% and 6% of naphthalene as these hydrogels also exhibit a large hysteresis window. This should give us more insights in the influence of the concentration of embedded Napht-BB assemblies on the influence of the time memory function and temperature memory function.

The current generation of time-and temperature memory hydrogel sensors as described in this chapter are sensitive towards several hours of exposure time, ideally 4 to 5 h or 14 h respectively. In order to decrease the possible exposure times, for the memory function a Napht-co-PNIPAm hydrogel can be prepared with macroscopic pores. We propose that BB can more easily diffuse out of such a Hydrazine monohydrate (16.67 g, 32.94 mmol) was added dropwise under nitrogen atmosphere to a solution of Napht-phthalamide (2.42 g, 5.10 mmol) in EtOH (80 mL) after which the reaction was heated overnight under reflux. To ensure full conversion, another portion of hydrazine monohydrate (3 g, 5.93 mmol) was added to the mixture at room temperature and the mixture was allowed to reflux for another 12 h. The remaining residue after removing the solvent under reduced pressure was dissolved in chloroform and washed with brine. The organic phase was dried over MgSO4, filtered and the solvent was evaporated to afford the pure compound as a shiny yellowish solid without any further purification.

Yield: 6.17 g (95%) Triethylamine (Et3N) (2.15 g, 21.00 mmol) was added dropwise at 0 °C under nitrogen atmosphere to a solution of Napht-NH2 (6.17 g, 18.00 mmol) dissolved in 120 mL DCM. Subsequently acryloyl chloride Chapter 3

(1.92 g, 21.00 mmol) was added dropwise under the same conditions after which the reaction mixture was allowed to heat up to room temperature and was stirred for 2 days. The compound was purified via 3 subsequent washing steps: 1) 10% NaOH, 2) brine and 3) H2O. After drying of the organic phase with MgSO4 the solvent was evaporated affording a brown-colored oil that was left to solidify in the fridge overnight. The resulting brown solid was filtered and washed with cold diethylether yielding the product as a yellowish solid.

Yield: 6.00 g (85%) α, α'-Dibromo-p-xylene (3.80 g, 14.00 mmol) and 4,4'-Bipyridine (8.90 g, 57.00 mmol) were dissolved in 120 mL of CH3CN after which the solution was heated up to reflux for 2 h under inert atmosphere.

The resulting bright yellow precipitation was filtered, dried under vacuum and further purified using a gradient column chromatography (silica, eluent: MeOH/2 M NH4 + Cl -solution starting with an 8/2 ratio and ending with an 6/4 ratio). In a second step the counter ions of the end product were changed to PF6 -. This was done by solubilizing the DS.2Cl -in a minimum of water. Subsequently 3 eq of ammonium hexafluorophophate was added yielding a white precipitate. This white precipitate was filtered, washed with MeOH and diethyl ether and dried under vacuum.

Yield: 4.70 g (59%)

1 H-NMR spectroscopy (300 MHz, CD3CN) δ(ppm) 9.17 This crude product was purified via flash chromatography on 15 µm silica columns (40 g). The sample was prepared by mixing 1 g of silica with 1 g of crude product and introduced on the column via a solid loader. At first, this set-up was rinsed with 10 column volumes (CV) of MeOH, after which an eluent gradient was introduced of 50%-50% MeOH/H2O over 10 CV. The fractions containing the pure product were collected and dried under reduced pressure.

In a final step the counter ions of the end product were changed to PF6 -. This was done by solubilizing the purified BB product in a minimum of water. Subsequently, 3 eq of ammonium hexafluorophophate

were added creating a white precipitate. This white precipitate was filtered, washed with MeOH and diethyl ether and dried under vacuum.

Yield: 0.25 g (10%) 

Conditions to change counter ion BB to chlorine

In order to solubilize BB in water, its counter ions needed to be exchanged from 4 PF6 -to 4 Cl -ions.

This ion exchange reaction from PF6 -to Cl -was done by solubilizing the BB.4NH4 + PF6 -in a minimum amount of nitromethane. Subsequently 6 eq of tetraethylammonium chloride were added yielding a white precipitate. This white precipitate was filtered, washed with MeOH and diethyl ether and dried under vacuum. 

Synthesis of the Napht-co-PNIPAm hydrogel

The synthesis of the hydrogels using free radical polymerization will be illustrated using the synthesis of the 3% Napht-co-PNIPAm as representative example. NIPAm (0.71 g, 6.25 mmol) was dissolved together with MBA (0.01 g, 0.063 mmol) and Napht.Ac (0.077 g, 0.19 mmol) in 2.5 mL DMSO. An initiator stock solution was prepared containing KPS (0.18 g, 0.66 mmol) in 10 mL DMSO and both solutions were bubbled with argon for 5 minutes. After the deoxygenation, 1 mL of the initiator stock solution was transferred to the monomer solution, after which the mixture was stirred for another 10 seconds under inert atmosphere. Subsequently, the solution was injected into a mold, consisting of two glass plates (7 x 3 cm) separated by teflon tubing (4.0 mm diameter) reinforced by copper wire and was heated overnight at 70 °C under inert atmosphere. The formed hydrogel was afterwards released from the glass plates and soaked for two days in acetone to remove any unreacted monomers. Afterwards the hydrogel was dried at room temperature and swelled in water to equilibrium. For the synthesis of all my hydrogels a single Napht.Ac monomer batch was used. The purity was confirmed via NMR spectroscopy prior to polymer synthesis. These spectra and the consistent quality of the hydrogels gave an indication on the shelf life of the monomer as at least 6 months when stored under argon in the fridge.

Determination swelling ratio of the Napht-co-PNIPAm hydrogels

The Napht-co-PNIPAm hydrogel was cut in pieces of 1.0 cm x 1.0 cm x 0.5 cm that were immersed in a large beaker (100 mL) filled with deionized water. The hydrogel pieces were soaked for 3 days at 5 °C until equilibrium was reached. Afterwards these pieces were taken from the aqueous solution and weighted after removing the excess water on the surface of the hydrogel with paper. Subsequently, the swollen hydrogels were placed overnight in the oven at 60 °C to remove all water and were weighted to determine the mass of the dried hydrogel pieces. The swelling ratio at equilibrium was calculated using equation 3.5:

Equation 3.5 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 = (𝑊 𝑒𝑞 -𝑊 𝑑𝑟𝑦 ) 𝑊 𝑑𝑟𝑦
where Wdry is the weight of the dried Napht-co-PNIPAm hydrogel piece and Weq is the mass of the swollen hydrogel piece at equilibrium.

Procedure for the complexation of the Napht-co-PNIPAm hydrogels

The complexation of the Napht-co-PNIPAm hydrogels will be illustrated using the synthesis of the 3% Napht-co-PNIPAm as representative example. Swollen rectangular pieces of 1.0 cm by 0.5 cm by 0.5 cm of Napht-co-PNIPAm were soaked for 24 h at 5 °C (fridge) in a 1 mL concentrated BB solution(≈ 13 with MWBB the molecular weight of BB (662.5 g/mol), EqBB the desired equivalents of BB added to the Napht-co-PNIPAm hydrogel (here 3 equivalnets), mdry the mass of the dried hydrogel piece, wt%Naphtmonomer the weight percentage of the incorporated naphthalene units (11%) and MWNapht.Ac the molecular weight of the naphthalene monomer (430.5 g/mol). To enhance the BB uptake and the complexation of the hydrogel, small vials of 10 mL were used ensuring the full coverage of the hydrogel when submerged into the 1 mL BB solution. After 24h, the solution was diluted by adding 9 mL of deionized water to the vial and the now fully complexed hydrogel. The hydrogel was left to swell until equilibrium for 2 days at 5 °C. The swelling ratio of the complexed hydrogels was again determined gravimetrically using equation 3.5.

Procedure for the memory experiments of 3 % Napht-co-PNIPAm

A large water bad was heated until the desired temperature stayed stable after which the complexed rectangular hydrogel pieces were submerged for either 1 h, 5 h, 10 h and 14 h. After the desired exposure time, the hydrogels were taken out of the heated aqueous solution, weighted after removing the excess of water with paper and submerged in 20 mL fresh deionized water. After the hydrogels were soaked for 1 h, 2 h, 3 h, 24 h, 48 h, 72 h and 96 h, the hydrogels were removed from the deionized water and their reswelling ratio was determined gravimetrically using equation 3.5. These reswelling ratios were then used to calculate the decomplexation rate using following equation 3.6:

Equation 3.6 % 𝐷𝑒𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑎𝑡𝑖𝑜𝑛 = 100 -( 𝑄 𝑟𝑒𝑠𝑤𝑜𝑙𝑙𝑒𝑛 𝑥 ℎ -𝑄 𝑒𝑞,𝑛𝑜𝑛-𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑑 𝑄 𝑒𝑞,𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑑 -𝑄 𝑒𝑞,𝑛𝑜𝑛-𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑑
) 𝑥 100

with Qreswollen x h the swelling ratio of the heated hydrogel soaked for 1 h, 2 h, 3 h, 24 h, 48 h, 72 h and 96 h respectively in the 20 mL fresh deionized water, Qeq,complexed the swelling ratio of the complexed hydrogel at equilibrium, Qeq, non-complexed the swelling ratio of the non-complexed hydrogel piece at equilibrium. All heating experiments were performed in triplicate.

Reswelling ratios of the heated hydrogels

To indicate the swelling ratios and the effect of the decomplexation on the reswelling of the hydrogels, the data in Figure 

Mechanical properties of the 3% Napht-co-PNIPAm

The storage modulus was measured by performing an amplitude sweep with a normal force of 0.1 N covering strain amplitudes from 10 -4 % to 10 %. It can be noticed that a linear viscoelastic range is present for both the non-complexed and the complexed hydrogels in the kPa range. From these results it can be observed that complexation leads to weakening of the 3% Napht-co-PNIPAM hydrogels as indicated by the decrease of G' at lower strain rate as compared to the non-complexed hydrogel. Chapter 4. Expansion of the Plasma dye coating (PDC) procedure towards the fabrication of smart supramolecular surfaces

Abstract

In this final chapter, the plasma dye coating (PDC) procedure was explored for the fabrication of stimuliresponsive materials and surfaces based on host-guest complexation. This PDC procedure was invented by our group for the creation of colored materials, significantly reducing dye leaching through covalent immobilization of the desired dye using plasma-generated radicals. This PDC procedure immobilizes a pre-adsorbed layer of polymerizable dye on the surface through radical addition during a short plasma treatment. The non-specific nature of the plasma-generated radicals allows for PDC for a wide variety of complex dyes, including azobenzenes and sulfonphthaleines, functionalized with radical sensitive groups to avoid significant dye degradation, to be combined with various polymeric materials including PP, PE, PA6, cellulose and PTFE. As part of this thesis, the work originally done in our group was first continued by the further characterization of the materials surface using SEM, contact angle measurements and XPS. Secondly, the dye application step was further optimized by developing a liquid spray technique to coat the materials with the desired dye prior to plasma treatment in order to allow lower dye consumption, the application of a specific design onto the surface and the use of more complex material surfaces. Finally, the applicability of this PDC technique was expanded towards the possible incorporation of other more complex molecules, such as host-guest assemblies on a variety of materials including more inert Teflon, PP and PE.
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Lieselot 1 Introduction

A very interesting use of supramolecular chemistry is to dynamically control the surface properties of polymeric materials without changing the bulk properties. [1][2][3][4][5][6][7] The use of stimuli-responsive host-guest assemblies by e.g. surface-bound rotaxanes has been developed for orthogonal adaptable surface properties such as the wettability, biocompatibility, antifouling and corrosion resistance. An example is shown in Not only can supramolecular chemistry be used to modify surface properties but also to improve the adhesion between two substrates. [9][10][11][12][13][14] The strong and dynamic nature of the host-guest interactions in both organic and aqueous media has already led to the remarkable creation of reversible macroscopic adhesive systems based on nanoscale molecular interactions. For example, the Harada group has reported a series of stimuli-controlled, macroscopic assemblies by the adhesion of different hydrogels through host-guest interaction with cyclodextrin (CD). 15,16 Another famous example of such a supramolecular superglues was already discussed in Chapter 2, reported by Kim et al. who used a supramolecular Velcro to adhere two silicon surfaces, which could be regulated by the oxidation of the guest molecule (Figure 2.1). 9 A final example that will be highlighted here was reported by the group of Scherman, where porous (wood and bones) and nonporous (e.g. glass, aluminium) substrates were dynamically glued together by the creation of a supramolecular hydrogel based on CB [8] host molecules providing the necessary interfacial adhesive forces as displayed in Figure 4.2. 10 To create this interfacial supramolecular hydrogel, polymers functionalized with 1-benzyl-3-vinylimidazolium bromide were physically adsorbed onto the material surfaces prior to the addition of CB [8].
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However, these post fabrication methods are restricted to materials having a reactive surface or possessing surface functional groups, limiting the possible application of supramolecular adhesion and smart surfaces in common bulk plastics such as polypropylene (PP), polyethylene (PE) and polytetrafluoroethylene (PTFE). Additionally, the presence of residual reactive groups after the surface modification step could interfere with the supramolecular assembly and potentially its application.

An alternative method that bypasses the necessity of specific functional surface groups and thereby of the restriction on applicable polymeric materials, is based on the creation of surface radicals on the material using plasma surface modification (PSM) processes. Plasma is the fourth state of matter and consists of a gaseous mixture of highly energetic ionized atoms, radicals, electrons and neutral molecules which can create surface radicals through homolytic cleavage of the weakest bond or proton abstraction. [18][19][20] Commonly used gases include oxygen, argon and helium, which can be energized using for example extreme heat or by the application of an electrical field. 21 Thermal plasmas are often applied in molecular characterization methods like optical emission spectroscopy and mass spectroscopy, while cold or non-thermal plasmas can be used for the modification of material surfaces. 22 Khelifa et.al (2016), divided cold plasma techniques into two main categories: nondepositing and depositing techniques (Figure 4.3). 23 Non-depositing techniques, commonly known as plasma etching, employs plasma to clean material surfaces by removal of a few layers of atoms and possible surface contaminants. 21,24,25 Depositing techniques or plasma-enhanced chemical vapor deposition (PECVD) are used to introduce novel functionalities on the surface of the material by injecting various organic molecules into the plasma. 23,26 This provides control over surface properties like hydrophilicity, biocompatibility and adhesiveness but also surface chemistry by introducing reactive functionalities using simple molecules like amines (NH3-plasma, 1,3-diaminopropane), 25,27 alcohols and epoxides (O2-plasma) 20 and fluorine groups (C2F6-plasma). 28 These reactive surface groups can subsequently be used for immobilization of complex biomolecules such as biotin but also for surface-initiated 'grafting-from' polymerization. 29,30 (bottom) using oxygen gas. 18 Another possibility to anchor complex aromatic molecules like dyes onto the surface of polymeric materials is by using the PDC method which was invented by our supramolecular chemistry group in Ghent as part of my master thesis. 31 This three step process, as illustrated in Figure 4.4, was initially investigated for the creation of colored and chromic materials by covalent immobilization of the desired reactive dye molecule using a short plasma depositing step which reduces significantly the dye leaching during their application. During the first step of this PDC procedure, the material is dipped for 1 minute into a 25 mg/mL solution of the desired reactive dye that is functionalized with a polymerizable group, in a volatile solvent allowing the homogenous adsorption of the dye onto the surface. The dye diffusion into the polymeric material could be suppressed by using a relative short dipping time in combination with a non-solvent for the used polymer material. In the next step, the stained material is exposed to the highly energetic and inert argon plasma creating surface radicals which can covalently immobilize the dye molecules via a radical addition reaction. In this optimized procedure the samples are plasma treated on both sides to ensure max dye immobilization onto the material. In the last and third step, unanchored dye molecules and byproducts generated by the plasma treatment step are removed using soxhlet extraction. During optimization, the plasma treatment time was identified as the most important parameter for the immobilized dye loading after PDC as it controls the balance between dye immobilization and dye/material degradation. for the chemical modification using the PDC procedure to modify DR1-A onto PA6 substrates. All pictures are taken adjacent to an untreated piece of the used material. Reprinted from ref. 31 Copyright 2019 Springer Nature.

The wide applicability of this procedure is highlighted in Figure 4.6, where a wide variety of different dye/material combinations has been treated using the optimized PDC procedure. Although all dye/material combinations are colored after soxhlet extraction, the intensity of the treated materials differs significantly. The best results are obtained with DR1-A, which may be expected as the PDC procedure was optimized with this dye. This result indicates that the PDC process parameters, most importantly the PSM step, are possibly dependent on the dye, polymerizable group and material. The perseverance of the halochromic behavior after the PSM process clearly indicates the structural integrity of the selected dyes after PDC and the importance of the incorporation of a radical sensitive group into the desired dye which is required to avoid degradation of the electronic structure. Indeed, this radical active group will act as an antenna for the reaction with the surface radicals leaving the majority of the dye molecules intact during the plasma treatment step in the PDC procedure. This means that this procedure could potentially also be used to chemically immobilize other complex aromatic molecules onto surfaces including guest and host-molecules.

In this last chapter, the effect of the PDC procedure on the material surface was initially further investigated using scanning electron microscopy (SEM), contact angle measurements and X-ray photoelectron spectroscopy (XPS) to see if the PSM step influences the bulk properties of the material.

Secondly, the expected material and dye dependence of the most important PDC parameter, namely the plasma treatment time, was further proven by optimizing the PDC procedure for the surface coating of PE with Rose Bengal functionalized with a styrene group, which yielded unsatisfactory results using the initially optimized settings. Thirdly, the dye deposition methodology was improved by incorporating a liquid spraying technique in order to allow lower dye consumption and modification of irregular material surfaces. Finally, the possible expansion of this PDC technique towards the Chapter 4 incorporation of host-guest assemblies onto polymeric materials was explored by introducing Napht-BB complexes onto a cellulose substrate.

2 Results and discussion

Surface composition of PDC treated samples

In the first part of this chapter, the effect of the highly energetic PSM step on the surface composition and characteristics of the substrate was investigated using scanning electron microscopy (SEM), contact angle measurements and X-ray photoelectron spectroscopy (XPS).

The difference in surface topology of all substrates before and after the PDC treatment with DR1-A using the previously optimized conditions (dipping concentration = 25 mg/mL, dipping time = 1 min and PSM time = 1 min) was investigated using SEM. The more inert materials including PTFE, PP and PE were pretreated with an additional plasma step (plasma time = 1 min) prior to the dip-coating. This additional plasma step will increase the surface energy of the more inert materials via post-plasma reactions with the exposed air introducing oxygen-containing functional groups allowing more efficient dye adsorption onto the surface. 32,33 The SEM images are depicted in The contact angles measurements are not included for the fibrous materials such as PA6 and cellulose as the water droplet was absorbed within 5 seconds into the materials for all measured samples making it impossible to correctly measure the contact angle. Although LD-PE and HD-PE are made from the same material, a significant difference in their contact angle is observed. This is mainly due to the fact that daily used products, such as a solvent container for HD-PE and a small sealant bag for the LD-PE samples, were utilized which are presumably fabricated with different coatings depending on their application.

The significant difference in contact angle for LD-PE and HD-PE can be ascribed to the use of daily used products which can be In a final test, the surface composition of PDC treated materials was investigated using XPS by comparing the atomic ratios of the untreated substrate with the PDC treated samples with varying plasma exposure times for PA6 and LD-PE or using the optimized PDC conditions with dipping concentration = 25 mg/mL, dipping time = 1 min and plasma time = 1 min, for cellulose and UHMW-PE. XPS is a widely used surface analysis technique as it can be applied to a broad range of different materials providing quantitative information on the surface composition of the treated material with a typical analysis depth ranging from 1 nm to 10 nm. The XPS spectra are obtained by irradiating the substrate surface with a monochromatic X-ray beam while simultaneously measuring the kinetic energy and electrons emitted from the substrate surface (1-10 nm depth) using an electron energy analyzer which allows the determination of the elemental identity, chemical state and quantity of the detected elements. For this test all the substrates were treated with RB-Sty as the presence of the dye can be easily detected by the presence of Cl and I atoms allowing the comparison to a reference sample that underwent the same PDC procedure but without final plasma treatment. Important to note is that all inert materials such as LD-PE and UHMW-PE were pretreated with an additional plasma step before dip-coating to ensure enhanced adsorption of the RB-Sty dye molecule onto the surface.

To our surprise, no traces of the dye, displayed by the presence of I or Cl atoms, were observed by XPS indicating that the amount of incorporated RB molecules is lower than the detection limit of the XPS (Figure 4.10). Previous investigations using UV-VIS spectroscopy revealed only a dye loading in the range of nmol/cm² is incorporated onto the surface using PDC which is however, still sufficient to visualize the dye immobilization with the naked eye. Secondly, the XPS results show no noticeable difference in O/C ratio of the untreated and PDC treated samples indicating that the chemical composition of the surface layer is not significantly altered by the PDC process. Thirdly, in some samples silicon and fluorine atoms were measured which is probably due to potential contamination during the PDC treatment, sample preparation for XPS or interference of previous XPS measurements.

Finally, a slight increase in the oxygen percentage is observed for PA6, UHMW-PE and LD-PE which is probably due to the exposure of the PDC treated materials to the air which is commonly noticed for plasma treatment of polymers and is in line with the contact angle results. 34,35 Chapter 4 

Material-molecule dependence of PDC parameters

Previous investigations clearly indicated a material-dye dependency of the PDC parameters, with the most important parameter being the plasma time. When using the parameter set optimized for the PA6/DR1-A combination, although all combination showed successful immobilization, the dye loading was significantly lower with different dyes, polymerizable groups and substrates ( Finally, a quantitative analysis of the dye loading was accomplished using reflective UV-VIS spectroscopy (Figure 4.13). In both graphs, the increased absorbance around 450 -500 nm can be noticed proving the presence of the red dye molecule on the surface of the material after PDC treatment and soxhlet extraction. Although the UV-VIS trace of the PDC treated fibrous UHMW-PE is less smooth due to enhanced scattering resulting from the uneven fiber surface, the increased absorbance of 0.31 at the maximum absorption wavelength of DR-1 compared to 0.26 for LD-PE indicates a higher dye loading for the fibrous material under identical procedural PDC parameters. This means that a higher dye loading is achieved for materials having a higher surface/bulk ratio, as anticipated. Finally, no distinction in intensity can be noticed between the PDC-without-plasma sample and the non-treated sample for non-fibrous and fibrous PE/DR1-A (Figure 4.13) showing again the necessity of the plasma step in the PDC procedure. 

Development of PDC with spray-coating

As mentioned in the introduction (Figure 4.6), the intensity of functionalized DR1 onto the surface resulting from PDC is much lower for the more inert materials such as PTFE, PE and PP compared to e.g. PA6 and cellulose. This difference is partly due to the less efficient wetting of these more inert materials reducing the adsorption of the dye significantly during the dipping deposition step.

Therefore, an additional plasma treatment of the substrate prior to the dipping step was used to increase the adsorption of the dye on the surface. This ensures a more homogenously adsorption of the desired dye molecule onto the surface, which significantly increased the intensity of the color after soxhlet extraction. Another way to overcome this problematic wetting and dye adsorption could be to use a liquid spraying technique to deposit the desired reactive dye onto the surface. Via this spraying technique, used commonly by painters and artists (air-brushing technique), a solution or suspension containing the desired dye can easily and homogenously be distributed over the substrate using compressed air. The spray is mostly generated by using a nozzle in combination with a compressor in which the high velocity of the compressed air will cause the atomization of the liquid. The breakup of the solution into droplets will increase the liquid surface area and thus enhance the evaporation of the organic solvent used for the dye solution or suspension. This makes a subsequent drying step to remove all residual solvent prior to the PSM step redundant. Other advantages of this spay-deposition technique is that full surface coverage can be obtained without the need to fully submerge the material into a dipping solution as well as the potential application of a specific design onto the surface.
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Firstly, the influence of the dye concentration for the production of homogenously colored substrates using the spraying deposition method was investigated. The experiments were done using PTFE as a substrate and DR1-A as the reactive dye. The bright red colored dye has been used in the optimization of PDC before and is easily quantifiable and visible to the naked eye. The concentration of DR1-A dissolved in acetone was varied from 15 mg/mL to 35 mg/mL and was sprayed three times onto the substrate to generate a homogenous deposition of the dye prior to the plasma treatment.

Simultaneously the influence of the plasma time was also investigated by increasing the plasma time from 0 min, 1 min, 3 min to 5 min as previous results have shown this to be the most important parameter. In contrast to the dipping method, only one side of the sample was spray-coated with the DR1-A and exposed to the plasma. The results are visually shown in Figure 4.14, it was immediately noticed that not all pieces were homogenously colored after the plasma treatment and soxhlet extraction. Another significant difference was visibly observed in the intensity of the red color of the PTFE substrates treated with a DR1-A concentration of 25 mg/mL compared to the samples treated with a DR1-A concentration of 15 mg/mL indicating that more dye molecules were immobilized onto the surface when a more concentrated solution is sprayed onto the material. Surprisingly, almost no dye-immobilization was visible to the naked eye with a further increment of the dye concentration to 35 mg/mL. In the latter situation, spraying the surface three times with that high concentration of dye probably results in a thick dye-molecule layer, preventing the creation of sufficient surface radicals that are required for dye immobilization. Although no reflective UV-VIS spectroscopy measurements were carried out on the cellulose substrates functionalized with Napht.Ac due to lack of time, the absorbance band is expected to be present for the Napht units at 350-400 nm and a change in absorbance to approximately 520-550 nm, which is the CT-band of the Napht-BB complex, upon the addition of BB.

Conclusions and outlook

This chapter described the further investigation and optimization of the PDC procedure, which is a novel post-fabrication modification approach for the coloring of polymeric materials based on the radical, covalent coupling of a pre-adsorbed reactive dyes to the surface of a material through solventfree plasma surface modification. First, the effect of the PDC procedure on the surface properties of the substrate was investigated using SEM, contact angle measurements and X-ray spectroscopy showing that the PSM treatment step has almost no influence on the surface topology, surface properties and composition indicating that most surface and bulk properties of the substrate are retained after PDC treatment. In a second test the dye and material dependence of this technique was confirmed indicating that a further optimization of the PDC parameters, especially the plasma treatment time, is recommended when a new polymerizable dye/material combination is used.

Subsequently, the deposition step was also further improved by implementing a spray technique to coat the materials with the desired dye prior to plasma treatment in order to allow lower dye consumption, the application of a specific design onto the surface and the use of complex material Chapter 4

surfaces. Visually, an increased intensity in color was observed for the fibrous and non-fibrous materials PDC treated with spray-coating compared to the ones treated using the dip-coating deposition method. Additionally, spray-coating offers advantages for the scalability and made the plasma pretreatment step for inert surfaces redundant. Treating the substrate with more than 1 PDC cycle has been shown to effectively increase both the dye-loading and the homogenous incorporation of the desired dye. Furthermore, the pressure of the vacuum chamber and the used discharge power of the PDC procedure could also influence the dye loading significantly and should therefore be further optimized. In a later stage the use of atmospheric plasma generators should be evaluated to expand the use of this procedure to industry. provides opportunities for the creation of physical hydrogels possessing some interesting features like self-healability and shape memory function. Additionally, this macrocycle has the ability to introduce redox sensitive properties into polymeric systems as the host-guest interactions can be manipulated via the redox potential of its two bipyridinium units. Finally, complexes formed with BBB have an intense colour depending on the used guest molecules, which can be used as a direct visual output in sensing applications. In a first step, the complexation of BBB with the electron rich guest molecules dialkoxynaphthalene (Napht) and tetrathiafulvalene (TTF) in water was characterized using a combination of UV-VIS spectrophotometric titration, ITC and 1 H-NMR spectroscopy. However, due to the poor water solubility of the guest molecules Napht and TTF, short water-soluble polymers were synthesized with either TTF or Napht α-chain ends through RAFT polymerization with functionalized CTA-agents. These water-soluble TTF and Napht derivatives were shown to form colored 1:2 complexes in water with a relative high association constant of 1.1 x 10 4 M -1 and 2.7 x 10 4 M -1 for Napht-PDMAc and TTF-PDMAc, respectively. Finally, the inherent, reversible temperature dependence of the Chapter 5

Napht-PDMAc complex was highlighted showing a clear disruption of the complex when heated to 100 °C and the quick reformation of the complex upon subsequent cooling below 5 °C. These results indicate that these complexes provide a promising use for the creation of multi-stimuli responsive materials, including hydrogels and supramolecular nanostructures that can both be used for visual sensor systems as colored complexes are formed. For example, this reversible redox-responsive behavior of TTF-unit could be used to implement the complex as a sensor for oxidative stress. More In a last step, the incorporated time-memory function was further investigated for the NIPAm hydrogels functionalized with 3% of Napht moieties which gave the most promising results in the preliminary screening. It was found that both the temperature and exposure time have an influence on the decomplexation and diffusion speed of the BB from the Napht-co-PNIPAm hydrogels resulting in different swelling ratios of the hydrogels due to the removal of the hydrophilic BB units and released hydrophobic Napht units. This difference in diffusion rate of the BB and the accompanied volume changes can be used as reporting event in a memory system preserving information on the exposure time at a certain temperature. The current generation of the developed time-memory hydrogel sensors can be considered medium length time-memory of several hours of heating, ideally 4 to 5 h.

For the development of short length time-memory, hypersensitive Napht-co-PNIPAm hydrogels can be prepared by incorporating pores into polymeric structure significantly increasing the diffusion rate of the BB upon temperature increasing. Additionally, since the decomplexation and diffusion is mainly controlled by the temperature induced shrinkage of the hydrogel material, the temperature sensing window could be controlled by the chosen temperature responsive polymer matrix. Finally, the interaction of the Napht-co-PNIPAm hydrogel with BBB could also be studied as the formation of additional supramolecular cross-links can be used to control and enhance the mechanical properties and the energy dissipation of the hydrogel e.g. improving the toughness allowing its use as actuators or energy absorbing materials.

Chapter 4 describes a novel technique for the covalent incorporation of adaptable host-guest complexes on the surface of polymeric materials allowing control of the surface properties such as wettability, biocompatibility and corrosion resistance through the reversible host-guest complexation.

For this the plasma dye coating (PDC) procedure was used which was initially invented by the University of Ghent for the coloration of materials with significantly reduced dye leaching during its application. In this post-fabrication functionalization method a solvent-free plasma surface modification step is used for the covalent immobilization of dye molecules onto a polymeric substrate.

The novelty of this process is the incorporation of a radical sensitive group in the form of a double bond onto the dye structure which acts as an antenna for the reactive species generated by plasma, leaving the majority of the electron-rich dye-structure intact during the PDC process. Firstly, the effect of this PDC procedure on the properties of the treated materials was investigated using scanning electron microscope, contact angle measurements and X-ray spectroscopy showing almost no influence of PDC on the surface topology, surface properties and composition indicating that most surface and bulk properties of the substrate are retained after PDC treatment. Secondly, through further optimization of this procedure it was noticed that the parameters of the central plasma treatment step has a polymerizable dye/material dependence and optimization of at least the plasma treatment time is recommended for every new dye/material combination for an optimal dye loading and coloring. In addition, a different dye deposition technique based on solvent spraying was found to Chapter 5

be compatible with the used procedure. By spraying a solution of the desired polymerizable dye directly onto the material surface instead of dip-coating allows for a lower dye consumption, the application of a specific design onto the surface, the use of complex 3D printed material surfaces and a more simple incorporation into a continuous industrial process for the coloration of materials. Finally, the range of the immobilized molecule was further expanded by covalently immobilizing naphthalene units as representative guest molecules onto a fibrous cellulose matrix preserving the chemical structure as it could still interact with BB. This enables to create multi-responsive smart surfaces sensitive towards redox potential, competitive guests, pH and temperature mediated by surface bond pseudo-rotaxanes with either BB and BBB onto more conventional inert plastics including PE, PP and PTFE. Additionally also more complex materials could be used to create multifunctional materials with selective supramolecular adhesion based on host-guest complexation in a less time-consuming manner. The above results also provide further opportunities to immobilize different complex molecules onto the surface without changing their structural integrity including other different guest molecules, including TTF, but also host molecules such as cyclodextrins or cucurbit[n]urils as well as gelatin onto conventional plastics. The latter already gave some first promising results for the modification of gelatin on PTFE which can potentially be used in biomedical applications.

Nederlandstalige samenvatting

De ontwikkeling van slimme of intelligente polymeermaterialen heeft de afgelopen tien jaar veel aandacht gekregen. Slimme materialen worden beschreven als materialen die in staat zijn hun eigenschappen en functies te veranderen als reactie op kleine externe veranderingen in de omgeving, Tot slot werd de inherente, omkeerbare temperatuurafhankelijkheid van het Naft-PDMAc-complex met BBB aangetoond door een duidelijke visuele verstoring van het complex bij verhitting tot 100 °C met vervolgens de snelle hervorming van het complex bij opeenvolgende afkoeling onder 5 °C. Deze resultaten geven aan dat waterige complexen met BBB kunnen toegepast worden voor het creëren van multi-stimuli responsieve materialen, waaronder hydrogelen en supramoleculaire nanostructuren die kunnen gebruikt worden voor sensorsystemen aangezien gekleurde complexen worden gevormd.

Het omkeerbaar redox-responsief gedrag van de TTF-eenheid zou bijvoorbeeld ook kunnen gebruikt worden om het complex te implementeren als een sensor voor oxidatieve stress. Meer onderzoek kan ook worden gedaan naar de invloed van de PDMAc keten op de gastheer-gast complexatie door het effect van de polymeerketenlengte op de associatieconstante in water te onderzoeken om zo de sterkte van de specifieke gastheer-gast complexatie in water nauwkeuriger te kunnen bepalen. 

Résumé français

Le développement de matériaux polymères intelligents a suscité un intérêt croissant au cours de la dernière décennie. Les matériaux dits intelligents sont décrits comme des matériaux capables de 
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 12 Figure 1.2. Examples of biological processes driven by non-covalent bonds: a) hydrogen bond formation of the complementary DNA strains forming a double helical structure, b) recognition of enzyme-substrate 17 , c) metal-ligand coordination with Fe 2+ present in the hemoglobin
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 13 Figure 1.3. Schematic overview of the non-and covalent interactions together with their respective association strengths.
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 14 Figure 1.4. Simplified illustration showing the difference between host-guest chemistry and self-assembly.
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 1911 Figure 1.9. Schematic illustration of the possible polymer architectures with different compositions, topologies and functionalities. 105
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 1 Transfer: The growth of a polymer chain is terminated by transferring the radical site to another molecule (transfer agent, monomer, solvent molecule) or an already existing polymer chain starting the growth of a new chain or side chain, respectively. Chapter Termination: the growth of the polymerization is terminated by the disappearance of active radical centers on polymer chains via recombination or disproportionation reactions between two radicals.
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 111 Figure 1.11. Schematic reaction mechanism of a radical polymerization.
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 1 Figure 1.13. degenerative exchange process. Reprinted from ref. 102 Copyright 2019, with permission from Elsevier.

  = 𝑘 𝑃 [𝑃 • ]𝑡 By plotting the value of ln [𝑀] 0 [𝑀] against the reaction time (t) a linear relationship should be obtained considering a constant [𝑃 . ] is established by both a swift initiation and limited termination reactions. A deviation in this linearity is caused by either slow initiation or the occurrence of irreversible termination reactions and indicates a lack of control of the polymerization (Figure 1.14).
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 1 Figure 1.14. a) Kinetic plot showing the linear dependence of ln([M]0/[M]) versus time during an ideal CRP, a slow initiated CRP and CRP where termination is occurring. b) The molecular weight evolution showing of the linear dependence of Mn on the conversion during an ideal CRP, slow initiated CRP and a CRP interfered by coupling and transfer. 118
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 11151116 Figure 1.15. Mechanism of RAFT-polymerization based on M. Semsarilar et al. Reprinted by permission from ref. 110 Copyright 2019, Springer Nature.
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 117118 Figure 1.17. The schematic illustration of an thermo-responsive polymer displaying a LCST behavior. Reprinted from ref. 123
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 1119 Figure 1.19. Top: The structure of the host molecule BB and the PNIPAm-co-naphthalene polymer. Bottom: Schematic representation of the thermal memory function provided by the difference in Tcp and clearance point temperature of the PNIPAm-co-naphthalene polymer with BB. Reprinted from ref. 134 Copyright 2019 John Wiley and Sons.

Figure 1 . 20 .

 120 Figure 1.20. Schematic overview of a) the TEM image of an aqueous solution containing 7.00 mM WP7 and 1.00 mM styrene-co-azobenzene polymer heated above the Tcp (60°C), b) DLS results of the solid nanospheres formed at T = 60°C, c) TEM image of the vesicles formed by the assembly of the pillararene-based supra-amphiphilic polypseudorotaxane at room termperature, d) DLS results of the vesicles formed at room temperature. Adapted with permission from ref. 144 Copyright 2019 American Chemical Society.
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 2111 Figure 1.21. (A) The schematic illustration of the formation of the physical hydrogel created upon the mixing of 0.5 wt% M13-β-CD with 0.5 wt% HA-Azo. Pictures proving the sol-gel transition of the β-CD-azobenzene physical hydrogel by using the simple vial inversion method upon a change in photo-irradiation (B), the addition of the competitive host molecule β-CD (C) and the addition of a competitive guest molecule adamantane (D).Reprinted from ref. 168 Copyright 2019 Royal Society of Chemistry.

Figure 1 .

 1 Figure 1.22. Top: Schematic illustration of the hydrogel modified with ferrocene moieties, WP6 and doxorubicin hydrochloride. Bottom: Illustration of the promoted swelling upon the addition of WP6 to the hydrogel together with the pH-responsive release of the doxorubicin.

Figure 1 .

 1 Figure 1.23. Top: Structural composition of the hydrogels modified with benzyl moieties and CD. Middle: Illustrative representation of thermo-responsive complex assembly and disassembly at the interface of a benzyl modified hydrogel and a hydrogel functionalized with CD. Bottom: Pictures showing the interaction of the Bz-gel with the γ-CD-gel (green), α-CD-gel (blue), β-CD-gel (red) at different temperatures.

Figure 1 . 24 .

 124 Figure 1.24. Chemical structures of the Fc-gel, EGP6 and the redox responsive ferrocene and schematic illustration of the warm/cool tone switchable thermochromic smart window. Reprinted from ref. 189 Copyright 2019 Springer Nature.

Figure 1 . 25 .

 125 Figure 1.25. Schematic illustration of the UCST behavior of the three component system: NaphtGel, BB and TTF-PNIPAm. 190

  was employed to synthesize short, water-soluble poly(N,N-dimethylacrylamide) chains, endfunctionalized through the use of a chain transfer agent bearing either a Napht or TTF moiety. After characterizing these RAFT polymerizations and demonstrating the high level of control over chain length and chain end fidelity, well-defined, end-functionalized PDMAc polymers with low Đ and similar molecular weight were created to study the complexation of both Napht and TTF with BBB in aqueous solution using UV-VIS and NMR spectroscopic titrations, Isothermal calorimetry titration (ITC) and diffusion ordered NMR spectroscopy (DOSY). In a final step the potential thermo-responsiveness of the Napht-PDMAc complex with BBB was highlighted. The obtained association constants of the 1:2 BBB complexes in water combined with their stimuliresponsivity towards pH, competitive guest molecules, temperature and redox potential opens up the potential to use this macrocyclic host molecule for the creation of highly adaptable and sophisticated smart materials with an inherent visual output signal resulting from (de)complexation.Parts of this chapter will be published as:L. De Smet, A. Malfait, P. Standford, J. Potier, J. lyskawa, R. Hoogenboom and P. woisel. Complexation of cyclobis(paraquat-4,4'-biphenylene) in water and application in the preparation of smart polymeric materials. 2019 Manuscript in preparation.

Figure 2 . 1 .

 21 Figure 2.1. The supramolecular velcro approach for the efficient adhesion of two substrates in water based on amminomethylferrocene (Fc)

  Another example from Wang et al. combines both a stimuli-responsive matrix and host-guest complexation to create a multi-sensitive supramolecular hydrogel. This triple responsive hydrogel was synthesized using a poly(N-isopropylacrylamide) (PNIPAM) functionalized with azobenzene-groups which could be crosslinked using cyclodextrin (CD) dimers connected via disulfide bonds. The sol-gel transition could thereby be induced via either the thermo-responsive behavior of the PNIPAM polymer chain, by the redox labile bond of the disulfide bridge in the CD dimer and by the light-sensitive switching of the azobenzene guest from trans to cis disrupting the host-guest assembly (Figure2.2).25 

Figure 2 . 2 .

 22 Figure 2.2. The reversible sol-gel transition of the PNIPAm polymer chains functionalized with azobenzene groups and CD controlled by UV (365 nm) and visible light (450 nm) irradiation. Adapted from reference. 25 Copyright 2019 John Wiley and Sons

Figure 2 . 3 .

 23 Figure 2.3. The schematic illustration of the synthesis route for BBB.

Figure 2 . 4 .

 24 Figure 2.4. Partial 1 H NMR spectrum of BBB.4Cl -recorded in D20 at 300 MHz.

[ 2 -[[ 5 -[ 2 -

 252 (2-methoxyethoxy)ethoxy]-1-naphthalenyl]oxy]ethoxy] (Napht-OMe). Finally, the Napht-CTA--2-methylpropionic acid (CTA-COOH) and the free alcohol group of Napht-OMe (Figure2.5).

Figure 2 . 5 . 36 Figure 2

 25362 Figure 2.5. Reaction scheme for the synthesis of Napht-CTA.

  the calculated theoretical Mn are significantly different. The kinetic data was used to repeat the polymerization and synthesize a Napht-PDMAc with a DP as close to 45 as possible by terminating the polymerization after 61 min by cooling the mixture. The obtained polymer was isolated by precipitation in diethylether and characterized via SEC-LS determining the absolute molecular weight (Mnabs = 5220 g/mol, dn/dc = 0.08) and the polydispersity (Đ = 1.1).

Figure 2 . 7 .

 27 Figure 2.7. Kinetic study of the RAFT polymerization of DMAc with the Napht-CTA agent at 60°C in DMF. Left: First order kinetic plot. Right: Molecular weight evolution and Ð in function of conversion compared to theoretical Mn (full line).

Figure 2 . 8 .

 28 Figure 2.8. Left: Overlay of the absorbance spectra of Napht-PDMAc and Napht-CTA recorded in acetonitrile at 25°C at both 0.05 and 0.08 mM. Right: Calibration curve of Napht-CTA absorbance at 305 nm in CH3CN.

Figure 2 . 9 .

 29 Figure 2.9. Reaction scheme for the synthesis of TTF-CTA The structure of the TTF-CTA was confirmed via 1 H-NMR spectroscopy revealing the presence of characteristic signals of both the TTF unit (4.0 -7.0 ppm) and the isobutyl group (< 3.2 ppm) as shown in Figure 2.10.

Figure 2 .

 2 Figure 2.10. 1 H-NMR spectra of hydroxymethyltetrathiafulvalene (top), CTA-COOH (middle) and TTF-CTA (bottom) recorded in acetone or CDCN3 at 300 MHz.

Chapter 2 characterized

 2 via SEC-LS determining the absolute molecular weight (Mnabs = 4840 g/mol, dn/dc = 0.09) and the polydispersity (Đ = 1.05).

Figure 2 .

 2 Figure 2.11. Kinetic study of the RAFT polymerization of DMAc with the TTF-CTA agent at 70°C in DMF. Left: First order kinetic plot. Right: Molecular weight evolution and Ð in function of conversion, compared to theoretical Mn (full line).

Figure 2 .

 2 Figure 2.12. Left: Comparison of the absorbance spectra of TTF-CTA stock solution and TTF-PDMAc stock solution with a concentration of 0.05 mM and 0.08 mM in CH3CN. Right: Calibration curve of TTF-CTA absorbance measured at 370 nm in CH3CN.

  measured 1 H-NMR spectra and the resulting Job plot are given in Figure 2.13 and Figure 2.14 for Napht-PDMAc and TTF-PDMAc, respectively. The maximum of the job plots for both Napht-PDMAc and TTF-PDMAc lies somewhere between 0.33 and 0.40, indicating that the stoichiometry of both host-guest complexes are somewhere between 1:2 and 1:1, i.e. that both HG and HG2 are readily formed during these titration experiments. These results were confirmed by investigating the job plots of the other protons of BBB.

Figure 2 .

 2 Figure 2.13.Top: Schematic representation of the complexation of BBB with 2 Napht-PDMAc with respective 1 H-NMR annotations. Bottom, left: The partial 1 H -NMR spectra of the BBB -Napht-PDMAc complex where the molar ratios of H:G are varied between 0:1 and 1:0 measured at 298 K in D2O at 300 MHz. Right: The Job plot of BBB with Napht-PDMAc by following the difference in shift of the Hα signal of BBB.

Figure 2 .

 2 Figure 2.14. Top: Schematic representation of the complexation of BBB with 2 TTF-PDMAc with respective 1 H-NMR annotations. Bottom, left: Partial 1 H -NMR spectra of an aqueous solution of BBB and TTF-PDMAc where the molar ratios of H:G are varied between 0:1 and 1:0 measured at 298 K in D2O at 300 MHz. Right: The Job plot of BBB with TTF-PDMAc by following the difference in shift of the CH2-N + signal of BBB. The measured 1 H-NMR spectra used to create the Job plots also provide further insight in the nature of the complexation of both TTF and Napht with BBB. Upon the addition of aliquots of either Napht-PDMAc (Figure 2.13, Left) or TTF-PDMAc (Figure 2.14, Left) to the aqueous solution of BBB, significant changes in chemical shifts were visible compared to the non-complexed species. More specifically for the signals corresponding to the Napht units, peak broadening and upfield shifting was observed starting from the addition of 0.2 mole fraction BBB and eventually these free Napht signals almost disappear with the addition of more BBB, indicating the fast kinetics of the complex by the gradual shifting of the signal. Additionally, for both Napht-PDMAc and TTF-PDMAc complexations, only one set of signals is observed confirming that the kinetics of the complexation is fast compared to the NMR time scale.

Figure 2 . 2 Figure 2 .

 222 Figure 2.15. Top: Schematic representation of the complexation of BBB with 2 Napht-PDMAc with respective 1 H-NMR annotations. Bottom:The comparison of the 1 H-NMR spectra (400 MHz) of the separate building blocks BBB and TTF-PDMAc and upon the formation of the 1:1 and the 1:2 complex for BBB upon the addition of respectively 1 and 2 equivalents of TTF-PDMAc in D2O at 298 K.

Figure 2 .

 2 Figure 2.17. 2D DOSY-NMR spectra (400 MHz) of: a) 5 mM BBB solution, b) 5 mM Napht-PDMAc solution, c) 5 mM BBB and 5 mM Napht-PDMAc solution and d) 5 mM BBB and 10 mM Napht-PDMAc solution. All spectra were measured in D2O at 298 K.
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 32 The Diffusion coefficient (D) and Stokes-Einstein hydrodynamic radius (RH) values for BBB, Napht-PDMAc, BBB with 1 eq of TTF-PDMAc and BBB with 2 eq of TTF-PDMAc in D2O at room temperature.

Figure 2 .

 2 Figure 2.18. 2D DOSY-NMR spectra (400 MHz) of: a) 5 mM BBB solution, b) 5 mM TTF-PDMAc solution, c) 5 mM BBB and 5 mM TTF-PDMAc solution and d) 5 mM BBB and 10 mM TTF-PDMAc solution. All spectra were measured in D2O at 298 K.

Figure 2 .

 2 Figure 2.20: Left: UV-VIS titration by adding gradually a concentrated aqueous Napht-PDMAc solution (20.09 mM) to a diluted BBB (1.00 mM) stock solution. Insert: The increase of absorbance at 550 nm versus equivalents Napht-PDMAc. Right: Plot showing the wavelength at maximum absorbance in function of added eq Napht-PDMAc.

Figure 2 .

 2 Figure 2.21. Top: The visualization of the color change upon complexation of BBB with 1 eq and 2 eq of TTF-PDMAc. Bottom: UV-VIS titration by adding a concentrated aqueous BBB solution (10.31 mM) to a diluted TTF-PDMAc (1.03 mM) solution at 25 °C. Insert: The increase of absorbance at 900 nm versus equivalents BBB.

Figure 2 .

 2 Figure 2.22. Left: UV-VIS titration by adding gradually concentrated aqueous TTF-PDMAc solution (20.43 mM) to a diluted BBB solution (1.00 mM). Insert: The increase of absorbance at 900 nm versus equivalents TTF-PDMAc. Right: plot showing the wavelength at maximum absorbance in function of equivalents added TTF-PDMAc polymer chains.

Figure 2 .

 2 Figure 2.23. Isothermal titration calorimetry data for the addition of BBB to Napht-PDMAc recorded in Millli-Q water at 15°C

Figure 2 . 24 .

 224 Figure 2.24. Isothermal titration calorimetry data for the addition of BBB to TTF-PDMAc recorded in Milli-Q water at 15°C

Figure 2 . 25 .

 225 Figure 2.25. Disassembly of Napht-PDMAc and BBB by heating the solution to 100 °C and the reformation of the complex upon cooling to 5°C in D2O.

Chapter 2 was

 2 purified by distillation and AIBN was recrystallized from MeOH before usage. Tetrathiafulvalene (TTF) was bought from Tokyo Chemical Industry (TCI), potassium carbonate, 4,4'-bipyridine and 4dimethylaminopyridine (DMAP) from Acros organics and (3-dimethylaminopropyl)-N'ethylcarbodiimide hydrochloride (EDC.HCl) from Iris Biotech GmbH. Finally anhydrous magnesium sulfate was supplied by Fisher Chemicals. All HPLC grade solvents were purchased from Acros (diethylether), Sigma Aldrich (Acetone, THF), Alfa Aesar (Nitromethane), Biosolve (DMF) and Fisher (ACN, MeOH, DCM, EtOH). All anhydrous solvents, were obtained by passing over aluminium oxide by means of a J.C. Meyer solvent purification system. All deuterated solvents were purchased from Cambridge Isotope Laboratories. Milli-Q Water (18.2 MΩ/cm) was generated using a Millipore Milli-Q academic water purification system Nuclear magnetic resonance (NMR).1 H-NMR spectra were recorded in CD3CN, D2O or CDCl3 on a Bruker Advance 300 MHz or 500 MHz spectrometer at room temperature unless otherwise noted.

  Agilent 1260-series HPLC system equipped with a 1260 online degasser, a 1260 ISO-pump, a 1260 automatic liquid sampler, a thermostatted column compartment at 50 °C equipped with two PLgel 5 µm mixed-D columns protected with a PLgel 5 µm guard column in series, a 1260 diode array detector (DAD) and a 1260 refractive index detector (RID). DMAc containing 50 mM of LiCl was used as eluent at a flow rate of 0.500 mL/min. The spectra were analyzed using the Agilent Chemstation software with the GPC add on using a PMMA calibration curve. Size-exclusion chromatography with light scattering (LS) Light scattering (LS) measurements are performed on a 3-angle static light scattering (MALS) detector, i.e. miniDAWN TREOS, from Wyatt Chapter 2

4. 2

 2 Synthesis of ferrocene template 4.2.1 Synthesis of 2-(2methoxyethoxy)-1-benzenesulfonate (TS-DGM)51 

Figure 2 . 26 .

 226 Figure 2.26. Reaction conditions for the synthesis of TS-DGM with respective 1 H-NMR annotations.

1 H-

 1 NMR spectroscopy (300 MHz, DCCl3) δ(ppm) 7.8 (d, J = 8.2 Hz, 2H, Ha), 7.34 (d, J = 8.0 Hz, 2H, Hb), 4.17 (t, J = 4.9, 2H, Hc), 4.72-3.44 (m, 6H, Hd), 3.35 (s, 3H, He), 2.45 (s, 3H, Hf) 4.2.2 Synthesis of 1,1-bis[[2-(2-methoxyethoxy)ethoxy]methylene]-ferrocene (ferrocene template)33 

Figure 2 . 27 .

 227 Figure 2.27. Reaction mechanism for the synthesis of the ferrocene template with respective 1 H-NMR annotations.

1 H-

 1 NMR spectroscopy (300 MHz, CD3CN) δ(ppm) 4.29 (s, 4H, Ha), 4.20 (d, J = 22.1 Hz, 1H, Hb), 3.55 (s, 16H, Hc), 3.32 (s, 6H, Hd) 4.3 Synthesis of cyclobis(paraquat-4,4'-biphenylene) 4.3.1 Synthesis of 1,1'-[4,4'-biphenylenedimethlyene]bis(4,4'-bipyridinium) bis(hexafluorophosphate) (Big disalt. 2PF6 -) 52

Figure 2 . 28 . 1 H

 2281 Figure 2.28. Synthetic scheme for the synthesis of big disalt.2PF6 -with respective 1 H-NMR annotations.

Figure 2 . 29 .

 229 Figure 2.29. Reaction conditions for the synthesis of BBB with respective 1 H-NMR annotations.

1 H-

 1 NMR spectroscopy (300 MHz, CD3CN) δ(ppm) 9.03 (d, J = 6.4 Hz, 8H, Ha), 8.33 (d, J = 6.4 Hz, 8H, Hb), 7.68 (d, J = 8 Hz, 8H, Hc), 7.58 (d, J = 8 Hz, 8H, Hc), 5.90 (s, 8H, Hd) 4.3.3 Ion exchange reaction of BBB from PF6 -to Cl -

1 H- 54 Figure 2 .

 1542 Figure 2.30. reaction conditions for the synthesis of CTA-COOH with respective 1 H-NMR annotations.

1 H- 55 Figure 2 . 31 .

 155231 Figure 2.31. Synthetic scheme for the synthesis of 2-formyltetrathiafulvalene with respective 1 H-NMR annotations.

1 H-

 1 NMR spectroscopy (300 MHz, DCCl3) δ(ppm) 9.50 (s, 1H, Ha), 7.79 (s, 1H, Hb), 6.53 (s, 2H, Hc) 4.4.3 Synthesis of 2-hydroxymethyltetrathiafulvalene 55

Figure 2 . 32 . 1 H 56 Figure 2 . 33 .

 232156233 Figure 2.32. Synthetic conditions for the synthesis of 2-hydroxymethyltetrathiafulvalene with respective 1 H-NMR annotations.

1 H-

 1 NMR spectroscopy (300 MHz, (CD3)2CO) δ(ppm) 6.56 (m, 3H, Ha), 4.79 (d, J = 1.0 Hz, 2H, Hb), 3.17

(d, J = 6 . 8 4 . 5

 6845 Hz, 2H, Hc), 1.87 (m, 1H, Hd), 1.60 (s, 6H, He), 0.91 (d, J = 6.7 Hz, 6H, Hf) Synthesis of 2-(2-((5-(2-(2-methoxyethoxy)ethoxy)naphthalen-1-yl)oxy)ethoxy)ethyl2-(((isobutylthio)carbonothioyl)-2-methylpropanoate (Napht-CTA) 4.5.1 Synthesis of 1.5-bis[2-(2-(2-hydroxyethoxy)ethoxy)ethoxy]naphthalene (NaphtOH)57 

Figure 2 . 34 .

 234 Figure 2.34. Reaction scheme for the synthesis of NaphtOH with respective 1 H-NMR annotations.

1 H-

 1 NMR spectroscopy (300 MHz, DCCl3) δ(ppm) 7.86 (d, J = 8.5 Hz, 2H, Ha), 7.35 (t, J = 8.5 Hz, 2H, Hb), 6.84 (d, J = 7.6 Hz, 2H, Hc), 4.27 (m , 4H, Hd), 3.96 (m, 4H, He), 3.73 (m, 8H, Hf+Hg) 4.5.2 Synthesis of 2-[2-[[5-[2-(2-methoxyethoxy)ethoxy]-1-naphthalenyl]oxy]ethoxy](NaphtOMe)45 

Figure 2 . 35 .

 235 Figure 2.35. Synthetic scheme for the synthesis of NaphtOMe with respective 1 H-NMR annotations.

1 H-

 1 NMR spectroscopy (300 MHz, DCCl3) δ(ppm) 7.79 (t, J = 8.0 Hz, 2H, Ha), 7.28 (td, J = 8.0 Hz, 2.4 Hz, 2H, Hb), 6.77 (d, J = 7.7 Hz, 2H, Hc), 4.23 (m , 4H, Hd), 3.92 (m, 4H, He), 3.64-3.73 (m, 6H, Hf), 3.52 (m, 2H, Hg), 3.33 (s, 3H, Hh) 4.5.3 Synthesis of Napht-CTA 46

Figure 2 . 36 .

 236 Figure 2.36. Reaction conditions for the synthesis of Napht-CTA with respective 1 H-NMR annotations.

1 H- 3 Hz, 1 . 6

 1316 NMR spectroscopy (300 MHz, DCCl3) δ(ppm) 7.79 (dd, J = 8.6 Hz, 3.6 Hz, 2H, Ha), 7.26 (td, J = 8.Hz, 2H, Hb), 6.76 (d, J = 8.0 Hz, 2H, Hc), 4.23 (m, 6H, Hd), 3.99 (m, 4H, He), 3.81 (m, 4H, Hf), 3.60 (m, 2H, Hg), 3.40 (s, 3H, Hh), 3.16 (d, J = 6.8 Hz, 2H, Hi), 1.69 (s, 6H, Hj), 0.96 (d, J = 6.7 Hz, 6H, Hk) 4.6 RAFT-polymerizations of Napht-CTA with DMAc

Figure 2 . 37 .

 237 Figure 2.37. Synthesis conditions for the RAFT-polylmerization of DMAc using Napht-CTA with respective 1 H-NMR annotations.

1 H-

 1 NMR spectroscopy (300 MHz, CDCl3) δ(ppm) 7.85 (t, J = 7.6 Hz, 2H, Ha), 7.40-7.29 (m, 2H, Hb), 6.84 (d, J = 7.6 Hz, 2H, Hc), 4.38-4.12 (m, 6H, Hd), 4.08-3.91 (m, 4H, He), 3.90-3.71 (m, 4H, Hf), 3.66-3.56 (m, 2H, Hg), 3.40 (s, 3H, Hh), 3.27 (d, J = 6.7 Hz, 2H, Hi), 3.2-2.2 (broad, Hj+Hk), 1.9-1.4 (broad, Hi+Hm), 1.1-0.9 (broad, Hn+Ho) 4.7 RAFT-polymerization of TTF-CTA with DMAc

Figure 2 . 38 .

 238 Figure 2.38. Reaction conditions for the RAFT-polymerizations of DMAc using TTF-CTA with respective 1 H-NMR annotations.

Chapter 2 4 .

 4 10 Procedure UV-VIS spectrophotometric titration experiment UV-VIS titration was performed by adding via microliter pipettes solutions containing either the host (BBB) or the guest (Napht-PDMAc or TTF-PDMAc) to a solution of the complementary guest (Napht-PDMAc or TTF-PDMAc) or host in a 1 cm disposable cuvette. Deionized water was used as solvent for UV-VIS titration. UV-ViIS scanning conditions were as follows: Scanning rate = 300 nm/min, bandwidth = 0.5 nm, response time = 0.1 s, accumulations = 1 scan.
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 2 pseudorotaxane between the DNP and the BB host molecule. The oxygen atoms present in the glycol chain can interact with the acidic alfa-protons of the host molecule by forming a hydrogen bond providing an extra thermodynamic stability upon assembly.40 

Figure 3 . 1 .

 31 Figure 3.1. synthesis scheme of Napht.Ac.

Figure 3 . 2 .

 32 Figure 3.2. Synthetic scheme for the synthesis of the Napht-co-PNIPAm organogels.

  A sample was prepared by soaking 3-4 mg of dried hydrogel in 40 µL deuterated DMSO for 24h before measuring. The spectrum that was recorded for 3% Napht-co-PNIPAm (3 mol% Napht.Ac feed) confirmed the presence of the characteristic signals attributed to the naphthalene moiety and the PNIPAm backbone as assigned in Figure 3.3.

Figure 3 . 3 . 1 .

 331 Figure 3.3. HR-MAS 1 H-NMR spectrum of an 3% Napht-co-PNIPAM hydrogel calibrated on solvent signal (DMSO-6d).

2 : 3 . 2 𝑤𝑡%

 232 Equation 𝑁𝑎𝑝ℎ𝑡.𝐴𝑐 = 𝑚𝑜𝑙% 𝑁𝑎𝑝ℎ𝑡.𝐴𝑐 * 𝑀𝑊 𝑁𝑎𝑝ℎ𝑡.𝐴𝑐 𝑚𝑜𝑙% 𝑁𝑎𝑝ℎ𝑡.𝐴𝑐 * 𝑀𝑊 𝑁𝑎𝑝ℎ𝑡.𝐴𝑐 + 𝑚𝑜𝑙% 𝑁𝐼𝑃𝐴𝑚 * 𝑀𝑊 𝑁𝐼𝑃𝐴𝑚 with MWNapht.Ac and MWNIPAm the molecular weight of the Napht.AC monomer (430.5 g/mol) and the NIPAM (99.13 g/mol), respectively. The molar percentage of Napht.Ac (mol%Napht.Ac) and NIPAM (mol%NIPAM) in the hydrogel was calculated using the results received from the HR-MAS 1 H-NMR spectrum discussed in section 2.1. By employing this value in the underlying equation 3.3, we were able to calculate the amount of BB needed for the complexation. Equation 3.3 𝑚 𝐵𝐵 = 𝑀𝑊 𝐵𝐵 * 𝐸𝑞 𝐵𝐵 𝑚 𝐷𝑟𝑦 * 𝑤𝑡% 𝑁𝑎𝑝ℎ𝑡.𝐴𝑐 𝑀𝑊 𝑁𝑎𝑝ℎ𝑡.𝐴𝐶 With MWBB the molecular weight of BB (662.5 g/mol), EqBB the desired equivalents of BB added to the Napht-co-PNIPAm hydrogel (here three equivalents), mdry the mass of the dried hydrogel piece, wt%Napht-monomer the weight percentage of the incorporated naphthalene units (11%) and MWNapht.Ac the molecular weight of the naphthalene monomer (430.5 g/mol).Upon the addition of the host molecule BB to the swollen 3% Napht-PDMAc, the typical purple color of the BB-napht donor-acceptor complex was immediately visible on the surface of the gel which diffused homogenously through the hydrogel with time as shown in Figure3.4.

Figure 3 . 4 .

 34 Figure 3.4. Pictures showing the homogenous diffusion of BB through the hydrogel by comparing a picture of the hydrogel submerged for several minutes in the concentrated BB solution (left) and soaked for 24h in the concentrated BB solution (right).

Figure 3 . 5 .

 35 Figure 3.5. Schematic representation of the color change and the dimensional changes associated with the complexation of the Napht-co-PNIPAm hydrogel. The hydrogel was complexed via the two step procedure where the hydrogels was firstly exposed for 24 h to a concentrated BB solution and subsequently allowed to swell to equilibrium (24 h) upon the addition of an excess of water (9 mL). Pictures are of the 3% Napht-co-PNIPAm at equilibrium swelling.

Figure 3 . 6 .

 36 Figure 3.6. The percentage swelling upon complexation Q(t)/Q(eq), with Q(t) = the swelling ratio at swelling time t during the complexation and Q(eq) = the swelling ratio of the complexed 3% napht-co-PNIPAm at equilibrium in function of swelling time.

Figure 3 . 7 .

 37 Figure 3.7. The calculated swelling ratio at equilibrium before (orange) and after (blue) the addition of BB to the Napht-co-PNIPAm hydrogels in function of the functionalization grade of Napht.Ac respectively 0%, 2%, 3%, 6% and 12%. The hydrogel pieces were soaked to equilibrium at a temperature below their VPTT (5 °C). Inset: A picture of a cut complexed the 12% Napht-co-PNIPAm piece displaying that only complexation upon the addition of BB is occurring on the outer sphere upon soaking for several days in concentrated BB solution. These results were obtained by Dr. Khaled Belal at University Lille 1.

3 Figure 3 . 8 .

 338 Figure 3.8. Top: Schematic illustration of the pseudorotaxane Napht.Ac-BB inside the hydrogel. Bottom: HR-MAS 1 H-NMR spectra of 3% Napht-co-PNIPAm hydrogel measured in D2O upon the addition of 0, 0.2, 0.5, 0.7, 1.0 and 1.5 equivalents of BB. For comparison, the 1 H-NMR spectrum (300 MHz) of pure BB recorded in D2O is also shown.

  .8). The intensity of the peaks further increases as more equivalents of BB are added to the sample, indicating that more complexes are formed. Upon the addition of 1 equivalent of BB or more, the intensity stays approximately constant indicating that most of the Napht.Ac units inside the hydrogel are complexed.The assignments of the peaks was confirmed via 2D-COSY NMR spectroscopy of the complexed hydrogel where a correlation was found between the neighbouring protons Hα -Hβ in BB (Figure3.9, left indicated in green) and H3/7 -H4/8 in Napht.Ac (Figure3.9, left indicated in red). Additionally, the dipolar correlation between the HC6H4 and the naphthalene proton H3/7 observed in the NOESY spectrum (Figure3.9, right), proves that the pseudorotaxane architecture is formed inside the hydrogel.

Figure 3 . 9 .

 39 Figure 3.9. Left: Partial 2D-COSY NMR spectrum of the 3% Napht-co-PNIPAm hydrogel complexed with 1 eq BB recorded in D2O. Right: Partial 2D-NOESY NMR spectrum of 3% Napht-co-PNIPAm hydrogel complexed with 1 eq BB in waterecorded in D2O.

Figure 3 . 10 .

 310 Figure 3.10. Pictures showing the color change of the 3% Napht-co-PNIPAm hydrogel after synthesis and after 3 months storage in water. This degradation was investigated via 1 H-NMR spectroscopy revealing that the sharp naphthalene peaks corresponding to the aromatic part of the naphthalene (f+g+h) and the methylene next to the dihydroxynaphthalene (e) are disappearing over time (Figure 3.11).

Figure 3 .

 3 Figure 3.11. 1 H-NMR spectrum of the 3% Napht-co-PNIPAm hydrogel immediately after synthesis via FRP (below) and after soaking for 3 months in water at 5°C (above), measured in DMSO-d6. The assignment of the peaks was done using the structure of the hydrogel displayed on the left.

Figure 3 .

 3 Figure 3.12. Left: LC-MS chromatogram of the supernatant of the degraded 3% Napht-co-PNIPAm hydrogel with UV-signal at 214.20 nm.

Figure 3 . 14 .

 314 During the experiments the Chapter 3 The overlay of the spectra clearly shows that the signals corresponding to the PNIPAm polymer chains (0 -2.6 ppm) are diminishing with increasing temperature (Figure 3.16). This phenomenon can be ascribed to a decrease in chain mobility upon collapsing of the hydrogel which causes line broadening, significantly reducing the peak intensity. The reverse observation can be made for the peaks related to BB (5.5 -10 ppm) as upon heating more defined peaks of the BB host molecule become visible proving the expulsion of BB from the hydrogel (Figure 3.16).

Figure 3 . 4 :

 34 Figure 3.16. 1 H-NMR spectra of the 3% napht-co-PNIPAm complexed with 1 eq. BB measured at 27 °C, 29 °C, 31 °C, 33 °C, 35 °C, 37 °c, 39 °C and 42 °C.

Figure 3 . 18 .

 318 Figure 3.18. Partial 1 H-NMR spectra of the complexed 3%-Napht-co-PNIPAm hydrogels recorded at 27°C, 29°C, 31°C, 33°C, 35°C, 37°C and 42°C. The disassembly induced by the volume phase transition of the complexed hydrogel is given in an schematic illustration next to the 1 H-NMR spectra.

Figure 3 . 19 .

 319 Figure 3.19. Integrals and assignment of the residual peaks measured via 500 Hz 1 H-NMR spectroscopy for the complexed 3% Napht-co-PNIPAm hydrogels heated at 42 °C.

Figure 3 .

 3 Figure 3.20. Left: The Napht-co-PNIPAm hydrogels modified with respectively 2%, 3%, 6% and 12% of naphthalene were exposed for 10 min at 70 °C, 1 h at 50 °C and 12 h at their corresponding VPTT. The swelling ratios after heating (Q) were determined by letting them soak to equilibrium in fresh demineralised water at 5 °C and the results are given in the graph in function of the naphthalene functionalisation degree. Right: Schematic illustration of the disassembly of the Napht-BB complex and the accompanied diffusion of the free BB out of the hydrogel upon heating and reswelling in the subsequent soaking step for 10 min at 70 °C, 1 h at 50 °C and 12 h at the VPTT of the hydrogel.

Figure 3 . 21 .

 321 Figure 3.21. Decomplexation percentages of 3% Napht-co-PNIPAm hydrogels being exposed for 1 h (black squares), 5 h (red circles), 10 h (blue upward triangle) and 14 h (purple downward triangle) at 42°C, 46°C, 50°C and 60°C and subsequently being soaked in fresh demineralised water (20 mL) for 1 h, 2h, 3h, 24 h, 48 h, 72 h and 96 h. All tests were performed in triplicate.

Figure 3 . 22 .

 322 Figure 3.22. Decomplexation percentages of 3% Napht-co-PNIPAm hydrogels being exposed at different temperatures: 42 °C (black squares), 46 °C (red circles), 50 °C (blue upward triangles) and 60 °C (purple downward triangles) for 1 h, 5 h, 10 h and 14 h and subsequently being soaked in fresh demineralized water (20 mL) for 2 h respectively. All tests were performed in triplicate.

Figure 3 . 23 .

 323 Figure 3.23. Visualisation of the dimensional and color changes of the 3% Napht-co-hydrogels samples immediately after heating for 1 h, 5

1 H- 38 Figure 3 . 25 .

 138325 Figure 3.25. Synthetic scheme for the synthesis of Napht-NH2 with respective 1 H-NMR annotations.

1 H- 38 Figure 3 . 26 .

 138326 Figure 3.26. Reactions conditions for the synthesis of Napht.Ac with respective 1 H-NMR annotations.

1 H- 60 Figure 3 . 27 .

 160327 Figure 3.27. Reaction mechanism for the synthesis of DS BB.2PF6 -with respective 1 H-NMR annotations.

  -8.67 (m, 8H, Ha), 8.56-8.24 (m, 4H, Hb), 8.02-7.70 (m, 4H, Hc), 7.59 (s, 4H, Hd), 5.81 (s, 4H, He)4.6 Synthesis of cyclobis(paraquat-p-phenylene) (BB)61 

Figure 3 . 28 .

 328 Figure 3.28. Synthetic scheme for the synthesis of BB with respective 1 H-NMR annotations.A solution of DS.2PF6 -(1.44 g, 2.50 mmol) and α, α'-dibromo-p-xylene (0.62 g, 2.30 mmol) in 200 mL CH3CN was heated to reflux for 48 h after which another portion of α, α'-dibromo-p-xylene (0.46 g, 1.70 mmol) was added to the reaction mixture and was left to reflux for another 48 h. A bright yellow precipitate was formed upon reaction which was filtered, washed with CH3CN and dried under vacuum.

1 H-

 1 NMR spectroscopy (300 MHz, CD3CN) δ(ppm) 8.91(d, J = 6.3 Hz, 8H, Ha), 8.21 (d, J = 6.3 Hz, 8H, Hb), 7.58 (s, 8H, Hc), 5.79 (s, 8H, Hd)

1 H-

 1 NMR spectroscopy (300 MHz, D2O) δ(ppm) 9.27 (d, J = 6.3 Hz, 8H, Ha), 8.46 (d, J = 6.4 Hz, 8H, Hb), 7.80 (s, 8H, Hc), 6.03 (s, 8H, Hd)

  The exact amount of BB was determined using equation 3.3 and depends of the weight of the hydrogel piece: Equation 3.3 𝑚 𝐵𝐵 = 𝑀𝑊 𝐵𝐵 * 𝐸𝑞 𝐵𝐵 𝑚 𝐷𝑟𝑦 * 𝑤𝑡% 𝑁𝑎𝑝ℎ𝑡.𝐴𝑐 𝑀𝑊 𝑁𝑎𝑝ℎ𝑡.𝐴𝐶

  3.21 was reworked to show the swelling ratio in function of the reswelling time for the different heating temperatures. The reswelling of the 3% Napht-co-PNIPAm hydrogels after the heating step at 42 °C, 46 °C, 50 °C and 60 °C with different heating times (1-5-10-14h) was followed in 123 Chapter 3 function of the reswelling time in fresh demineralised water (Figure 3.29). The expected opposite trendwas visible compared to previous Figure3.21 because the decomplexation rate and reswelling ratio are inversely correlated, i.e. the more decomplexation has occurred, the less swelling is restored over time in fresh demineralised water. However, similar conclusions can be made with the samples heated at 42°C showing the largest temperature memory window between the different heating times, even after swelling up to 96 hours. This temperature memory window decreases when the hydrogel is heated at temperatures far greater than its VPTT due to the rapid collapse of the hydrogel preventing efficient diffusion of the BB outside of the hydrogel. The apparent decrease of the swelling ratio with increased swelling time in all samples is most likely related to the reformation of the new concentration equilibrium of BB between the heated hydrogel and the fresh demineralised water, resulting in diffusion of BB out of the swollen hydrogel.
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 329 Figure 3.29. Reswelling ratios of 3% Napht-co-PNIPAm hydrogels being exposed for 1 h (black squares), 5 h (red circles), 10 h (blue upward triangle) and 14 h (purple downward triangle) at 42°C, 46°C, 50°C and 60°C and subsequently being soaked in fresh demineralised water (20 mL) for 1 h, 2h, 3h, 24 h, 48 h, 72 h and 96 h. All tests were performed in triplicate.

Figure 3 . 30 .

 330 Figure 3.30. The amplitude sweeps of non-complexed and complexed 3% NApht-co -PNIPAm. The amplitude sweeps were performed at a constant angular frequency of 1 rad/s and with changing stain amplitude from 10 -4 to 10%.

  De Smet*, Gertjan Vancoillie*, Peter Minshall, Kathleen Lava, Iline Steyaert, Ella Schoolaert, Elke Van De Walle, Peter Dubruel, Karen De Clerck and Richard Hoogenboom; Plasma Dye Coating: A Straightforward and Widely Applicable Procedure for Dye Immobilization on Common Polymeric Materials. Nature communications, 9, 1123, 2018. DOI: 10.1038/s41467-018-03583-4
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 41 Hu et al. who reported the creation of polymer brushes mediated by cucurbit[8]uril host-guest assemblies making the material surface properties highly responsive towards external stimuli including light, redox potential and the presence of competitive guest molecules. Compared to the traditional strategies to alter material surface properties including surface-initiated polymerization and layer-by-layer self-assembly, this supramolecular method uses a physical grafting-to strategy using host-guest assembly to immobilize well-defined polymers functionalized with a compatible guest molecule.8 

Figure 4 . 1 .

 41 Figure 4.1. Schematic illustration of CB[8]-mediated supramolecular grating-to polymer brushes, orthogonally controlled by light, competitive guest molecules and redox potential. Reprinted from ref. 8 Copyright 2019 Royal Society of Chemistry.

Figure 4 . 2 .

 42 Figure 4.2. The creation of the supramolecular hydrogel using the ternary CB[8] complexes with 1-benzyl-3-vinylimidazolium bromide providing the interfacial adhesion of two substrates. Reprinted from ref. 10 Copyright 2019 John Wiley and Sons.

Figure 4 . 2 .

 42 Figure 4.2. Synthesis route of the Fe-NP covalently functionalized with CP[5]A.2

Figure 4 . 3 .

 43 Figure 4.3. Illustration of the difference between a non-depositing cold plasma technique (top) and a depositing cold plasma technique

Figure 4 . 4 .

 44 Figure 4.4. The schematic representation of the different steps used in the PDC procedure.

Figure 4 . 5 .

 45 Figure 4.5. Proof-of-concept of the necessity of the two key-components: the PSM step and the polymerizable group onto the desired dye

Chapter 4 its

 4 reversible halochromic behavior after the PDC immobilization which is illustrated in Figure 4.7 upon exposure to either acidic HCl saturated vapors or basic NH3 saturated vapors.

Figure 4 . 7 .

 47 Figure 4.7. The halochromic behavior of plasma dye coated materials. The halochromic behavior of these materials treated with respectively DR1-A, RB-Sty and BCP-vinyl² is induced by the exposure to HCl and NH3 saturated vapors or by the dipping into an acidic or basic aqueous solution in the case for BTB-Sty.Reprinted from ref. 31 Copyright 2019 Springer Nature.

Figure 4 .

 4 8 showing no significant difference between both untreated (top) and PDC treated substrates (bottom) indicating that the PSM treatment step has no significant influence on the surface morphology. The straight lines on both LD-PE and HD-PE are mostly likely some tears or cuts from the manipulation of the material during the PDC procedure and SEM sample preparation as the PDC process should not lead to such artefacts.

Figure 4 . 8 .

 48 Figure 4.8. Overview of SEM images pre-and post PDC treatment with DR1-A as used dye molecule.

Figure 4 . 9 .

 49 Figure 4.9. The contact angle measured for untreated material (black), PDC treated material with DR1-A (grey) and PDC treated material with RB-Sty (white). A drop of MilliQ water was placed on each surface after which the contact angle was determined after 5 sec, averaged over five drops per sample. The reproducibility of all samples was confirmed by measuring the contact angles on three PDC treated samples.

Figure 4 . 10 .

 410 Figure 4.10. The surface atomic ratios of PA6 (a) and LD-PE (b) untreated (Untreated material), PDC without the plasma treatment step (PDC without (w/o) plasma) and the PDC treated sample with increasing plasma time. a) PA6: 0.5 min, 1 min, 5 min and 10 min respectively. b) LPDE: 0.5 min, 1 min, 2.5 min and 5 min. bottom: The surface atomic ratios of Cellulose (c) and UHMW-PE fibers (d): untreated (Untreated material), PDC without the plasma treatment step (PDC without plasma) and the PDC treated (PDC) sample. *The nitrogen content is probably a contaminant.

Figure 4 . 6 )

 46 . In order to validate this claim, a further optimization was performed for the PDC of RB-Sty onto LD-PE focusing on variation of the plasma time as this step controls the balance between dye immobilization and dye/material degradation. The optimized conditions for DR1-A/PA6 regarding a dipping time of 1 min and a dipping concentration of 25 mg/ml were kept constant and the plasma time was varied from 0.5 min, 1 min, 2.5 min and 5 min. Again, both coated sides of the samples were exposed to plasma treatment in two steps. The test indeed confirmed that a PSM step of 1 minute on each side as previously optimized for DR1-A/PA6 limits the dye loading on the RB-Sty/LD-PE as a further increase in color was visually noticeable with longer plasma times as shown in Figure4.11. This trend was also confirmed using reflective UV-VIS showing that a maximum coloration and maximum absorbance is Chapter 4 parameters are both material and dye specific but are less dependent on the surface area and shape of the substrate. Nonetheless, the higher surface area of the fibrous material results in deeper color of the PDC treated sample when compared to the non-fibrous LD-PE treated with a plasma time of 1 minute displayed in the insert of Figure4.12 (right, top).

Figure 4 .

 4 Figure 4.12. Left: Kubelka-Munk values, normalized at max reflection, for UHMW-PE/DR1-A treated respectively 1 min, 2 min, 3 min or 4 min plasma time. Right, top: LD-PE PDC treated with DR1-A under the optimized conditions with a dipping concentration = 25 mg/mL, dipping time = 1 min and plasma time = 1 min. Right, bottom: PDC treatment of UHMW-PE with DR1-A with a dipping concentration = 25 mg/mL, dipping time = 1 min and different plasma times of 1 min, 2 min, 3 min and 4 min respectively. the pictures of the treated fibrous PE substrates are taken after purification and compared to an untreated reference sample.

Figure 4 .

 4 Figure 4.13. Left: The Kubelka-Munk, normalized at max. reflection, for non-treated (Untreated material), PDC without the plasma treatment step (PDC without plasma) and a PDC treated (PDC) sample of fibrous UHMW-PE/DR1-A, performed under following PDC conditions: plasma time: 1 min, dipping concentration: 25 mg/ml and dipping time: 1 min. Right: The Kubelka-Munk, normalized at max. reflection, are given for non-treated (Untreated material), PDC without the plasma treatment step (PDC without plasma) and a PDC treated (PDC) sample of nonfibrous LD-PE/DR1-A, performed under following PDC conditions: plasma time: 1 min, dipping concentration: 25 mg/ml and dipping time: 1 min. Insert: picture of measured LD-PE treated with DR1-A.

Figure 4 . 14 .

 414 Figure 4.14. Pictures of the treated PTFE samples with a spraying concentration of respectively 15 mg/mL, 25 mg/mL and 35 mg/mL with a plasma time of 0 min, 1 min, 3 min and 5 min. The pictures are taken after soxhlet purification and compared to an untreated reference sample.

Figure 4 . 18 .

 418 Figure 4.18. Pictures of Napht.Ac/cellulose pieces after treatment with PDC and the color change from very light yellow (left) to bright pink (right).

Figure 4 . 19 . 5 Chapter 5 .

 41955 Figure 4.19. Visualization of the spray-coating setup displaying that the sample was sprayed with the dye in an upright position in a snakelike pattern (indicated by the red arrow). The nozzle was positioned around 10 cm from the sample and the pressure of the compressor was set at 30 psi to receive a flow rate of 33 mg/min.

  research could also be done to investigate the influence of PDMAc chain on the host-guest complexation by investigating the effect of polymer chain length on the association constant in water to allow the more accurate determination of the strength of the specific host-guest complexation in water.By embedding the dynamic nature of the microscopic host-guest complexes into hydrophilic polymeric networks, also called hydrogels, has allowed us to reversibly control the macroscopic shrinking and swelling of these materials. Chapter 3 focusses on the use of cyclobis(paraquat-p-phenylene) or blue box (BB) complexes with Napht as guest molecule to gain control over the volume phase transition temperature (VPTT) of thermo-responsive PNIPAm hydrogels. The induced decomplexation upon temperature increase allowed to incorporate a time memory function in which the system reports information on how long it was exposed to a certain temperature. The hydrogel was synthesized using the free radical co-polymerization of N-isopropylacrylamide together with Napht functionalized with an acrylamide group in the presence of the cross-linking agent N,N'-methylenebisacrylamide. Upon the addition of BB to the environment of the hydrogel, a color change combined with a drastic increase in swelling ratio was visible demonstrating that BB can penetrate the hydrogel to form donor-acceptor interactions with the incorporated Napht units. The dynamic character of the host-guest complexes made it possible to introduce a large hysteresis window in the VPTT, which depends not only on the heating temperature but also on the heating time, forming the basis of the time memory function. The hysteresis window results from the disassembly of the host-guest complex and subsequent (limited) diffusion of BB from the hydrogel. Upon cooling, the presence of the released hydrophobic naphthalene units inside the hydrogel significantly lowers the rehydration of the hydrogel matrix, making the reswelling ratio a reporter event of this first generation of heating time sensor. Future generations of this smart material could potentially focus on different guest molecules to include different stimuli including redox potential, temperature, pH and competitive guests, to allow supramolecular communications between different individual hydrogels functionalized with either Napht units, TTF units or hydroquinone units.

  zoals temperatuurschommelingen, pH, elektrische of magnetische velden, oplosmiddelen of chemicaliën en licht. Binnen dit snel evoluerende domein is supramoleculaire chemie, inclusief gastheer-gast complexatie, naar voren gekomen als een krachtig instrument voor het creëren van responsieve materialen vanwege hun dynamische, omkeerbare en adaptieve aard als gevolg van veranderingen in externe stimuli. Deze gastheer-gast insluitingscomplexen bestaan meestal uit een macrocyclische gastheer molecule die op een sterk gecontroleerde en selectieve manier kan interageren met een of meerdere kleinere gastmoleculen. Dit gebeurt via zowel willekeurige nietcovalente interacties als specifieke driedimensionale ruimtelijke interacties. De integratie van deze dynamische supramoleculaire complexen in conventionele polymeersystemen heeft ons in staat gesteld om de volgende generatie geavanceerde materialen op een minder tijdrovende manier te ontwikkelen.Tegenwoordig worden cucurbit[n]uril (CB), cyclodextrines (CD) en pillar[n]arenes het meest gebruiktals gastheermoleculen voor de synthese van intelligente polymeermaterialen zoals hydrogelen en nanostructuren door middel van supramoleculaire amfifiele macromoleculen in waterige media. Deze kunnen dan toegepast worden voor verschillende toepassingsgebieden, variërend van biomedische toepassingen tot nanotechnologie en materiaalkunde. In hoofdstuk 2 werd een minder vaak onderzochte macrocyclische gastheermolecule cyclobis(paraquat-4,4'-bifenyleen), ook wel big blue box (BBB) genoemd, onderzocht voor gebruik in slimme materialen. BBB kan sterke inclusiecomplexen vormen met twee vlakke elektron-rijke aromatische gastmoleculen tegelijkertijd. Deze 1:2 complexen zouden gebruikt kunnen worden voor de creatie van fysische hydrogelen met enkele interessante eigenschappen zoals zelfhelend vermogen en vormgeheugenfunctie. Bovendien heeft deze macrocyclische gastheermolecule de mogelijkheid om redox-gevoelige eigenschappen in de polymeersystemen te incorporeren, aangezien de gastheer-gast interactie kan gemanipuleerd worden via de redoxpotentiaal van zijn twee bipyridinium groepen. Ten slotte hebben complexen gevormd met BBB, afhankelijk van de gebruikte gastmoleculen, een intense kleur die als een directe visuele output in detectietoepassingen kan worden toegepast. In een eerste stap werd de complexatie van BBB met de elektronenrijke gastmoleculen dialkoxynaftaleen (Naft) en tetrathiafulvaleen (TTF) in water onderzocht met behulp van UV-VIS spectrometrische titratie, ITC en NMR spectroscopie. Door de slechte wateroplosbaarheid van de gastmoleculen Naft en TTF, werden echter korte in water oplosbare polymeren gesynthetiseerd en gefunctionaliseerd met respectievelijk TTF of Napht molecules aan de uiteinden door middel van RAFT-polymerisatie. BBB vormde samen met de in water oplosbare TTF-en Napht-derivaten gekleurde 1:2 complexen in water met een hoge associatieconstante van 1.1 x 10 4 M -1 en 2.7 x 10 4 M -1 voor respectievelijk Naft-PDMAc en TTF-PDMAc.

Hoofdstuk 4

 4 Door de dynamische aard van de gastheer-gast complexen te incorporeren in hydrofiele polymeernetwerken, ook wel hydrogelen genoemd, kunnen we de macroscopische krimping en zwelling van deze materialen omkeerbaar controleren. Hoofdstuk 3 richt zich daarom op het gebruik van cyclobis(paraquat-p-phenyleen) of blue box (BB) complexen met naft als gastmolecuul om controle te krijgen over de volume fase overgangstemperatuur (VFOT) van thermo-responsieve hydrogelen. De geïnduceerde decomplexatie bij temperatuurstijging liet toe om een tijdgeheugenfunctie op te nemen waarin het systeem informatie rapporteert over hoe lang het werd blootgesteld aan een bepaalde temperatuur. De hydrogel werd gesynthetiseerd met behulp van vrije radicalaire co-polymerisatie van N-isopropylacrylamide samen met de Naft gastmolecule gefunctionaliseerd met een acrylamide groep in aanwezigheid van de crosslinker N,N'-methyleenbisacrylamide. Bij de toevoeging van BB aan de hydrogel werd een kleurverandering in combinatie met een drastische verhoging van de zwellingsgraad opgemerkt. Hieruit blijkt dat BB in de hydrogel kan dringen om donor-acceptor interacties te vormen met de geïntegreerde Naft groepen. Het dynamische karakter van de gastheergast complexen maakte het mogelijk om een groot hysterese venster in de VFOT in te voeren dat niet alleen afhankelijk is van de verwarmingstemperatuur, maar ook van de opwarmtijd, wat de basis vormt van de voorgenoemde tijdsgeheugenfunctie. Het hysterese venster is het resultaat van het opbreken van de gastheer-gast interacties en de daaropvolgende (beperkte) uitstoting van BB uit de hydrogel. Bij afkoeling verlaagt de rehydratie temperatuur van de hydrogelmatrix aanzienlijk door de aanwezigheid van de vrijgekomen hydrofobe naftaleeneenheden in de hydrogel. Dit leidt tot verschillende zwellingsgraden van de hydrogel na opwarmen en dit verschil in water opname kan dan gebruikt worden als output voor de eerste generatie verwarmingstijdsensoren. In de toekomst kan zelfs communicatie, ofwel de uitwisseling van BB tussen verschillende hydrogelen gefunctionaliseerd met verschillende gastmolecule zoals Naft, TTF of hydroquinone molecule gerealiseerd worden door deze gevoelig te maken aan verschillende stimuli zoals redoxpotentiaal, temperatuur, pH en competitieve gasten.In een laatste stap werd de ingebouwde tijdgeheugenfunctie verder onderzocht voor de NIPAmhydrogelen die gefunctionaliseerd werden met 3% Naft groepen, welke de meest veelbelovende resultaten opleverde in de voorlopige screening. Het bleek dat zowel de temperatuur als de blootstellingstijd een invloed hebben op het uiteenvallen van het complex en de diffusiesnelheid van de BB uit de Naft-co-PNIPAm hydrogelen. Dit resulteert in een verschil in zwellingsgraad van de hydrogelen na verwarmen als gevolg van het verwijderen van de hydrofiele BB-eenheden en de vrijgekomen hydrofobe Naft-eenheden in de matrix. Het verschil in diffusiesnelheid van de BB en de daarmee gepaard gaande volumeveranderingen kunnen worden gebruikt als rapportage gebeurtenis in een geheugensysteem dat informatie over de blootstellingstijd bij een bepaalde temperatuur bewaart. De huidige generatie van de ontwikkelde tijdsgeheugen hydrogel sensoren kan verschillen van enkele uren verwarming, idealiter 4 tot 5 uur, onthouden en onderscheiden. Voor de ontwikkeling van kortere tijdsgeheugen die blootstellingstijden kunnen onthouden van enkele uren of minuten, kan een hypergevoelige Naft-co-PNIPAm-hydrogel verwezenlijkt worden door poriën in de polymeerstructuur te integreren, waardoor de diffusiesnelheid van de BB bij toenemende temperatuur aanzienlijk zal stijgen. Bovendien, aangezien het openbreken van het complex en diffusie van BB voornamelijk wordt gecontroleerd door de temperatuur geïnduceerde inkrimping van het hydrogelmateriaal, kan het temperatuursensorvenster aangepast worden door de gekozen temperatuur-responsieve polymeermatrix. Ten slotte kan de interactie van de Naft-co-PNIPAm hydrogel met BBB ook bestudeerd worden, aangezien de vorming van extra supramoleculaire crosslinks kan gebruikt worden om de mechanische eigenschappen en de energie dissipatie van de hydrogel te controleren en te verbeteren, bv. het verbeteren van de taaiheid van de hydrogel waardoor het gebruik ervan als robuuste actuatoren mogelijk wordt of als energie-absorberende materiaal. beschrijft een nieuwe techniek voor de covalente incorporatie van dynamische gastheergast complexen op het oppervlak van polymeermaterialen, die het mogelijk maakt de oppervlakteeigenschappen zoals bevochtigbaarheid, biocompatibiliteit en corrosiebestendigheid reversibel te controleren. Hiervoor werd de 'plasma dye coating' (PDC) procedure gebruikt die in eerste instantie werd ontwikkeld door de Universiteit van Gent voor de kleuring van materialen met significant verminderde kleurstofuitloging tijdens de toepassing ervan. In deze post-fabricage methode worden oppervlakte radicalen, gecreëerd door een oplosmiddelvrije plasmaoppervlakte modificatiestap, gebruikt voor de covalente immobilisatie van kleurstofmoleculen op een polymeersubstraat. Het innoverende van dit proces is de functionalisatie van een radicaal-gevoelige groep in de vorm van een dubbele binding op de kleurstofstructuur die fungeert als antenne voor de reactieve radicalen die door plasma worden gegenereerd. Hierdoor blijft het grootste deel van de elektronenrijke kleurstofstructuur intact tijdens het PDC-proces. Ten eerste werd het effect van deze PDC procedure op de eigenschappen van de behandelde materialen onderzocht met behulp van rasterelektronenmicroscoop, contacthoekmetingen en X-straal fotoelektronische spectometer (XPS) waaruit blijkt dat PDC bijna geen invloed heeft op de oppervlaktetopologie, oppervlakteeigenschappen en samenstelling van het substraat is waargenomen. Dit wil zeggen dat de meeste oppervlakte-en bulkeigenschappen van het substraat na de PDC-behandeling worden behouden. Ten tweede, door verdere optimalisatie van deze procedure werd opgemerkt dat de parameters van deze plasmabehandelingsproces een polymeriseerbare kleurstof/materiaalafhankelijkheid heeft en een optimalisatie van ten minste de plasmabehandelingstijd wordt aanbevolen voor elke nieuwe kleurstof/materiaalcombinatie voor een optimale kleuring. Bovendien werd een andere verfdepositietechniek op basis van solvent spuiten compatibel bevonden met de gebruikte procedure.Door een oplossing van de gewenste polymeriseerbare kleurstof direct op het materiaaloppervlak te spuiten in plaats van te dompelen, wordt een lager kleurstofverbruik, de toepassing van een specifiek ontwerp op het oppervlak, het gebruik van complexe 3D geprinte materiaaloppervlakken en een eenvoudigere integratie in een continu industrieel proces voor de kleuring van materialen mogelijk. Tot slot werd het bereik van de geïmmobiliseerde molecule verder uitgebreid door Naft-eenheden als representatieve gastmoleculen covalent te immobiliseren op een vezelachtige cellulosematrix. De geïncorporeerde Naft groepen behouden hun chemische structuur waardoor die nog steeds met BB kan interageren. Dit laat toe om multi-responsieve oppervlakken te creëren op meer conventionele inerte kunststoffen zoals PE, PP en PTFE die gevoelig zijn voor redoxpotentiaal, competitieve gasten, pH en temperatuur, door gebruik te maken van oppervlakte gebonden pseudo-rotaxanen met BB en BBB. Daarnaast kunnen ook deze inerte en/of complexere materialen gebruikt worden om multifunctionele materialen met selectieve supramoleculaire hechting op basis van gastheer-gast interacties gecreërd worden en dit op een minder tijdrovende manier vergeleken met de conventionele manier. De bovenstaande resultaten bieden ook verdere mogelijkheden om verschillende complexe moleculen op het oppervlak te immobiliseren zonder hun structurele integriteit te veranderen, inclusief andere verschillende gastmoleculen, waaronder TTF, maar ook gastheermoleculen zoals cyclodextrine of cucurbit[n]uril alsook gelatine op conventionele kunststoffen. Dit laatste gaf al eerste veelbelovende resultaten voor de modificatie van gelatine op PTFE die mogelijks gebruikt kan worden in biomedische toepassingen.

  photoélectronique X et en mesurant l'angle de contact. Les analyses ont montré que le procédé plasma n'avait pratiquement aucune influence sur la topologie, la composition et les propriétés de surface, indiquant ainsi que la plupart des propriétés du substrat sont conservées après traitement PDC. Deuxièmement, lors de l'optimisation de la procédure, il a été constaté que les paramètres clefs du traitement au plasma dépendaient du ratio colorant polymérisable / matériaux, et qu'une optimisation du temps de traitement au plasma était nécessaire pour chaque nouvelle combinaison colorant / matériaux pour obtenir une coloration optimale. En outre, une autre technique de dépôt de colorant par pulvérisation de solvant, compatible avec le procédé plasma, a été mis au point. En pulvérisant une solution du colorant polymérisable directement sur la surface du matériau au lieu de le tremper dans une solution de colorant, il est possible de réduire la consommation de colorant, d'appliquer un dessin spécifique sur la surface, d'utiliser des surfaces complexes de matériau imprimé en 3D, et donc d'intégrer plus facilement la technique dans un processus industriel continu pour la coloration des matériaux. Enfin, la gamme de molécules immobilisables a été étendue à l'unité de reconnaissance
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 3 

1. The diffusion coefficient (D) and Stokes-Einstein hydrodynamic radius (RH) values for BBB, Napht-PDMAc, BBB with 1 eq of Napht-PDMAc and BBB with 2 eq of Napht-PDMAc in D2O at room temperature (298 K).

  Finally, the applicability of the PDC procedure to covalently immobilize host-guest assemblies onto polymeric surfaces was successfully demonstrated by incorporating Napht.Ac onto a cellulose substrate preserving the chemical structure as the naphthalene could still interact with BB. These smart surfaces mediated by host-guest assemblies through the use of the PDC method could potentially be used to facilitate the purification process of the host molecule, in our case by filtering unpure BB over the cellulose filter modified with Napht units. Another application for the incorporation of host-guest complexes onto material surfaces is to provide strong and reversible supramolecular adhesion between two substrates including more inert substrates like PE, PP and PTFE by using the PDC procedure. For example, this can be done by linking the reactive guest molecule Napht.Ac onto different materials which can afterwards be glued together with the use of BBB forming 1:2 complexes in aqueous media as shown in Chapter 2.All chemicals and solvents were commercially available and used as received unless otherwise stated.

	4 Experimental details
	4.1 Materials and instrumentation
	Disperse Red 1 (95%), acryloylchloride (97%, 200 ppm MEHQ as stabilizer), vinylbenzylchloride (90%)
	and phenothiazine (98%) were purchased from Sigma Aldrich and Rose Bengal (acid red 94, 95%) from
	TCI. Anhydrous magnesium sulfate was supplied by Fisher Chemicals. All solvents including
	dichloromethane, N,N-dimethylformamide, ethylacetate, triethylamine and methanol were HPLC-
	grade from Sigma-aldrich. All anhydrous solvents, were obtained by passing over aluminium oxide by
	means of a J.C. Meyer solvent purification system. All deuterated solvents were purchased from

Cambridge Isotope Laboratories. The polyamide-6 support was fabricated in-house using electrospinning from acid solution according to a previously published protocol,
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cellulose-based qualitative filter paper was purchased from VWR (Medium filtration rate), PTFE was obtained from

and cucurbit[n]urils

[156][157][158] .
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Due to the interference with the absorbance of free BBB, the opposite titration was also studied where a concentrated Napht-PDMAc solution was gradually added in steps of 0.1 eq to a BBB stock solution.

In this way, the interference peak of the BBB is assumed to remain constant and when the initial absorbance of BBB was subtracted from the titration UV-VIS spectra, a slight blue shift in the CT-band of the complex was observed throughout the titration. This shift is highlighted in Figure 2.20 by plotting the wavelength at max. absorbance in the range of 500 -600 nm in function of the equivalents of added Napht-PDMAc. At first, it can be noticed that the maximum of the CT-band is continuously progressing from approximately 528 nm to 550 nm upon the addition of approximately 0.8 eq Napht-PDMAc. Altough the specific cause of this shift could not be proven, this change can presumably be Chapter 3

Chapter 3. Supramolecular hydrogels with time memory function

Abstract

This third chapter will focus on the creation of smart polymeric materials by incorporating blue box -naphthalene (BB-Napht) host-guest complexes in a more complex 3D-matrix, namely polymeric hydrogels. In order to create a hydrogel capable of programmable volume changes, a poly(N-isopropylacrylamide) hydrogel functionalized with naphthalene units (Napht-co-PNIPAM hydrogel) was synthesized by using free radical polymerization of Nisopropylacrylamide (NIPAm), Naphthalene functionalized with an acrylamide group (Napht.Ac) and N,N'mehtylenebisacrylamide as cross-linker in various monomer ratios. The dynamic character of the BB-Napht assembly introduces a large hysteresis window of the thermo-responsive volume phase transition in the system which was thoroughly investigated via DSC and NMR spectroscopy. When heated above its volume phase transition temperature (VPTT), the collapse of the hydrogels causes disassembly of the complex, expelling the BB from the hydrogel. The rate of releasing the BB, i.e. diffusion out of the collapsed hydrogel, was found to be kinetically controlled by the solution temperature and heating time. It was demonstrated that this difference in release of BB influences the hydrophobicity of the resulting hydrogel inducing dimensional changes upon cooling.

By careful monitoring of these variations, the system can report how long it was heated at a known temperature.

To the best of our knowledge, this is the first reported polymeric sensor device that contains a time memory function.

Contributing authors:

Khaled Belal for the synthesis of the different Napht-co-PNIPAm hydrogels with different mol% Napht together with their swelling tests and DSC measurements.

Parts of this chapter will be published as:

L. De Smet, K. Belal, J. Lyskawa, R. Hoogenboom and P. Woisel. Supramolecular hydrogels with time and temperature memory function. 2019 Manuscript in preparation.

Chapter 3 hydrogel pieces were heated from 0 °C to 70 °C with a rate of 2 °C/min for two consecutive heating cycles in order to check whether the volume changes were reversible.

The same trend as for the swelling ratio (Figure 3.7) was visible. The VPTT decreased with higher incorporation of naphthalene units as the introduction of more hydrophobic moieties lowers the VPTT of the Napht-co-PNIPAm hydrogel (Figure 3.14, gray). Initially upon complexation, higher VPTTs are achieved for hydrogels functionalized with higher amount of naphthalene moieties, again reaching a maximum at 3% functionalization (Figure 3.14, Blue). Further increase of the naphthalene units results in a decrease in the VPTT of the complexed hydrogel, although still higher than its non-complexed counterpart. This means that even though the hydrogel becomes too hydrophobic for the BB to diffuse inside, the complexation on the outer sphere of the hydrogel still induces a minor effect on the VPTT. The reversibility of the volume phase transition function of the complexed hydrogel is investigated by exposing hydrogel pieces to three consecutive heating (5 °C to 50 °C) -and cooling (50 °C to 5 °C) cycles in an aqueous solution of 3 eq of BB. The difference in swelling ratio was determined gravimetrically and the results are given in Figure 3.15 with the data points at 5 °C in blue and at 50 °C in grey. The 0 % Napht-co-PNIPAm hydrogel showed a decrease in swelling ratio of roughly 30% upon heating resulting from the LCST-behavior of PNIPAm. Incorporating Napht-BB complexes will affect this temperature-dependent volume change in two ways: 1) reduction of the swelling above VPTT due to increased hydrophobicity of the uncomplexed Napht units and 2) increase of the swelling below VPTT due to the additional ionic character resulting from the formation of Napht-BB complexes similarly to Figure 3.7. This results in a maximum contraction/expansion range for the complexed 3% Napht-NIPAm hydrogel and a decrease of this range with higher Napht content due to lower diffusion of BB into the hydrogel at T < VPTT as explained in section 2.2.

Chapter 3

During heating, the swelling of the hydrogels is determined by the Napht-co-PNIPAm polymer chains complexed with the hydrophilic BB masking the hydrophobic contribution of the naphthalene units.

Upon cooling, however, the rehydration of the polymer Napht-co-PNIPAm chains inside the hydrogel becomes more important as the donor-acceptor complex can only be formed when the naphthalene units go back into solution. 38 This reversible transition is also visually displayed in Figure 3.15, right.

Here, the complexed 6% napht-co-PNIPAm hydrogel was heated for 5 min at a temperature above its VPTT (50°C) favouring the polymer-polymer interactions and causing it to shrink to a rigid opaque gel. Furthermore, exposing the complexed 6% Napht-co-PNIPAM hydrogels to a temperature above the VPTT revealed that the phase transition is accompanied by an almost complete disappearance of the purple color which was reappearing after cooling back to 5°C (< VPTT of the non-complexed 6% Naphtco-PNIPAm). This reversible color change displays the dynamic character of these complexes (Figure 3.15, Right). In the following experiments, we further explored this behaviour for the 3% Napht-co-PNIPAm hydrogels as it possessed the largest hysteresis window of around 10°C (Figure 3.14). The continuous volume phase transition of the non-complexed and complexed 3% Napht-co-PNIPAm was studied more in detail by conducting 500 MHz NMR spectroscopy at different temperatures. The sample of the complexed 3% Napht-co-PNIPAm gel was prepared by adding 20 mg of dried hydrogel to a solution of 3 mg BB (1 eq) in 0.7 mL D2O in a NMR tube. The sample for the non-complexed hydrogels was prepared in the same way without the addition of the BB. All gel pieces were left to swell to equilibrium overnight in the fridge. This allows full hydration of the polymer chains in the hydrogels, ensuring maximal segmental motion resulting in a decrease in line broadening of the NMR spectra. Full 1 H-NMR spectra were recorded over a temperature range from 20 °C to 45 °C in steps of 1 °C, with a 300 second incubation time prior to the measurement allowing the hydrogel to adjust to the changes in the surrounding temperature. Furthermore, these variable temperature 1 H-NMR spectroscopy experiments provided further insights on the VPTT mediated host-guest disassembly (Figure 3.18). As expected, the peaks corresponding to the donor-acceptor complex are diminishing with increasing temperature, especially from 33 °C to 37 °C, which is a direct proof of the dynamic nature of the BB-Napht complex during the volume phase transition.

Chapter 3 porous hydrogel during the heating cycle, which could induce a difference in reswelling ratios after being exposed for only several minutes at certain temperatures rather than several hours.

Experimental details 4.1 Materials and instruments

All chemicals and solvents were commercially available and used as received unless otherwise stated.

All HPLC grade solvents were purchased from Acros (dry DMSO, diethylether), Sigma Aldrich (Acetone, THF), Alfa Aesar (Nitromethane), Biosolve (DMF) and Fisher (CH3CN, MeOH, DCM, EtOH). All anhydrous solvents, expect for the dry DMSO, were obtained by passing over aluminium oxide by means of a J.C. Meyer solvent purification system. The used starting products Phthalimide, 4,4'-bipyridine and potassium persulfate (KPS) were purchased from Acros. Diisopropyl azodicarboxylate (DIAD), hydrazine monohydrate, N,N'-methylenebisacrylamide (MBA), acryloyl chloride, Nisopropylacrylamide (NIPAm), tetraethylammonium chloride (N(Et)4 + Cl -) and ammonium hexafluorophosphate (NH4 + PF6 -) were obtained from Sigma Aldrich. The NIPAm monomer was recrystallized from diethylether before usage. All deuterated solvents were purchased from Cambridge Isotope Laboratories.

Nuclear magnetic resonance (NMR)

. 1 H-NMR spectra were recorded in CD3CN, D2O or CDCl3 on a Bruker Advance 300 MHz or 500 MHz spectrometer at room temperature unless otherwise noted.

Chemical shifts are reported as parts per million (ppm) downfield from TMS resonance as internal standard for the 1 H-NMR spectroscopy. The hydrogel samples were prepared by swelling 20 mg of crushed hydrogels pieces in 0.7 mL D2O overnight at 5°C in a NMR tube prior to measurement.

High Resolution Magic Angle Spinning (HR-MAS) NMR spectroscopy. 3-4 mg of small pieces of dried 3% Napht-co-PNIPAm hydrogel was added to a 4-mm zirconium MAS Rotor (50 µL). Afterwards 40 µL of BB in D2O stock solution (200 µL) was added to introduce respectively 0.2, 0.5, 0.7, 1.0, 1.5 eq of BB in the HR-MAS probe. A Teflon coated cap was applied in order to seal the rotor. The sample was homogenized via manual stirring and subsequently the pieces were allowed to swell and complex overnight at 5 °C. Next, A bruker Avance II 700 MHz spectrometer device was used to record the HR-MAS 1 H-NMR spectra which was equipped with a 1 H, 13 C, 119 Sn and gradient channel. The spinning rate was kept at 6 kHz throughout the measurement.

Differential Scanning Calorimetry (DSC).

DSC and MTDSC were performed on an Mettler-Toledo DSC1/700 equipped with a FRS5 sensor containing 56 thermocouples, an automatic sample robot and cooling using liquid nitrogen. Measurements were performed in 120 µL medium pressure sealed stainless steel crucibles with around 10 mg of swollen non-complexed and complexed 0 %, 2 %, 3 %, 6

Chapter 3 % and 12 % Napht-co-PNIPAm hydrogels. The vessel was first allowed to stabilize 10 min at 0 °C prior to the initiation of the scanning experiment over a temperature range of 0 °C to 70 °C using a heating and cooling rate of 2 °C/min. Cooling the pans to initial conditions and a second measurement was done in order to check the reversibility of the volume phase transition. Absorbed and released heat was recorded relative to a reference vessel. Evaluation was done via the STARe software. Rheology. Measurements were conducted on an Anton Paar MCR 302 rheometer equipped with a CTD 180 oven. A normal force of 0.1 N was applied to maintain the contact with the hydrogel during the measurement. The swollen state of the hydrogels was preserved by using a solvent trap. The amplitude sweeps were performed at a constant angular frequency of 1 rad/s and with changing stain amplitude form 10 -4 % to 10%.

Synthesis of 2-[2-[2-[[5-[2-(2-methoxyethoxy)ethoxy]-1-naphthalenyl]oxy]ethoxy]

ethyl] (Napht-phtalimide) 38 Subsequently the solvent was evaporated under reduced pressure and the residual orange colored oil was recrystallized from EtOH. The resulting shiny yellow solid was filtered and washed with cold EtOH.

Yield: 2.42 g (65%)

Chapter 4

These should therefore be optimized for every new combination to ensure maximum dye immobilization. Furthermore, this PDC procedure can be used to introduce an additional responsivity onto the material surface by careful design of the used polymerizable dye, allowing the synthesis of various sensor materials. This was illustrated by the use of halochromic or pH-sensitive dye molecules with the PDC procedure after which their colorimetric response was investigated. It was noticed that the dye retains Chapter 4 reached after 2.5 min of plasma time. Although, these results confirm the wide applicability of the PDC procedure as a result of the non-specific nature of the immobilization process, it also indicates that a quick optimization of the PDC parameter is recommended when a new combination of reactive dye and polymer substrate is used. 

Surface dependence of PDC treatment

In previous experiments, a higher dye loading was observed for fibrous materials such as cellulose filter paper and electrospun PA6 (Figure 4.6) than for the non-fibrous materials including PE, PP and PTFE when the same PDC conditions were used. This observation indicated that the drastic difference in surface area available for dye-immobilization may be important for the effectiveness of the PDC procedure. This hypothesis was further investigated by direct comparison of sheets and fibers of the same polymer material by using UHMW-PE fibers and flat LD-PE sheets. The inert UHMW-PE fibers were PDC treated according to the same method as the non-fibrous LD-PE, including the plasma pretreatment step to ensure a homogenous dye adsorption during the dipping deposition.

Firstly, the inert fibrous UHMW-PE material is compatible with the PDC procedure as can be visually observed in Figure 4.12 (right, bottom). Secondly, the same trend displaying higher dye immobilization with increased plasma time is observed in Figure 4.12 (left) for the UHMW-PE similarly to the RB/LD-PE combination shown in Figure 4.11. This observation emphasizes that the optimal PDC process Chapter 4 immobilization was observed for the PTFE sprayed with a concentration of 25 mg/mL with a plasma treatment time between 1 and 3 min. Only a minor increase in absorbance was observed for the PTFE substrates treated with 35 mg/mL, confirming the visual observations. To achieve an even higher dye loading and increased coloring of the substrates, we postulated that repeating the PDC cycle multiple times could lead to enhanced dye immobilization onto the surface until at a certain cycle the additional dye immobilization will be balanced or compensated by dye degradation. For this test, PTFE samples were treated with PDC up to 4 subsequent cycles using the Chapter 4 optimized conditions with a spraying concentration of 25 mg/mL of DR1-A in acetone, three times spraying and a plasma treatment time of 1 min. The pictures in Figure 4.17 clearly show that the intensity of the first cycle is the lowest (ADR1-A = 0.10 -0.15) after which it increases with each cycle up to a ADR1-A of 0.40 for the last cycle, displaying a linear dependence in the absorbance of the CT-band (456 nm) with the number of used PDC cycles. This observation can also be visually confirmed and demonstrates that the dye loading can indeed be increased by using subsequent PDC cycles with the same dye and that with 4 cycles, the limit of the dye loading has not yet been reached (Figure 4.17, right). Important to note is that this test also shows that the current PDC setup still has its inconsistencies with a much lower dye loading as compared to previous results using the same combination and an unexpected inhomogeneous deposition of the dye, the latter becoming less problematic with increasing PDC cycles. 

Combination of PDC with host-guest chemistry

Finally, the use of PDC for the introduction of host-guest chemistry onto a material surface was investigated. In order to evaluate if the PDC method could be used to covalently immobilize host-guest functionalities onto a polymeric substrate, a dihydroxynaphtalene functionalized with an acrylamide group (Napht.Ac), as described in Chapter 3, was used for PDC to immobilize this guest molecule onto a polymeric substrate. In this experiment a solution of 25 mg/ml Napht.Ac in acetone was sprayed Chapter 4

Holders Technology, samples of high-density polyethylene were cut out of a 2.5 L solvent container, low-density polyethylene was cut out of small sealant bag, polypropylene was cut out of a plastic cup and finally the UHMW-PE fibers, also known as Dyneema® fibers, were obtained from DSM. The synthesis of Napht.Ac and BB is described in chapter 3.

Plasma instrument. The instrument used for the creation of the plasma was a cylindrical dielectrical plasma discharge generator (Femot Model, Version 3, Diener Electronic, Germany). Argon was used as discharge gas at a pressure of 0.8 mBar and was activated by a rf-generator (100 W).

Nuclear magnetic resonance (NMR)

. 1 H-NMR spectra were recorded in DMSO or CDCl3 on a Bruker Advance 300 MHz or 500 MHz spectrometer at room temperature unless otherwise noted. Chemical shifts are reported as parts per million (ppm) downfield from TMS resonance as internal standard.

Reflective UV/VIS spectroscopy. Reflective UV/VIS measurements were performed using a Perkin-Elmer Lambda 900 spectrophotometer, which is a double-beam UV-Vis spectrophotometer. For the reflection measurements on fabrics an integrated sphere (Spectralon Labsphere 150 mm) was used.

The spectra were recorded from 380 nm to 780 nm with a data interval of 4 nm. Reflection is converted into Kubelka-Munk (K-M) since these values provide a correlation with dye concentration.

X-ray photoelectron spectroscopy (XPS). ESCA S-probe VG monochromatic spectrometer with an Al

Kα X-ray source (1486 eV), recorded with a spot size of 250 μm by 1000 μm and analyzed using Casa XPS software package.

Contact angle measurements.

The contact angle measurements were performed on a SCA 20 Instrument (Dataphysics), equipped with a light source and high speed video system with CCD cameras.

To determine the static contact angles of the polymer surfaces, the sessile drop method was used. The static contact angle was determined 5 seconds after the first contact of the water droplet with the surface, using the circle fitting of the imaging software SCA20 (version 2.1.5).

Scanning electron microscopy (SEM)

. SEM images were obtained on an FEI Quanta 200F microscope.

All samples were placed on a carbon tape and covered with gold layer using sputter coating prior to analysis. Chapter 4 5.09 g of Disperse Red 1 (0.016 mol, 1 eq) was dissolved in anhydrous CH2Cl2 (250 mL) and Et3N (7.7 mL, 0.055 mol, 3.4 eq) and cooled to 0 °C under inert atmosphere. 2.56 mL acryloyl chloride (0.032 mol, 2 eq) was added dropwise to the mixture under vigorous stirring after which the mixture was allowed to warm up to rT. The reaction was monitored using TLC (Silica, CH2Cl2/EtOAc 5/1, RfReagent: 0.43, Rfproduct: 0.89) and was stopped after 4 hours. The product was purified using column chromatography with the same conditions. After drying of the organic phase with MgSO4 the solvent was evaporated, yielding DR1-A as a red powder. Yield: 5.688 g (95 %). Rose Bengal (0.536 g, 0.53 mmol, 1 eq) and a spatula point of phenothiazine was dissolved in 20 mL of DMF (anhydrous) under Ar atmosphere. To this mixture, 0.16 mL of 4-chloromethylstyrene (1.14 mmol, 2.16 eq) was added after which the temperature was raised to 80 °C and stirred overnight. The reaction was followed using TLC (Silica, DCM/MeOH 95/5, Rf,RB = 0, Rf,RB-Sty = 0.1) and was purified by evaporating the DMF under reduced pressure and stirring the resulting solid in diethyl ether for 6 h. After filtration, the solid was purified using column chromatography (Silica, DCM/MeOH 95/5) yielding RB-Sty as a shiny, purple solid after evaporation.

Functionalization of Disperse red 1 through esterification

Chapter 4

Yield: 0.447 g (78 %). (d, J = 8.2 Hz, 2H, Hc), 6.68 (dd, J = 17.7, 10.9 Hz, 1H, Hd), 5.82 (dd, J = 17.7, 0.9 Hz, 1H, He), 5.27 (dd, J = 10.9, 0.9 Hz, 1H, Hf), 5.02 (s, 2H, Hg)

Plasma Dye Coating (PDC) procedure with dip-coating

The optimized PDC procedure conditions, done for the plasma dye coating process of disperse red 1acrylate (DR1-A) on PA6, is as follows: a 1 cm² piece of PA6 is dipped into a 25 mg/mL solution of DR1-A in THF for 1 min. The material is carefully removed while residual THF is collected and removed from the sides of the material using paper. The material is firstly dried to the air to ensure a homogenous dispersion of the dye after which the material is completely dried in a vacuum oven at 40 °C for 30 min.

The material samples are then positioned in the plasma chamber on a glass surface and placed under 0.8 mBar of Ar pressure. After 1 min of plasma treatment, the chamber is opened to the air and the pieces are flipped over and treated again. The material is finally purified using soxhlet extraction using the same solvent as the dipping solution. For rose bengal -styryl (RB-Sty) the use of ethanol was required. Materials like cellulose and PA6 are sufficiently adsorbent to ensure a homogenous coverage of the polymer sample with the dye after dip-coating. PE, PP and PTFE were pretreated with plasma, under identical conditions as previously mentioned, before dip-coating to allow sufficient dye adsorption to the surface.

Plasma Dye Coating (PDC) procedure with spray-coating

DR1-A and Napht.Ac dissolved in acetone (mostly 25 mg/mL) was sprayed in three consecutive cycles onto the sample using a nozzle (diameter = 0.3 mm) in combination with a compressor at a pressure of 30 psi. During spray-coating, the sample is fixed in an upright position using double folded tape which also prevents the light-weighted sample from moving during spraying. The material is sprayed in a snake-like pattern with a flow rate of 33 mg/min from a distance of roughly 10 cm between the nozzle and the surface. The coated material is afterwards dried in a vacuum oven at 40 °C for 30 min.

The material samples are then positioned in the plasma chamber on a glass surface and placed under 0.8 mBar of Ar pressure. After 1 min of plasma treatment of the dye-coated side of the sample, the chamber is opened to the air, after which the material is purified using soxhlet extraction with THF.

The multiple treatments experiments were performed by repeating this entire procedure 2, 3 or 4 consecutive times.