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Kurzzusammenfassung 

Materialermüdung und daraus resultierendes Versagen sind Probleme, die bei allen 

Werkstoffen auftreten. Um die Lebensdauer der Materialien zu verlängern, werden im 

Wesentlichen zwei Ansätze verfolgt. Während im ersten Ansatz die Robustheit der Werkstoffe 

verbessert wird, werden im zweiten Ansatz so genannte selbstheilende Materialien entwickelt, 

die entstandene Schäden eigenständig oder durch Energiezufuhr reparieren. In dieser Arbeit 

wurden selbstheilende Nanokomposite basierend auf superparamagnetischen Eisenoxid-

Nanopartikeln und Methacrylat basierten Polymermatrizes hergestellt. Als Heilmechanismen 

wurden ionische Wechselwirkungen, Wasserstoffbrückenbindungen, sowie dynamische 

kovalente Bindungen in Form von Diels-Alder/Retro-Diels-Alder-Reaktionen genutzt. Durch 

gezieltes Design der Partikeloberflächen mit funktionalisierten Phosphonsäuren konnte eine 

stabile Einbettung in die Polymermatrix erreicht werden. N,N,N-Trimethyl-6-phosphonohexan-

1-ammoniumbromid- und (10-(3-Propylureido)decyl)phosphonsäure-funktionalisierte Partikel, 

kombiniert mit Sulfonat- oder Ureylen-funktionalisierten Polymeren wurden eingesetzt, um den 

Heilmechanismus an die Partikel-Polymer-Phasengrenze und damit genau an die 

Schwachstelle herkömmlicher Verbundwerkstoffe zu verlagern. Darüber hinaus wurde 

gezeigt, dass die Nanokomposite durch induktive Erwärmung der Nanopartikel sowohl 

räumlich aufgelöst als auch bei niedrigeren Temperaturen als bei konventioneller Ofenheizung 

ausgeheilt werden können.  
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Abstract 

Material fatigue and subsequent failure are problems that affect all materials. While one 

approach is to improve robustness to prevent damage from occurring, self-healing materials 

can repair damage autonomously or through energy input. This can greatly improve the service 

life of these materials. In this work, self-healing nanocomposites based on superparamagnetic 

iron oxide nanoparticles and methacrylate-based polymer matrices were synthesized. Ionic 

interactions, as well as hydrogen bonding and dynamic covalent bonding in the form of Diels-

Alder/retro-Diels-Alder reactions, were used to induce self-healing properties in the 

composites. By carefully designing the particle surfaces using functional phosphonic acids, 

stable incorporation into the polymer matrices was achieved. N,N,N-Trimethyl-6-

phosphonohexyl-1-ammonium bromide and (10-(3-propylureido)-decyl)phosphonic acid 

functionalized particles were used in combination with sulfonate or ureylene functionalized 

polymers to shift the healing mechanism to the particle-polymer-phase interface, thereby 

relocating it precisely to the weak point of conventional composites. Key parameters such as 

polymer composition and particle content in the composite were optimized to tailor the 

mechanical properties and healing efficiency. Furthermore, magnetic field-induced heating of 

the particles allowed spatially resolved healing of the nanocomposites at lower macroscopic 

temperatures than conventional oven heating. 
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1. Introduction and Theoretical Background 

The field of nanomaterials, and nanoparticles in particular, is an extremely brought field that 

has generated a steadily growing interest in recent decades. The prefix nano comes from the 

ancient Greek word nános, meaning dwarf. The research field of nanoscience thus 

encompasses the disciplines that deal with materials in the nanometer size range. This 

includes 0D nanomaterials such as nanoparticles and quantum dots, which have diameters 

< 100 nm in all dimensions, as well as materials that are only in one (nanosheets and 

nanofilms) or two dimensions (nanorods, nanotubes and nanowires) in the nanoscale. 

However, the modern definition also includes 3D "nanomaterials", although technically no 

dimension of these materials is tied to the nanoscale. These include agglomerates of 

nanoparticles, polycrystals or bundles of nanowires (see Figure 1). 

 
Figure 1: Overview of the types of nanomaterials. Adapted from [1]. 

Although the research field of nanoscience is relatively new, the history of nanoparticles and 

nanostructures used by humans traces back centuries and includes color pigments in art and 

glassmaking, as well as clay-based pottery building materials.[2,3] What all these materials 

have in common is that they exhibit extraordinary properties that could only be explained much 

later as a result of the development of advances in analytical techniques, such as electron 

spectroscopy, which made it possible to detect nanoscale components. Although there had 

been previous studies, such as Ostwald's 1914 work "The World of Neglected Dimensions", in 

which he discussed the then modern colloid chemistry, which was centrally concerned with 

nanoparticle dispersions [4], today the lecture "There's Plenty of Room at the Bottom" by Nobel 

laureate Richard Feynman is generally regarded as the starting point for the scientific 

consideration of nanoscience. Here Feynman emphasized the importance of nanomaterials: 

"In the year 2000, when they look back at this age, they will wonder why it was not until the 

year 1960 that anybody began seriously to move in this (nano) direction." Indeed, in the years 

since then, a steadily growing interest in research has been observed. Since the early 1990s, 

the number of publications has increased from less than 100 publications per year to several 

thousand without any signs of a slowing down (see Figure 2). 
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Figure 2: Development of the number of publications in the field of nanoscience (source: SciFinder database, as 

of July 22, 2022). 

This interest is rooted in the unique physical and chemical properties of nanosized materials, 

which are often very different from those of bulk materials. This can be attributed to the high 

surface area-to-volume-ratio and the resulting high surface energy of nanoparticles. As a 

result, nanoparticles tend to form larger agglomerates. Therefore, a central research focus is 

the stabilization of the particles. Further, applications of nanomaterials often require a 

homogeneous distribution in a matrix. These materials are called nanocomposites and 

synergistically combine the advantageous physicochemical properties of both the filler and the 

matrix component. The conjunction of inorganic fillers with organic matrices is therefore of 

particular interest because it covers a wide range of properties. The crux of these materials 

are the phase boundaries they contain, which represent weak points of the systems. The aim 

of this work is to contribute to the understanding and optimization of this organic-inorganic 

interface. 

1.1. Nanocomposites 

IUPAC defines composites as materials comprised of multiple different (non-gaseous) phase 

domains in which at least one domain is continuous. If at least one dimension of one phase is 

in the nanometer size range, the term nanocomposites is used.[5] In recent years, organic-

inorganic nanocomposites have attracted considerable attention. Here, mostly metal or metal 

oxide nanoparticles as well as carbon based inorganic fillers are used.[6–9] Organic-inorganic 

composites offer the advantage of synergistically combining the advantageous 

physicochemical properties of both the inorganic and the organic or polymeric component.[10] 

By introducing an inorganic filler, the mechanical and thermal stability of the polymers can be 

increased, while the flexibility of the polymer component is maintained, which gives access to 

lifetime improvements.[11–15] Further, the organic component allows the introduction of 

functional groups that allow the control of the composite properties. In addition to applications 
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in the field of drug transport and self-assembly, the improvement of properties gives access to 

numerous applications, including use as gas barriers [16,17], in catalysis [18,19], in energy 

storage [20] for optical or magnetic applications [21] and self-healing among other things. 

Since self-healing is a central research topic in this work, this aspect will be discussed 

separately in chapters 1.5 and 1.6. First, however, the synthetic approaches to organic-

inorganic nanocomposites will be discussed in more detail.  

1.2. Synthetic Approaches to Organic-Inorganic Nanocomposites 

The simplest approach to organic-inorganic nanocomposites is the embedding of nano-objects 

into a polymer matrix. Polymer nanocomposites can be prepared in several ways, which are 

divided into two categories: ex situ and in situ. In the ex situ methods, the organic and inorganic 

components are synthesized separately and the inorganic component is simply mixed with 

either the melt of a thermoplastic polymer or a polymer solution.[22,23] In situ synthesis 

involves dispersing the inorganic component in the monomer, which is then polymerized, or 

the reverse, where the inorganic phase is formed in a solution or gel of the polymer.[24,25] In 

these approaches, both strong or weak interactions can occur between the organic and 

inorganic components. In particular, the latter can cause the two components to separate over 

time. In this context, the strategy of nanoarchitectonics for the construction of nanocomposites 

is promising, as it involves a well-defined sequential assembly process that allows the 

optimization of the phase interface and the synthesis of reliable nanocomposites. This requires 

synthetic techniques that allow control at the molecular level, known as grafting techniques.[26] 

Three approaches of graft polymerization are used for the preparation of organic-inorganic 

nanocomposites. These are grafting-from, grafting-to and grafting-through polymerizations. A 

schematic representation of the synthesis strategies is shown in Figure 3. 
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Figure 3: Synthetic approaches to grafted nanocomposites. Adapted from [26]. 

One of the major differences between the composites obtained from grafting-from and grafting-

to techniques is the grafting density achieved. Grafting-to often produces lower grafting 

densities due to the diffusional effects and the steric demand of the polymer chains.[26,27] 

Often this is not even investigated, although it has significant influences on many of the solution 

phase properties of nanocomposites. Depending on the grafting density, pancake, mushroom, 

or brush type chain arrangements are formed. The number of stabilizing groups thus governs 

in particular the properties in solution, such as their colloidal stability and hydrodynamic 

diameter.[28] In the following the synthetic approaches will be described in more detail. 

1.2.1. Grafting-to Polymerization 

The grafting-to method involves polymerization remote from the particle surface. For this 

purpose, polymers are used which have anchor groups that can bind to the surface of the 

paired particles. These anchor groups are either introduced during polymerization or generated 

by subsequent functionalization.[29] The advantage of this method is that the synthetic effort 

is often low, and in addition almost any surface can be functionalized by suitable selection of 

the anchor group. Therefore, the focus here will be on the polymerization processes. A detailed 

discussion of the particles and anchor groups relevant to this work can be found in section 

1.3.3. A large variety of polymerization options are available for the synthesis of the polymer 

components. Polymers are formed by polyreactions, which in turn are divided into chain-growth 

and step-growth reactions. The reactions differ in that in chain growth reactions the reactive 

center remains at the end of the chain and thus an active state is permanently present, while 

in step growth the ground state is passed through again after each reaction step.[30] Since the 
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two chain growth reactions free radical and controlled radical polymerization were applied in 

this work, they are described in more detail below. 

Free radical reaction: Free radical polymerization is the most common chain growth reaction, 

consisting of the elementary reactions chain initiation, chain growth and chain termination. The 

chain reaction is started by radicals which are formed thermally, photolytically or by chemical 

reaction of an initiator. A monomer radical is formed by reaction with the monomer, which 

thereby itself turns into the active or reactive center. During the growth reaction, the previously 

formed monomer radical accumulates further monomers in the form of multiple additions. In 

the process, a macromolecular chain is formed. The more resonance-stabilized the polymer 

radical is, the slower the chain growth proceeds. Furthermore, the growth rate depends on 

steric and polar effects of the reaction partners.[30] Chain termination means the end of the 

growth of the polymer chain. This takes place through recombination or disproportionation. 

The main advantage of this type of polymerization is its robustness: not only can it be used for 

a wide range of monomers in many different solvents, but it is also tolerant towards most 

functional groups. In addition, polymerizations are possible on a large scale, so that free radical 

polymerization is the most important polymerization technique in industry. The disadvantage 

of free radical polymerization is that it is difficult to control due to chain termination and transfer 

reactions. This lack of reaction control means that it is not possible to tailor the composition 

and architecture of the polymers formed or their molecular weight distribution.[31,32]  

Living polymerization and controlled radical polymerization: Ideal living polymerizations 

are chain reactions without transfer and termination reactions.[33,34] This reaction control 

leads to a constant number of active centers over the reaction period.[34] As a result, narrow 

molar mass distributions are obtained for the polymers. Furthermore, the molecular weight of 

the polymer chains increases linearly with the monomer consumption (see Figure 4). This 

linear relationship means that the molecular weight of the polymers can be precisely controlled. 

In comparison, in free radical polymerization, the molar mass of the polymer strands increases 

abruptly, which prevents good controllability, and in step-growth reactions, such as 

polycondensation, the formation of high molecular weight polymers only occurs at a high 

conversion rate of almost 100 %.[35,36] 
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Figure 4: Polymer molecular weight as a function of monomer conversion for free radical (red), controlled 

radical/living (black) and condensation (blue) polymerization. Adapted from [35]. 

Assuming a highly pure reaction system, polymerization stops only after complete 

consumption of the monomer. The chain ends that are still active are referred to as dormant. 

This means that polymerization can be resumed after the monomer has been added again, 

enabling the synthesis of complex structures and block-like polymers.[36] Depending on the 

mechanism, a distinction is made between living cationic and living anionic polymerizations. In 

these ionic polymerization techniques, the reaction is initiated by a cation/anion and proceeds 

via ionic intermediates. Poly(styrene) was first synthesized through an anionic polymerization 

by Szwarc in 1956.[33] While chain termination can often be prevented under high purity 

reaction conditions in anionic polymerization, living cationic polymerization often proves 

difficult even in high purity systems. The main reason for this is that cationic propagation 

centers at the chain end tend to undergo β-proton transfer to the monomer, counterion or other 

basic species in the reaction system under chain termination.[32] Therefore, strictly speaking, 

cationic polymerization is not a living reaction, but the requirement is only approximately 

fulfilled by this chemical equilibrium. Therefore, this type of polymerization should be called 

quasi-living.[37]  

This balance between active and dormant species is also used in living free radical 

polymerizations. The living free radical polymerizations described below and used in this work 

will be referred to as controlled free radical polymerization, in agreement with the literature. 

However, it should be noted that this term does not conform to the IUPAC recommendation, 

which advocates the term reversible-deactivation polymerization. They define this as “Chain 

polymerization, propagated by chain carriers that are deactivated reversibly, bringing them into 

active-dormant equilibria of which there might be more than one”.[38] The first controlled 

radical polymerization was described in 1982 by Otsu et al. for vinyl polymerization.[39,40] 

This work involved so-called iniferter polymerizations. An iniferter is a chemical compound that 

acts as initiator, transfer agent and terminator.[41,42] Tetraethylthiuram disulfide and, in later 
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reports, triphenylphenylazomethane or S-benzyl-N,N-diethyldithiocarbamate were used as 

iniferters for vinyl polymerization. 

Since then, a variety of controlled radical polymerization techniques have been developed. 

They can be distinguished by the way of achieving the required dynamic equilibrium between 

active and dormant species. One approach is a transfer between the propagating radicals and 

a dormant species. The most important representatives of these degenerative transfer radical 

polymerizations (DTRP) are reversible-addition-fragmentation chain transfer polymerization 

(RAFT) and iodine transfer radical polymerization (ITRP). Since these processes play only a 

very minor role in this work only the relevant literature will be referenced at this point.[43–48]  

The second approach to achieve dynamic equilibrium is the reversible deactivation of radicals 

to form dormant species. The short-term reactivation can occur spontaneously, as in the case 

of stable radical mediated polymerizations (SRMP), or by a catalytic manner. One of the best-

known examples of SRMP is the so-called nitroxide mediated polymerization (NMP). Here, the 

principle of reversible chain termination is exploited by using stable radicals based on linear or 

cyclic nitroxides. If the reaction between the stable radical and the polymeric radical is 

sufficiently reversible, the termination is reversible. Furthermore, when the number of active 

chains is low enough, the polymerization is controlled. The most commonly used nitroxide is 

the radical scavenger (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO).[49] However, the 

foremost important polymerization technique of the SRMP is the atom transfer radical 

polymerization (ATRP). Since this polymerization technique is the most relevant for this work, 

it will be explained in more detail below. 

Atom transfer radical polymerization was developed independently by Matyjaszweski and 

Sawamoto in the 1990s.[50,51] IUPAC defines ATRP as a “Controlled reversible-deactivation 

radical polymerization in which the deactivation of the radicals involves reversible atom transfer 

or reversible group transfer catalyzed usually, though not exclusively, by transition-metal 

complexes.”[38] Since this development, a large number of variations of the polymerization 

have been described in the literature. The basic mechanism, as well as the progress in the 

polymerization of ionic monomers, which is of particular relevance for this work, will be 

described in more detail. In ATRP halogenated alkanes serve as initiators. Furthermore, a 

transition metal complex is added, consisting of a transition metal salt and nitrogen- or 

phosphorus-based chelating ligands. The mechanism of ATRP is shown in Scheme 1. 
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Scheme 1: Schematic mechanism of the copper based ATRP reaction. 

ATRP is mechanistically closely related to atom transfer radical addition, which is commonly 

used in organic synthesis for carbon-carbon bond formation and is based on inner sphere 

electron transfer.[50] In the first step, a reversible reaction takes place between the halogen 

alkane and the copper salt. This results in the abstraction of the halide. More precisely, it is a 

homolytic halogen transfer in which a radical is generated, and the transition metal is oxidized. 

Further, the coordination of the released halide to the transition metal takes place with 

expansion of the inner coordination sphere. Copper is the most commonly used transition 

metal, but a number of different transition metals have been described which allow a one-

electron transfer redox cycle.[52] These include among others: titanium(III/IV) [53], iron(II/III) 

[54,55], cobalt(II/III) [56,57], nickel(II/III) [58], molybdenum(III/IV) [59,60], ruthenium(II/III) 

[61,62], palladium(II/III) [63,64] and rhenium(V/VI) [65]. The radical released during the 

halogen transfer can then react with the monomer and lead to the growth of the polymer chain. 

These chain radicals likewise can react with the oxidized transition metal complex and are thus 

in equilibrium with the dormant halogenated species. The controllability of the reaction is 

defined by the activation-deactivation equilibrium (KATRP= ka
kda

). For the reaction to proceed in a 

controlled manner, the radical concentration should be low, to reduce radical-radical 

termination reactions. This is the case when KATRP is small. As a result, the reaction times are 

often significantly longer compared to free radical polymerization. There are several 

parameters to control the reaction rate. The first is the reaction temperature. Activation rates 

increase with increasing temperature. In general, reactions of less active alkyl halides are 

accelerated further than those of higher active initiators.[66] A second way to control the 
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reaction comes from the choice of solvent. Braunecker et al. have shown that the activation 

rate increases with the polarity of the solvent.[67] Also the choice of the ligand is crucial. In 

addition to solubilizing the catalytic system, the ligand system also affects redox chemistry 

through electronic effects and selectivity through steric/electronic effects. Thus, KATRP 

decreases linearly with the redox potential of the complexes.[66] The activation rate for copper 

complexes with nitrogen-based ligands decreases from tetradentate (cyclic-bridged 

> branched > cyclic > linear) over tridentate to bidentate.[68] Finally, the initiator also has an 

influence on the activation. There are three influencing factors: For the most commonly used 

α-bromo esters and benzyl halides, the activation rate increases with the degree of 

substitution. At the same time, the activation rate follows the ability to stabilize radicals. 

Therefore, phenyl esters are more reactive than cyanides, esters, benzyls, and amides. For 

initiator systems with the same structure, the activation rate decreases with increasing binding 

energy from iodine to bromine to chlorine. SCN and NCS represent the worst leaving groups 

and therefore show the lowest activity.[69] Usually, a structure similar to the monomer is 

chosen for the alkyl structure of the initiator.[52] 

However, ATRP also offers a number of challenges. Since the oxidation state of the transition 

metal plays a central role in the reaction, degassing of the reaction medium is necessary to 

avoid oxidation by dissolved oxygen. Thus, originally, large amounts of catalyst had to be 

used.[50] In newer approaches small amounts supporting agents in form of azo initiators or 

reducing agents are added to continuously regenerate the catalyst.[70,71] The former is called 

initiators for continuous activator regeneration (ICAR) ATRP and the later activator 

regenerated by electron transfer (ARGET) ATRP. In ARGET ATRP Sn(II) 2-ethylhexanoate, 

glucose [71,72] or hydrazine derivatives[73,74] are usually used as the reducing agent. 

Further, if chosen appropriately, the ligand or the monomer can also function as the reducing 

reagent to provide a controlled reaction.[75,76] If taken to the extreme, it is possible to start 

with the oxidized catalyst species, and the reduced species is then generated in situ. This is 

often referred to as reversed ATRP. The big advantage here is that residual oxygen is not a 

problem. The disadvantage of this reaction route is that only homopolymers and no complex 

architectures can be produced via this route.  

Another problem for ATRP is the controlled polymerization in polar and protic solvents, 

especially water.[77,78] In aqueous media, KATRP values are several orders of magnitude 

higher than in organic media. This implies high radical concentrations and thus increased 

termination reactions and low control.[67,79] However, this is not the only aspect that restricts 

the controllability of the ATRP in water. Several equilibria occur during polymerization in the 

aqueous medium. One is the dissociation of the initiator or the dormant chain. A second 
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problem is the disproportionation of the CuIX/L activator. Finally, the lability of the CuIIX2/L 

deactivator often hampers controllability.[79,80] These processes are shown in Scheme 2. 

 
Scheme 2: Side reactions in aqueous ATRP. 

Aqueous polymerization, however, is of great interest. Not only is water a cheap, green solvent, 

but also the synthesis of water-soluble polymers, such as those used in biomedical and 

pharmaceutical applications or in self-assembly, is of enormous interest. Also for the synthesis 

of ionic polymers, such as those in this work, water compatibility of the ATRP is indispensable. 

Over the years, several approaches have been taken to circumvent the problems. In their 

publication, Tsarevsky et al. describe two possible approaches.[81] It was shown that the 

stability of the ternary CuIILj complex in methanol-water mixtures decreases with increasing 

water content. By optimizing the solvent composition, successful polymerization could be 

achieved in partially aqueous systems. It was further shown that the deactivation step in ATRP, 

can be accelerated significantly by increasing the total concentration of the copper(II) halide. 

However, not only the solvent poses a central problem in the preparation of ionic polymers, 

but also the ionic groups themselves. While the synthesis of cationic systems has already been 

described many times, be it through polymerization of the cationic monomers directly [82,83], 

or subsequent conversion into cationic systems by pH adjustment [84,85], the synthesis of 

monomers carrying acidic groups was long considered as an exclusion criterion for the use of 

ATRP as a polymerization technique. These acidic groups often destroy the catalyst complex 

by protonation of the ligands or by replacing the ligands completely, especially when low 

catalyst amounts are used. The resulting complexes, which are usually much less redox active, 

prevent successful polymerization. Furthermore, displacement of the halide ligands in the 

copper(II) deactivator complex can occur.[79,86,87] The most elegant solution would be to 

develop catalyst systems that are stable and maintain their equilibrium dynamics in the acidic 

medium. However, this represents a major challenge, so that, similar to the aqueous ATRP 

polymerizations, an optimization of the reaction conditions is preferred in most cases. For 

sulfonic acids, the problems appear to be less widespread than for carboxylic acids. Iddon et 

al. already described in 2004 the controlled polymerization of sodium 4-styrenesulfonate via 

ATRP by simply adjusting the composition of the methanol-water solvent mixture and using an 
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anionic initiator.[88] Thereafter the synthesis of fluorinated aromatic monomer with pendant 

sulfonate groups were reported both by introducing the acidic groups before and after 

polymerization.[89,90] Block copolymers were also produced by adapting the solvent 

composition.[91] The production of carboxylate-based systems required a higher degree of 

optimization, since intramolecular reactions such as lactonization can lead to a loss of chain 

end functionality and thus to polymerization failure (see Scheme 3). 

 
Scheme 3: Lactonization of poly(methacrylic acid) in ATRP.[92] 

Nevertheless, poly(methacrylic acid) was obtained by careful protonation (pH = 0.9) and 

utilization of the more stable chloride initiators and catalysts. However, a prerequisite for good 

control is still the use of stable binding complex ligands such as tris(2-pyridylmethyl)amine 

(TPMA) and operation at quite high polymerization rates.[92] More recently the utilization of a 

very stable porphyrin-iron catalyst complex was also described, showing a promising progress 

based on the path of catalyst optimization in contrast to optimizing reaction conditions.[93] 

Nevertheless, optimization of the reaction conditions is also necessary for these systems. For 

this reason and the pH stability of the negative charge of the sulfonate group, sulfonate-based 

anionic polymers were investigated in this work. Based on these advances, a variety of 

monomer systems are accessible which can subsequently be converted to the corresponding 

composites using the grafting-to technique.  

The same polymerization techniques are also used in grafting-through polymerization. Here, 

the particle surface carries polymerizable groups, which are then incorporated into the chains 

of the growing polymer.[94,95] Since grafting-through was not used in this work, a more 

detailed description will not be given here. 

1.2.2. Grafting-from Polymerization 

The grafting-from method is a surface-initiated (SI) polymerization. Here, initiator molecules 

are immobilized on the particle surface. The functionalized particles are dispersed in the 

monomer or monomer-containing solutions. The same polymerization strategies are available 

for grafting-from polymerization as for polymerization in solution. For surface-initiated variants 

of free-radical polymerization, studies can be found early in the literature.[96] Rühe and 

Pruckler reported the polymerization of poly(styrene) from silica particle surfaces using a 

surface-bound azo initiator as early as 1998.[97,98] Free radical polymerization has even been 

used to produce Janus particles, i.e. particles with significant anisotropy in their properties.[99] 

The advantages of free radical polymerization, such as the accessibility of many monomers, 
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are retained in SI polymerization.[100] A central disadvantage of the mostly AIBN-based 

initiator design is that two radicals are formed. One at the particle surface and one diffusing 

into the solution, so that free polymerization always takes place in solution as a side reaction. 

This can be circumvented by using controlled polymerizations. Despite the good controllability, 

ionic polymerizations are rarely used for the SI production of nanocomposites. The strongly 

alkaline and nucleophilic chain ends used in the reaction and the strongly alkaline and 

nucleophilic chain ends formed from them already severely limit the choice of surfaces that 

can be used. Furthermore, the components are extremely sensitive to impurities, especially 

protic reagents, which cause chain termination by protonation. Nevertheless, some examples 

of anionic polymerization from carbon, silicon and clay surfaces are described.[101–105] 

Although large efforts have been put into the anionic polymerization of silica particles, the 

polymerization of metal oxide surfaces poses a major challenge. A central problem are the 

Si-OH surface functionalities, which lead to termination of the chain ends. Furthermore, 

polymerization in solution is often observed as a side reaction due to unbound initiator 

molecules or butyllithium, which is often used to prepare the initiator and could not be 

completely removed. As a result, polymers with lower molecular weights and higher 

polydispersity are obtained than in ionic polymerization in solution.[106–109]  

Living radical polymerization are particularly suitable for SI polymerization. This is due to the 

fact that the bonding of the initiator to the surface creates a mobility barrier that restricts 

termination.[110] SI RAFT and SI ATRP are the most widely used techniques today. Due to 

the abundance of publications and extensive reviews in this area, it should be referred to these 

here.[111–118] As the ATRP is used in this work, a few selected examples, which represent 

milestones in SI ATRP or are of particular relevance to this work, will be highlighted in the 

following paragraph. These include polymerizations of ionic monomers and polymerizations 

from iron oxide surfaces. 

The first descriptions of SI ATRP can be found at the end of the 1990s. Ejaz et al. describe the 

graft polymerization of methyl methacrylate from silicon substrates.[119] In this study, 2-(4-

chlorosulfonylphenyl)ethyltrimethoxysilane was used as the initiator. The initiator was 

immobilized by hydrolysis of the methoxy group and subsequent attachment to the oxidized 

silicon substrate. CuBr and 2,2'-bipyridine (2,2’-Bipy) were used as the initiator complex.  

Surface-initiated polymerization has been applied to a variety of monomers and particle 

systems. Due to their properties, iron oxide particles are one of the most commonly used 

particles. Another practical advantage of iron oxide particles is that they can be dissolved in 

acid under comparatively mild conditions and allow subsequent characterization of the 

polymers, while other particle systems such as SiO2 require much harsher reagents such as 

hydrofluoric acid.[120,121] 
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First reports on surface-initiated ATRP from iron oxide surfaces can be found in the early 

2000s. Wang et al. and Gravano et al. describe the production of Fe2O3-poly(styrene) based 

core-shell nanoparticles, which can be used as macroinitiators for ATRP.[122,123] This 

interest in macroinitiators already points to a central criterion of SI ATRP. Due to the space 

requirements of polymerization, it is often advisable to choose a large spacer to gain a certain 

distance to the surface and thus free space for the chains. 

While in these cases the initiator functionality was mostly attached to the particle surface via 

carboxylate functionalities, more stable anchor groups such as silanes [124], dopamines [125] 

or phosphonic acids [126] were also used.  

One of the most common areas of application is the biomedical sector. Due to their suitability 

for use as contrast agents in magnetic resonance imaging or for drug transport, the iron oxide 

particles are of central interest. Therefore, the functionalization with polar systems such as 

poly(2-hydroxyethyl methacrylate), poly(methacrylic acid) or poly(2-(methyl sulfinyl)ethyl 

acrylate) is often described, which allows the application under physiological 

conditions.[127,128] 

Also the syntheses of more complex systems such as block copolymers or Janus-type 

nanocomposites via SI-ATRP from iron oxide particles have been described.[129,130]  

As already mentioned, the influence of termination reactions on the properties of the 

composites is a central problem of multifunctional initiators. Termination can occur both by 

intermolecular reactions, leading to crosslinked, gel-like networks, and intermolecularly, 

leading to broader distributions of the polymer chains. Therefore, great efforts have been made 

to find ways to minimize the termination reactions and gel formation during the grafting-from 

process by optimizing the polymerization conditions. This includes adding a larger amount of 

monomer and applying conditions to slow down the redox rate or adding the redox conjugate 

to the reaction mixture, further facilitating the exchange between the active radicals and the 

dormant species. Adding sacrificial initiator to the solution provides both a means of monitoring 

the reaction and controlling the initiation from the surface. Other approaches include stopping 

the reaction at low conversions or reaction in dilute solutions.[131,132] 

As with ATRP in solution, SI ATRP also had to be carried out under strict deoxygenation. Due 

to the development of ARGET ATRP, SI ATRP could later also be carried out in the presence 

of limited amounts of oxygen even with small amounts of catalyst by adding an appropriate 

excess of reducing agent. Matyjaszewski et al. describe for the first time the application of 

ARGET ATRP for the synthesis of poly(butyl acrylate) and poly(butyl acrylate)-block- 

poly(styrene) from silicon wafers.[117]  
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Further application of high pressure allows controlled ARGET ATRP due to an increased 

propagation rate constant, while the deactivation rate constant is reduced. As a result, the 

reaction rate is increased, while good control is maintained.[121] Since the persistent radical 

effect is avoided, low catalyst concentrations are possible and no reducing agents are 

necessary.[133] 

Comparable results have also obtained for polymerization in mini emulsions.[134] Due to the 

compartmentalization of the reaction medium radical termination and gelation are minimized 

while deactivation is increased, yielding in good control. Bombalski et al. describe high yields 

and reaction speed without macroscopic gelation.[135] As a result, the polymerization 

technique is still widely used today.[136,137] 

ATRP polymerizations in solution have shown that external stimuli can increase the control 

over polymerizations. The reason for this is that the reaction rate can be adjusted by setting 

the properties of the stimuli. Further, the stimulus can be turned off completely, allowing precise 

temporal control over polymerization. Various stimuli have been applied in solution, including 

electric current [138–140], ultrasonication [93,141,142] and more recently mechanical initiation 

by ball milling.[143] 

Another important technique, particularly in relation to SI ATRP, is photoinduced ATRP. Initial 

work on photoinduced initiation of an ATRP employed the reverse ATRP procedure in 

combination with a standard photo initiator.[144] Today, however, photo initiators are usually 

no longer utilized. Instead, regeneration of the activator complex is achieved by photochemical 

reduction of the deactivator complex by a free aliphatic amine.[145,146] For this purpose, the 

ligand is usually added in excess. This reaction control was also applied to the SI ATRP.[147] 

Although relatively high catalyst concentrations were required to obtain good control over 

polymerization, the extremely low amount of alkyl halide functionality provided good control, 

allowing the synthesis of methyl methacrylate and oligo-(ethylene glycol) methyl ether 

methacrylate polymer films grafted from silica substrates.  

Lastly, the progress made in the SI ATRP-based synthesis of ionic nanocomposites will be 

described here. There are two basic possibilities to produce ionic nanocomposites. The first 

possibility is the use of ionic monomers. The second possibility is the polymerization of a non-

ionic monomer which has functional groups that can be converted into charge-bearing groups 

by further reactions. The synthesis strategies are shown schematically using the example of 

poly(2-(methacryloyloxy)ethyltrimethylammonium iodide) in Scheme 4. 
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Scheme 4: Schematic representation of the synthesis strategies of ionic nanocomposites using the example of 

poly(2-(methacryloyloxy)ethyltrimethylammonium iodide). 

The synthesis of cationic functionalized nanocomposites is often carried out by introducing the 

cationic groups after the actual polymerization process. For the direct SI ATRP polymerization 

of cationic monomers, polymerizations of 2-(methacryloyloxy)ethyltrimethylammonium 

chloride (METAC) are almost exclusively described in the literature. The polymerization from 

flat substrates [148–154] has been studied in more detail than the polymerization from particle 

surfaces.[155]. 

Osborne et al. described the controlled growth of METAC-sodium methacrylate block 

copolymer brushes on gold-coated silicon substrates.[148] The initiator was immobilized using 

thiol groups. Polymerization was carried out in a methanol-water mixture (4:1) at room 

temperature using CuCl, 2,2’-Bipy and CuCl2 as catalyst system. By ellipsometry, layer 

thicknesses of 70 nm were determined after 80 minutes of reaction time, potentially enabling 

application in biosensors or smart coatings.  

Based on the Osborne protocol, Dunlop et al. described the polymerization of METAC from 

mica surfaces.[149] Here, the initiator was immobilized by silane anchor groups. In contrast to 

the previous synthesis, the polymerization was carried out in water. As a result of the reduced 

excess of CuCl2 and 1,1,4,7,10,10-hexamethyltriethylentetramine (HMTETA) as ligand, 

polymer films of 15-40 nm thickness were synthesized in 15 minutes reaction time. In another 

work, analogous polyelectrolyte brushes were polymerized from sapphire after a gas phase 

deposition of the initiator on the Ar/H2O plasma activated surface.[151]  

Ramos and Moya investigated the influence of the grafting density of ω-mercaptoundecyl 

bromoisobutyratethiol on gold surfaces.[150] A mixture of DMF and water (3:2, v:v) was used 

as solvent and METAC was catalyzed with 2,2'-Bipy and CuCl. A combination of spectroscopic 

ellipsometry and quartz crystal microbalance with dissipation (QCM-D) allowed determination 

of water content. Water content values varied in a range between 55 % and 79 % for each 

graft fraction and showed no clear correlation with grafting density.  
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Li et al. investigated the electrochemically induced SI ATRP of METAC.[153] In this work, the 

polymerization was observed in situ by atomic force microscopy. CuCl2 and 2,2’-Bipy were 

used as the catalyst system. Layer thicknesses of 60 nm were achieved within 15 minutes. 

Dramatic enhancement of poly(METAC) growth was observed by shielding the charge of the 

end group by adding a counterion electrolyte such as 1-methyl-3-butylimidazolium bromide or 

1-methyl-3-butylimidazolium tetrafluoroborate in aqueous solution.  

One of the few exceptions in which particle surfaces are used as substrates is the work of Tan 

et al.[155] Here, cationic poly(2-(methacryloyloxy)-ethyl-trimethyl-ammonium chloride) 

brushes were grafted by ATRP from silica nanoparticle surfaces (≈ 320 nm). BIBB was 

immobilized on the particle surface via a trichlorosilane. 2,2’-Bipy, CuBr, and CuCl2 were used 

as catalyst complexes. The polymerization of METAC was carried out in a mixture of isopropyl 

alcohol and water (4:1) at room temperature. The obtained particles were used to stabilize 

water-oil Pickering emulsions.  

The subsequent introduction of cationic groups usually takes place via amines, which are 

converted into the corresponding ammonium ion or quaternary amine either by pH adjustment 

or by alkylation. 

The first descriptions of this can be found in 2003. Chen et al. describe the polymerization of 

2-(dimethylamino)ethyl methacrylate (DMAEMA) and 2-(diethylamino)ethyl methacrylate 

(DEA) from silica nanoparticles (≈300 nm) in addition to the surface-initiated ATRP 

polymerization of styrene sulfonate.[156] The polymerization of DMAEMA was carried out in 

water at 20 °C with 2,2’-Bipy and CuBr as catalyst complex. The particles showed an increase 

in hydrodynamic radius of 32.5 nm within 2 hours reaction time. DEA was polymerized in 

methanol at 50 °C. HMTETA was used as a complex ligand for this polymerization. An increase 

in hydrodynamic radius of 21 nm was obtained at 50 °C. The authors demonstrated that below 

the isoelectric point (pH 8), the particles are stabilized in the aqueous medium by electrostatic 

repulsion.  

Fielding et al. put this concept into practice.[157] In her work, 2-(diisopropylamino)ethyl 

methacrylate and methacrylic acid 2-diethylaminoethyl ester were polymerized from silicon 

wafers via ATRP with CuBr and 2,2’-Bipy. Brushes with thickness of 150 and 170 nm were 

grown within 22 hours at 20 °C. The obtained brushes showed smart swelling behavior in 

response to pH changes, allowing their application as acidic vapor sensors.  

In a similar approach, Topham et al. further investigated the relationship between charge 

density and polyelectrolyte brush profile with neutron reflectance and in situ ATR IR.[158] For 

this purpose, poly(2-(diethylamino)ethyl methacrylate) brushes were grown from a silicon 

crystal, which served as a substrate for neutron reflection experiments, and from a 
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spectroscopy crystal. At pH < pKB of the free polymer chain, the polymer brushes are 

protonated and show an expanded structure, while at pH > pKB the chains collapse.  

In their studies, Cheesman et al. investigated the influence of substrate curvature on 

polyelectrolyte brush growth.[159] Poly(2-(diethylamino)ethyl methacrylate) was polymerized 

from silica particles in the size range 120 – 840 nm, as well as silica wafers. The film thickness 

was determined by TGA and ellipsometry. The rate of surface-initiated polymer brush growth 

increased significantly with curvature for the particles with diameters below 450 nm. The 

increasing curvature of the substrate results in a larger distance between the active chain ends, 

which decreases the break-off rate.  

Quaternary amines are also commonly used to create permanent charges in the polymer. For 

example, Wang et al. describe the synthesis of a cationic macroinitiator by functionalizing SiO2 

nanoparticles either with (3-aminopropyl)triethoxysilane (APTES), which is then reacted with 

BIBB, or directly with APTES-BIBB to obtain initiator-functionalized particles.[160] 2-(Dimethyl 

amino)ethyl methacrylate (DMAEMA) was then polymerized from the particle surface. Cationic 

functionalities were obtained by quaternization of the amine with 1-bromohexane under 

ambient conditions. Similar investigations are also known for iron oxide-based 

systems.[161,162]  

Kirillova et al. investigated the aggregation and self-assembly behavior of hairy core-shell 

particles with different architectures consisting of a hard silica core and soft polymer brush 

shells.[163] Uniformly functionalized as well as Janus particles with different hemispheres, 

including hydrophilic positively charged poly((2-(dimethylamino)ethyl methacrylate) brushes 

and negatively charged poly(acrylic acid) brushes, as well as uncharged hydrophilic polymers 

and hydrophobic polymers were synthesized via SI ARGET ATRP or grafting-to process. 

CuBr2 and TPMA catalyst complexes in a DMF solution were used in the ATRP process. Sn(II) 

2-ethylhexanoate was used as a reducing reagent. Polymerization was carried out at 70 °C for 

120 minutes. Layer thicknesses between 8 and 15 nm were obtained for different particle 

architectures.  

One of the first reports on the polymerization of anionic methacrylate-based monomers dates 

to 2004. Here, Masci et al. described the surface-initiated polymerization of potassium 3-

sulfopropyl methacrylate, as well as the preparation of the amphiphilic block copolymer with 

methyl methacrylate by means of ATRP at 20 °C.[164] Again, 2,2’-Bipy was used as a ligand 

for the catalyst complex. While a high polydispersity was observed in pure water, a DMF-water 

mixture and an excess of CuBr2 allowed good control and gave polydispersities in the range 

of 1.15 - 1.25.  
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A few years later, Wan et al. described the grafting of poly(3-sulfopropyl methacrylate) brushes 

from patterned Sylgard-184 silicone elastomer negative imprints and resorcinol formaldehyde 

positive imprints of natural trifolium using ATRP.[165] For this purpose, a monolayer of 3-

(trichlorosilyl)propyl-2-bromo-2-methylpropanoate was immobilized on the surface as an 

initiator and a catalyst complex of CuBr and 2,2’-Bipy was used. The polymerization was 

carried out at room temperature in a water-methanol-mixture (2:1). The obtained materials 

showed that both the structure and the chemical composition of the surface adjusted by the 

polymer brush modification improved the anti-algae fouling and foul release.  

Lattuada and Hatton described both the polymerization of an ionic monomer and the 

polymerization of non-ionic precursors, which are subsequently converted into ionic 

components.[166] For this purpose, they use HMTETA and CuBr as a metal complex. Hereby, 

the ionic 4-styrenesulfonic acid sodium salt was directly polymerized. Further, hydroxyethyl 

methacrylate (HEMA), as well as trimethylsilyl acrylates and trimethylsilyl methacrylates were 

polymerized as nonionic precursors. Poly(HEMA) was converted into a carboxylate by ring 

opening of succinic anhydride. Trimethylsilyl acrylates and trimethylsilyl methacrylates were 

converted into the anionic methacrylate by deprotection. 

In addition to methacrylate-based systems, there are mainly reports on the polymerization of 

styrene sulfonate. Multiple literature reports exist varying in the used substrates, such as SBA-

15 molecular sieve (SiO2), halloysite nanotubes or poly(glycidyl methacrylate) microspheres 

and the used catalyst complex.[167–169]  

Foster et al. undertook major efforts to optimize the ARGET surface initiated ATRP process 

for poly(styrene sulfonate).[170] For this purpose, 11-(trichlorosilyl) undecyl 2-bromo-2-

methylpropanoate was immobilized on titanium substrates. Styrene sulfonate was polymerized 

from the surface in a reverse ATRP setup using vitamin C as reducing agent and CuBr2/2,2’-

Bipy as catalyst complex. A solvent mixture of methanol and water (1:2) was used. The 

parameters (A) reaction time of initiator immobilization, (B) polymerization time, (C) CuBr2 

concentration, and (D) vitamin C concentration were optimized in a 24-factorial design 

approach. The results can be summarized as follows: No chemical, structural, or morphological 

changes were observed in the polymer films with longer reaction times for immobilization. 

Minimal reaction times (< 24 h) should be used for ATRP, as film quality may suffer with longer 

reaction times due to corrosion of the titanium substrates. Furthermore, minimal CuBr2 

concentrations (< 0.5 mg/nm2) and excess vitamin C are optimal. Overall, the reaction 

conditions are consistent with those of ARGET ATRP in solution. The authors also observed 

two-way interactions between (A)(C) and (B)(D), although these correlations are not robust 

because interpretation of the results and the regression model is somewhat problematic, 

according to the authors.  
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In contrast to cationic systems, the subsequent introduction of anionic groups is less common. 

Nevertheless, some approaches to this are described. One possibility already discussed in the 

framework of Lattuada's systems is the incorporation of protected carboxylates, such as 

trimethylsilyl acrylates and trimethylsilyl methacrylates, which are subsequently deprotected, 

or the introduction of a nucleophile species such as amines or alcohols which can be used to 

ring-open cyclic systems such as succinic anhydride to create the anionic functionality.[166] 

Conversely, Bondar et al. describe the opening of the epoxide group of previously polymerized 

poly(glycidyl methacrylate) with sodium hydrogen sulfite.[171] So far, this strategy has not 

been described for nanocomposites. Another strategy for introducing polymeric groups after 

polymerization is the sulfonation of styrene.[172–175] However, often the efficiencies are quite 

low or require harsh conditions, which is why the reactions are rarely used for composites 

production.  

Over the last few years, great efforts have been put into the investigation of organic-inorganic 

nanocomposites. In addition to free radical polymerization, which has already been well 

studied, a number of controlled polymerization techniques have come to the forefront. In 

particular, ATRP plays an important role, for which a wide range of polymerizable monomers 

and suitable reaction media have been developed by optimizing the polymerization conditions. 

ATRP is a particularly potent synthesis route for surface initiated polymerizations. Similar to 

ATRP polymerization in solution, solvent mixtures of water and alcohols, as well as DMF, have 

proven to be particularly suitable for the controlled conversion of ionic monomers. In addition, 

small additions of CuCl2 have been shown to increase the controllability of the reaction. Both 

HMTETA and 2,2’-Bipy were successfully used as ligands in the SI ATRP of ionic systems. 

The ability to synthesize ionic systems has now opened up areas of application that were not 

originally possible using ATRP-based composites. In the following section, the fillers used in 

the nanocomposites and their functionalization will be discussed in more detail. 

1.3. Inorganic Fillers for Incorporation into Organic Matrices 

The applications of nanomaterials are numerous and heterogeneous. As a result, a 

comprehensive market analysis of nanomaterials is a challenge. In a study by Risk & Policy, it 

is assumed that between 500 and 2000 different nanomaterials exist on the market.[176–178] 

These studies date back several years and today the quantities are certainly significantly 

higher. By far the largest share is represented by carbon-based systems, especially carbon 

black (≈ 85 %).[176] The main applications here are mostly based on the physical properties 

of the starting material. In the automotive industry in particular, carbon black is used as a 

reinforcing filler. Other applications include the use as a black pigment, as an antistatic additive 

and UV absorber.[179] A second important group of nanomaterials are metal oxide particles. 

Semimetal and metal oxide nanoparticles have been used for decades, not only in research, 
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but also in various industries, where they are produced annually on a kiloton scale and used 

in a wide variety of products. Furthermore, they are often physiologically compatible and are 

therefore frequently used in the medical field.[180–183] The most important representatives 

and their applications are described in more detail below. 

Silicon dioxide is the second most widely used nanomaterial, accounting for approx. 12 % of 

the total. The pertinent crystalline forms are α-quartz (P3121), β-quartz (P3221), α-cristobalite 

(P41212), β-cristobalite (Fd3�m), Tridymite (β, α, OS, OP, MC, MX), coesite (C2/c) and stishovite 

(P42/mnm), where α-quartz represents the stable phase at normal temperature and 

pressure.[184] Crystalline SiO2 accounts only for a relatively small proportion of technical 

applications. In contrast to crystalline SiO2, amorphous SiO2 has a greater tolerance towards 

impurities. The main applications are in the field of color pigments in paints and toners, 

cosmetics and foods.[185–188] Silica nanoparticles are of great interest for applications such 

as catalysis, pharmaceuticals and drug delivery.[189] They are also used to fabricate electronic 

substrates, thin film substrates, electrical and thermal insulators, as well as moisture sensors 

[190]. Further they serve as fillers to reinforce composites [190] or concrete [191]. 

Titanium dioxide is a polymorphic oxide that occurs in three crystalline modifications (rutile, 

anatase and brookite). The titanium atom is octahedrally coordinated in all modifications and 

the oxygen is surrounded by three titanium atoms in each case. The modifications differ in the 

number of edge linkages. Anatase and rutile crystallize in the tetragonal space group I41/amd 

and P42/mnm, respectively, while brookite crystallizes in the orthorhombic space group Pbca. 

In technical application are mainly anatase and rutile. Again, one of the main applications is 

the use as a white pigment.[192,193] Rutile is also used in sunscreens due to its ability to 

absorb UV radiation.[194–196] TiO2 is further used due to its photocatalytic ability for example 

in photoactive cement, which is able to bind NO and NO2 or in photovoltaic cells.[197–200] In 

addition, TiO2-based materials are often employed in self-cleaning materials.[201] The self-

cleaning is achieved with its photo-induced superhydrophilicity. Further, it is commonly used 

as an antimicrobial substance and similar to SiO2 for mechanical strengthening of a variety of 

materials.[201]  

Iron oxides are also indispensable in many areas today. In the following chapters, iron oxide 

nanoparticles and the possibilities of their surface functionalization will be discussed in more 

detail, as they are primarily used in this work. 

1.3.1. Iron Oxide Nanoparticles 

Iron oxides are another metal oxide of growing research interest. The most common oxidation 

states of iron are +1, +2, and +3. Fe2O is an unstable compound that forms under high pressure 

and is therefore of little importance.[202] Much more important are the oxides wüstite (FeO), 
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maghemite (Fe2O3), and the mixed oxide magnetite (Fe3O4). The incorporation of iron oxide 

into a material offers another distinct advantage in addition to improving the mechanical and 

thermal properties. The nanoparticles induce magnetism into the material. While bulk wüstite 

exhibits antiferromagnetic properties [203], magnetite and maghemite are ferrimagnetic in 

bulk.[204–206] Both states are cooperative magnetic phenomena. Antiferromagnetic materials 

consist of two magnetic sublattices. In both sublattices, the magnetic moments of the atoms 

are ferromagnetically coupled and thus aligned in parallel. Due to the antiparallel ordering of 

the sublattices, no net magnetization is observed. In the case of ferrimagnetism, the magnetic 

moments of the sublattices are different and do not completely cancel each other out, resulting 

in a permanent magnetization. The magnetic properties change during the transition from bulk 

to nanomaterial. Magnetic nanoparticles are divided into multi and single domain particles. The 

term domain describes individual areas in the material in which the spins are arranged 

collinearly. The domains are separated from each other by domain walls. Whether a domain 

wall is formed depends on the magnetostatic energy and the domain wall energy. If the cost 

of the magnetostatic energy is greater than the domain wall energy, a new domain wall is 

nucleated. The domain wall energy is dependent on the inter-domain areas, whereas the 

magnetostatic energy is proportional to the particle volume. As a result of that if the particle 

volume is decreased under a certain threshold, the so called single-domain size threshold, the 

magnetostatic energy cost falls below the domain wall energy, making single domain particles 

more favorable.[207] In addition to the size, the magnetic properties also depend on the 

morphology of the particles, their composition, and their surface functionalization.[208–213] 

As an example, the formation of a single-domain structure for Fe3O4 in cubic morphology 

occurs only below a size of 76 nm [214], but for spherical Fe3O4 nanoparticles already from a 

diameter of 128 nm.[215] Superparamagnetism represents the lower limit for these single-

domain particles. In superparamagnetic materials the balance between thermal fluctuation and 

magnetic anisotropy determines the dynamics. The magnetic properties are therefore strongly 

dependent on the temperature. In the case of superparamagnetic particles, the anisotropy 

energy is in the range of the thermal energy. This leads to random flipping of the spins around 

the anisotropy axis, which is referred to as Néel relaxation. The temperature at which this 

transition takes place is called blocking temperature. The frequency with which the relaxations 

take place is defined by its energy barrier, which in turn is proportional to the particle volume. 

Therefore, there is a critical particle volume, below which the blocking temperature is below 

room temperature, and a superparamagnetic material is obtained. For iron oxide nanoparticles 

this is in the range of 20 – 25 nm.[216] 

Superparamagnetic materials exhibit properties of both paramagnetic and ferromagnetic 

materials: Like paramagnetic materials they do not have a permanent arrangement of the 

dipoles. But since the magnetic moments in a single particle are already pre-oriented as a 
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group with a much larger net moment, superparamagnetic materials exhibit a significantly 

higher magnetic susceptibility, similar to ferromagnetic materials. With a permanent 

magnetization particles tend to agglomerate due to the magnetic interaction.[217] Therefore, 

another advantage of superparamagnetism is that the risk of agglomeration of the particles is 

lower, though of course agglomeration due to van der Waals interactions are still commonly 

observed.[218] Since good dispersibility of the particles is often a prerequisite for application, 

superparamagnetic nanoparticles are often times preferred despite their weaker 

magnetizability.[219] The introduction of magnetic properties potentially offers the opportunity 

for spatially resolved introduction of heat with an alternating magnetic field (AMF), to which the 

nanoparticles respond with a physical particle rotation (Brownian relaxation) and/or an internal 

dipole inversion (Néel relaxation). Which relaxation mechanism is preferred is dependent on 

particle size, magneto crystalline anisotropy and matrix viscosity.[220] Both mechanisms are 

associated with an increase in temperature, which can be used as a trigger for other processes. 

The heating efficiency is described by the specific loss power (SLP), which is defined as 

electromagnetic power lost per mass of magnetic material and carries the unit watts per 

kilogram. Alternatively, the specific absorption rate (SAR) is used, which is derived from the 

slopes of heating curves (see Equation (1)). 

 SAR= Csms
m

 dT
dt

  (1) 

 

Cs = Specific heat capacity of the solvent 

ms = VS·ρs = Sample mass 

m = Mass of magnetic material 

dT/dt = Slope of the heating curve 

Due to the dependence of SAR on the strength and frequency of the alternating magnetic field, 

it is difficult to directly compare SAR values between different test setups. Typically for iron 

oxide particles in the 10 nm size range, SAR values are in the range of 10-90 W/g, although 

values up to several hundred have been reported for specific functionalizations, field strengths, 

and frequencies.[221] Further, this experimental dependence makes it difficult to exactly 

evaluate the exact influence of parameters such as particle size, anisotropy, composition and 

crystallinity on SAR. Nevertheless, the following trends can be identified: Generally if the size 

of the particles is reduced, the total magnetic moment decreases and therefore often the 

heating efficiency decreases.[222,223] It should be noted that, in contrast to that, some studies 

suggest that there is an ideal particle size for a maximum SAR after which a further increase 

will decrease the SAR again.[210,224] This value depends on the material and the properties 

of the magnetic field. The heating efficiency also depends on the morphology of the particles. 
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With an increase in the anisotropy of the particles, the magnetic anisotropy increases, which 

generally increases the SLP.[225–227] Furthermore, it was shown that an improvement of the 

SLP or SAR can be achieved with the transition from Fe3O4 to the mixed oxides MnFe2O4, 

CoFe2O4 and ZnFe2O4 or core-shell systems.[228,229] In addition, an increase in crystallinity 

increases the SAR.[230] 

Because of the unique properties and the resulting applications, especially the magnetic field 

induced heating, iron oxide particles were chosen as the nanofiller in this work. In addition, the 

particles allow magnetic decantation, which facilitates easy clean up procedure for the 

functionalized particles. In the following chapter, the possible synthesis routes of the iron oxide 

particles will be described in more detail. 

1.3.2. Synthesis Routes for Iron Oxide Nanoparticles 

A large number of synthesis routes are available for the synthesis of iron oxide particles. With 

a few exceptions, such as synthesis by ball milling[231], synthesis is carried out using the 

bottom-up approach. The most important methods will be briefly explained below. 

Co-precipitation: Co-precipitation is certainly the synthetically simplest method. Here, the 

iron(II)/iron(III) salts, mostly as chlorides or nitrates, are added together in an alkaline medium. 

The synthesis takes place either at room temperature or under gentle heating. Besides the 

simple set-up, this synthesis also convinces with its high yields. However, the reaction requires 

good control of the pH and inhomogeneous sizes and shapes are often obtained. Furthermore, 

poor crystallinity and many times agglomerates are often observed due to lack of 

stabilization.[232–235] 

Hydrothermal reaction: In hydrothermal synthesis, the metal oxides are produced above the 

boiling point of the solvent and at pressures exceeding 1 bar.[236] The increased temperature 

and pressure often lead to highly crystalline particles with a high surface activity.[237–239] 

Here, too, iron chlorides or nitrates are used, but also alkoxides or acetates. Synthesis takes 

place in two steps. First, the starting compounds are hydrolyzed, followed by condensation. 

The hydrothermal process allows precise control of the nucleation and growth rate by the 

reaction conditions (e.g. pH). Thus a precise adjustment of the particle size and morphology is 

possible. However, the synthesis is usually coupled with long reaction times.[237] 

Sol-gel reaction: The sol-gel process, originally developed for SiO2-based inorganic ceramics 

and glass materials, was quickly transferred to a variety of colloidal metal oxides.[240,241] The 

process consists of the steps hydrolysis and condensation of metal alkoxides or salt 

precursors. In this, first colloidal solutions, so called sols are formed followed by the formation 

of solvent swollen integrated networks, which are called gels. These gels can be nanoparticles 

or three-dimensional polymer networks.[242] Precise control of the size and structure of the 
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particles is possible through precise adjustment of the reaction conditions. The disadvantages 

include sometimes long reaction times and often high costs of the metal alkoxides. 

Micro emulsions: The use of microemulsion technology allows the most precise control of 

particle size. The reaction principle in microemulsions is that of co-precipitation. It differs only 

in the reaction medium used. It consists of an aqueous phase emulsified in an organic phase. 

Surfactants are added for stabilization of the micro droplets. The water-soluble precursors are 

in the water phase. Precipitation is initiated by the addition of a base. Due to the well-defined 

shape and volume of the micelles, as well as the concentration of the precursors, precise 

control of the particle size is possible.[243–245] The major disadvantages are the low yields, 

the large quantities of solvent required and the time required due to more extensive work up. 

Thermal decomposition: Thermal decomposition is another solution-based synthesis option. 

Due to the good control of size and morphology, combined with high yields, this synthesis route 

is a popular method of choice and was also used in this work. This synthesis route relies on 

the pyrolysis of organometallic precursors, such as carboxylates, carbonyls or most commonly 

iron acetylacetonate (Fe(acac)3).[246–249] Usually, the reactions are carried out in the 

temperature range of 200 – 300 °C, which limits the solvent selection. These include benzyl 

ethers, phenyl ethers and longer-chain hydrocarbons such as octadecene. As a result of the 

high temperatures, highly crystalline iron oxide particles are obtained. In the core these mostly 

show the magnetite structure, while the degree of oxidation increases towards the surface and 

a transition towards maghemite is observed.[208,250] The reaction is usually carried out in two 

temperature steps in order to better control nucleation and growth and thus obtain narrow 

particle distributions. For the heat up methods it was suggested that in a first step initially a 

decomposition of precursors takes place forming poly iron oxo clusters. These serve as 

building blocks for the nucleation and growth of the particles.[251,252] As a result of this 

finding, particle preparation has also been carried out in two steps.[210] As already described 

by LaMer, the key to narrow particle distributions is a burst-like nucleation, whereby nucleation 

can be separated from particle growth.[253] One approach to this is hot injection methods, in 

which the precursor is added to the already hot solution, thereby obtaining a high 

supersaturation.[254,255] Another promising approach is the continuous addition of a 

precursor that allows selective control of particle size, which the authors describe as "extended 

LaMer mechanism".[210] Another possibility for an almost instantaneous temperature increase 

is the use of induction heating of steel balls, which are placed in the reaction medium.[256] 

Usually, in thermal decomposition methods capping agents are added at the beginning of the 

reaction. While they ensure the dispersibility of the particles in selected solvents and thus 

prevent agglomeration, they also have a major influence on the control of size and shape for 

example by preferential binding to certain crystal facets. Sometimes the ligands also function 
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as reducing agents and are therefore required for a successful synthesis.[257] Further the 

choice influences the possibility for post-synthetic functionalization. The most commonly used 

combination consists of oleic acid and oleyl amine.[258] Oleic acid and oleyl amine are both 

hard Lewis bases, which can both form complexes with the metal ions and bind to the particle 

surface. However, Klokkenburg et al. reported that oleic acid has a greater affinity towards the 

iron oxide surface and the amine only facilitates this bonding through deprotonation of the 

carboxylic acid group.[259,260] Later, Sun et al. developed a synthesis in which very 

monodisperse nanoparticles could be obtained by adding 1,6-hexanediol.[261] Qiao et al. have 

carried out an extensive study of the influences of the individual components. It was shown 

that, in addition to the concentration ratios of oleyl amine, oleic acid and the type and amount 

of diol used, the selected solvent, which is partially oxidized at the high temperatures, also has 

an influence on the size and morphology of the particles.[209] Since carboxylates and amines 

bind to the particle surface via coordinative or ionic interactions, subsequent exchange for 

other ligands is possible, which opens up a multitude of possible particle properties.[262] 

1.3.3. Functionalization of Iron Oxide Nanoparticles 

In the following, the functionalization process and the functionalization reagents used will be 

described in more detail. The focus will again be on iron oxide particles, although literature on 

other metal oxides has also been taken into account in some cases, in order to describe the 

binding modes of certain ligands. In principle, these can be transferred well to the iron oxide 

particles, but it should be considered that slight deviations are possible due to the deviating 

metal centers. 

The functionalization of nanoparticles has played a central role since the beginning of the 

investigation of nanomaterials. The fundamental tendency to agglomeration due to the high 

surface energy is one of the central challenges in dealing with nanomaterials, which can be 

bridged by suitable functionalization.[263] The concept of stabilization by functionalization was 

first described by Schmidt in the context of the synthesis of SiO2 nanoparticles via a sol-gel 

approach.[264] There are two possibilities to counterbalance the attractive van der Waals 

forces: steric stabilization and electrostatic stabilization. In the first case, a steric barrier is 

created by attaching sterically demanding ligands to the particle surface, which prevents the 

particles from approaching each other. In the second case, kinetic stabilization is achieved by 

introducing charges to the particle surface. This can be achieved by pH adjustment or by 

attaching permanently charged molecules. The introduction of charges leads to Coulomb 

repulsion between the equally charged particles and thus to stabilization. The stabilization can 

be estimated well by means of DLVO theory.[265] Since electrostatic stabilization plays a 

central role in the following investigations, it will be discussed again in more detail in chapter 

1.4.  
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In addition to reducing the tendency to agglomeration, functionalization is often accompanied 

by a reduction in reactivity towards other chemical reactions. For example, the oxidation 

sensitivity can be reduced.[266] Further, functionalization can improve compatibility with the 

surrounding medium, resulting not only in improved stabilization in solution, but also in 

improved distribution of the particles in a polymer matrix to form a composite material.[267] 

Furthermore, new particle properties can be generated by functionalization. Due to the large 

number of functional groups available, almost any particle property can be generated. In order 

not to go beyond the scope of this work, only the application of initiator functionalities for 

polymerization and the adjustment of the polarity by ionic groups are mentioned here, since 

these are of particular relevance for the following investigations.[168,169,268–270] Figure 5 

shows the basic structure of the functionalization reagents. 

 
Figure 5: Structure of functionalization reagents. 

While the functional group has a major influence on the particle properties, the spacer primarily 

serves to increase the steric demand of the ligands and thus to stabilize the particles. To a 

lesser extent, however, the polarity of the particles or the reactivity of the functional groups can 

also be influenced by the choice of the spacer. Since the functional groups are often used as 

reaction centers, the space available there plays a major role. Thus, lengthening the spacer 

by a few atoms can significantly influence the reaction rate and efficiency.[271] 

The anchor groups in particular play a central role with regard to the stability of the 

functionalization. The following section will therefore describe the available anchor groups in 

more detail. These include carboxylic acids, amines, sulfonic acids, cysteines, dopamines, 

alkoxy/chlorosilanes and phosphonic acids.[272–274] The individual possibilities will be 

discussed in more detail below. 

Carboxylic acids: Carboxylates are one of the most frequently used functionalization 

reagents. As described above, especially oleic acid, is added for stabilization during synthesis. 

Carboxylates are particularly popular because they can be exchanged easily and almost 

completely under mild conditions.[275] The reason for this is the rather weak interactions. Four 

bonding modes can be observed: electrostatic, monodentate, and bridging or chelating 

bidentate. The strength of the interaction can be assessed by the wavenumber separation of 

the symmetric and asymmetric COO- IR vibrations.[262,276,277] Here, the monodentate 

binding exhibits the largest separation. For the other binding mechanisms, smaller separations 
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(<180 cm-1) are observed. A precise assignment of the vibrations is often difficult here, since 

even the relative order of the binding modes is inconsistent in literature reports.[278,279] 

Amines: While amines are a popular functionalization for metal particles, they play only a 

minor role in the case of metal oxides, often serving only as reducing agents that further 

facilitate the binding of other functionalization reagents.[260] Amines can bind to the surface 

either via hydrogen boding or electrostatic interactions, though accurate identification is 

difficult, especially in the presence of adsorbed water.[262] 

Sulfonic acids: Rarely, poly sulfonates are also added directly during particle synthesis for 

stabilization.[280] Again, the binding mode can be identified by IR spectroscopy. A distinction 

is made between inner-sphere and outer-sphere complexes. While in the former the 

asymmetric S-O stretching vibration splits into two or three signals for monodentate and 

bidentate coordination, respectively, due to the reduction in symmetry, the signal for the outer-

sphere complexes is shifted to higher wavenumbers compared to free sulfonate groups. 

Electrostatic interactions are also described.[262] Due to the stronger interactions with the 

metal oxide surface, carboxylic acids are preferred when a refunctionalization is intended. 

Cysteines/dopamines: Cysteines and dopamines are both used particularly in the biomedical 

field. Both groups are biocompatible and outperform other functionalization reagents such as 

carboxylates due to more stable binding. For the dopamine derivatives the improved orbital 

overlap (sigma- and π-donor boding) results in a five membered ring.[281,282] Therefore a 

complete exchange is possible.[275] In the case of cysteine, bidentate linkage occurs through 

the thiol and carboxylate groups, which under certain circumstances may also lead to reductive 

dissolution of the particle surface.[283,284] Oxidation of the thiol groups can lead to the 

formation of disulfide crosslinked ligands, resulting in stable functionalized particles.[285] 

Alkoxy-/chlorosilanes: One of the most frequently used functionalization reagents are 

alkoxy- and chlorosilanes. Bonding is achieved by the reaction of hydroxy groups on the 

particle surface with the alkoxy/chlorosilane groups. This leads to the formation of stable Fe-

O-Si bonds with elimination of water or hydrochloric acid.[286] In addition to mono-, di- and 

tridentate bonds, crosslinking events lead to the formation of interconnected silica layers and 

poly condensed disordered layers on the surface, resulting in core shell systems.[287,288] 

However, during the crosslinking, the irreversible formation of aggregates can often be 

observed. To avoid this, mono alkoxysilanes are often used for functionalization. In addition, 

the by-products (dimers) formed by homo condensation can also be readily separated in 

solution.[289] 

Phosphonic acids: Phosphonic acids are used as coupling agents due to their affinity towards 

a vast variety of surfaces, such as metal- / transition metal- oxides, hydroxides, carbonates 
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and phosphates.[290] Less frequently, phosphates are also used for functionalization. 

However, phosphates show lower hydrolytic and thermal stability due to the more labile P-O-C 

bond, which is why they will not be discussed further here.[291] The M-O-P bond formed during 

the attachment of the phosphonic acid is known for its tremendous stability. Thus, it is often 

not possible to achieve a detachment of the phosphonate group by increasing the temperature. 

Only the decomposition of the attached organic group occurs.[269,271] Further, the bond is 

generally described as pH stable. Compared to silanes, phosphonates form monolayers, since 

they do not show a tendency to intermolecular reaction and therefore do not form networks. 

Nevertheless, the binding mechanisms are diverse and have been the subject of many 

investigations.[126,290,292,293] Pujari et al. describe two routes for surface binding, which 

depend in particular on the Lewis acidity of the metal surface, but also on temperature, pH 

value, concentration and the solvent used.[293] In both cases, the bonding takes place via 

condensation processes. However, in the case of high Lewis acidic surfaces, initial 

coordination of phosphoryl oxygen occurs first, while in the case of less Lewis acidic surfaces, 

bonding is promoted by hydrogen bonding. This results in a variety of bonding modes: 

monodentate (a and b), bridging bidentate (c and d), bridging tridentate (e), chelating bidentate 

(f and g), chelating tridentate (h) and mechanisms with additional hydrogen bonding (i-l). These 

are outlined in Figure 6. 

 
Figure 6: Bonding mechanisms of phosphonic acids. Adapted from [293] and [294]. 

However, the determination of the binding modes is difficult. A simple disappearance of 

specific vibrational bands in IR, such as P-OH or P=O, does not allow a differentiation between 

a bonding to the surface or formation of hydrogen bonds. Also, the shift in 31P NMR is often 

times not conclusive. It has been shown, that solid state NMR of 17O can be utilized to 

determine the binding modes.[294] Due to the interactions of the alkyl chains, ordering occurs 

on the surface. As a result, high packing densities can be achieved.[295–297] Calculations 

based on the space requirement of the phosphate/phosphonate group a value of 

4.16 molecules/nm2 was determined for a maximally densely packed monolayer.[271,297,298] 
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Davis et al. have investigated the exchange of radiolabeled oleic acid for phosphonic acid 

derivatives and have shown that this exchange is almost complete under ambient 

conditions.[275] Furthermore, it has been shown that both metal and metal oxide surfaces are 

stabilized by functionalization with phosphonic acid and thus, for example, can be protected 

from oxidation.[266,299,300] 

Another advantage is the synthetic accessibility of phosphonic acid derivatives. The most 

important synthetic routes for phosphonic acids are the Michaelis-Arbusow reaction, the 

Michaelis-Becker reaction, and radical additions to olefins, which are shown in Scheme 5 to 

Scheme 7. 

The Michaelis-Arbusow reaction was originally discovered by Michaelis and further developed 

by Arbusow.[301,302] Here, alkyl or aryl halides are reacted under reflux, usually with alkyl 

phosphites, to form the corresponding phosphonic acid ester. The reaction proceeds via an 

SN2 mechanism with formation of the positively charged phosphonium ion. The advantage of 

the reaction lies in the simplicity of execution and the high yields. 

 
Scheme 5: Reaction mechanism of the Michaelis-Arbusow reaction. 

An alternative to the Michaelis-Arbusow reaction is the Michaelis-Becker reaction. The reaction 

proceeds in two steps. First, the hydrogen phosphonate is deprotonated by means of a base. 

Then, analogous to the Arbusow variant, a nucleophilic substitution on a haloalkane takes 

place. While this method often results in lower yields than the Michaelis-Arbusow method, it 

allows to work at lower temperatures, which is why this synthesis route is used for more 

sensitive substances.[303] 
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Scheme 6: Reaction mechanism of the Michaelis-Becker reaction. 

Radical addition to double bonds is used less frequently. In most cases, AIBN is used as the 

radical initiator. Although the addition of hydrogen phosphonic acid to carbon double bonds is 

also described in the literature, hydrogen phosphonates are also frequently utilized here, 

whereby the corresponding phosphonic acid esters are obtained. [304–306] 

 
Scheme 7: Reaction mechanism of the radical addition to olefins. 

Since the acid hydrolysis of phosphonic esters often requires high temperatures, their 

hydrolysis is usually carried out via the silyl ester.[293,307] Due to their enormous stability and 

accessibility, phosphonic acids were used as coupling reagents in this work.  

1.4. Introduction of Charges to Metal Oxide Nanoparticle Surfaces 

The generation of charges on particle surfaces is a much-studied topic. The reason for the 

interest in nanoionics is both due to the fundamental, as well as technological importance. A 

key application is that the particles can be stabilized by the surface charge in polar media.[308] 

This enables application in the biomedical sector, where compatibility under physiological and 

thus aqueous conditions is a prerequisite.[270,309] Furthermore, compatibility with polar 

polymer matrices is ensured by ionic functionalization. This not only often times results in a 

mechanically more stable material, but also self-healing and shape memory could be induced 

by the electrostatic interactions.[310] Another application is electrostatically driven self-

assembly. The design of functional nanoobjects, so-called supramolecular structures, through 

electrostatic interactions is a rapidly advancing field.[311–313] Applications include the 

synthesis of isolated nanostructures, but also layered or patterned structures.[314] The 
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structures are built up by layer-by-layer deposition (LbL). The layer-by-layer technique refers 

to the successive deposition of oppositely charged polyelectrolytes on charged substrates. 

This technique for the flexible production of thin layers was first described by Iler in 1966.[315] 

The particles are either applied as building blocks or as pre-oriented multilayers. The 

properties that can be generated from the structure include antireflecting, antifogging, and self-

cleaning properties.[316–318] Depending on the application, stable or switchable charges are 

preferred. In the following, the possibilities for the generation of charges on nanoparticle 

surfaces will be explained in more detail.  

1.4.1. Generation of Surface Charges by pH Adjustment 

A commonly used method for generating surface charges is to exploit the pH dependence of 

the surface chemistry of metal oxide particles. Metal oxide particles form a monolayer of 

surface hydroxyl groups in aqueous dispersions. These can be protonated or deprotonated. 

Due to this acid-base property (amphiphilicity), the surface charge, both in its sign and 

magnitude, is dependent on the pH of the surrounding medium.[319,320] The pH value at 

which the surface charge drops to zero is called the point of zero charge (PZC, better pHPZC). 

This can be determined by potentiometric titration and is largely dependent on the metal cation 

of the particle. The properties that play a particular role here are electronegativity, charge and 

ionic radius of the metal, but to a lesser extent also those of oxygen.[321] The surface charge 

is negative at pH > pHPZC and positive at pH < pHPZC (see Figure 7). Therefore, pH values in 

the range of the pHPZC should be avoided to obtain electrostatic stabilization. 

 

 
Figure 7: Schematic representation of the protonation/deprotonation process on metal oxide surfaces and its 

influence on the surface charge. 

A more detailed investigation was carried out by Clavier et al.[322] They investigate the surface 

charging behavior of nanoparticles based on a simple coulomb model using Monte Carlo 

simulations. They considered how the change in pH affects the charging behavior including 
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parameters like site distribution and density as well as the dielectric constant. It was shown 

that the site distribution is playing a major role and that a homogeneous distribution leads to 

the most efficient ionization degrees. With the decrease of the surface site density, 

deprotonation processes become easier due to less repulsion thus shifting the titration curves 

towards an isolated monomer situation. The acid base properties also have an influence, 

especially if two deprotonation steps are possible. If the negative logarithms of the acid 

dissociation constants (pKA) are too close to each other (ΔpKA < 2), no pHPZC is obtained, but 

a value is obtained at which the net charge is zero. This so-called isoelectric point is of high 

significance for the characterization of ionic functionalization of nanoparticles and is therefore 

described in more detail in section 1.4.2. However, it should already be emphasized here that 

the point of zero charge and the isoelectric point are not equivalent, and the methods for 

determining them are quite different. The dielectric constant has been identified as another 

factor influencing charging behavior. For particles with low dielectric constant like hematite 

(εc = 12) sites are less electrostatically screened and therefore coulomb repulsion is higher. 

This results in a lower deprotonation efficiency even at strong alkaline pH values compared to 

materials with higher dielectric constants such as TiO2 (εc = 130).[322] Even though the 

composition of the particles in combination with the pH of the surrounding medium have the 

main influence on the particle charge, other influencing factors are discussed in the literature. 

For example, Barisk et al. describe the influence of the particle size on the charge density.[323] 

They use a multi-ion surface charge-regulation model, which includes protonation and 

deprotonation steps to calculate the local charge density, though still not considering Stern 

layer effects. It was observed that the surface charge density increases with an increase in the 

particle size and reaches a plateau when the particle size exceeds a critical value.  

The studies show that metal oxide particles can be stabilized in the charged state by pH 

adjustment over long periods of time and can be used as dispersions for further 

conversion.[324–327] However, the choice of the metal oxide already fundamentally 

determines the surrounding medium in order to stabilize the charges and there is little room 

for adjustment, which significantly limits the scope of application. Therefore, there is a 

tendency to generate surface charges by suitable functionalization, which allows a precise 

adjustment of the charges. The possibilities available for this are explained in more detail in 

the following chapter. 

1.4.2. Generation of Surface Charges by Functionalization 

The possibilities for introducing surface charges by functionalization are arbitrarily large. In 

addition to the bonding possibilities described in chapter 1.3.3, the entire range of organic 

functional groups and inorganic ions that adsorb to the surface are available. In this way, 

almost any application area can be served. The stability of the charge is determined by the 
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selection of the functional group. Acidic/alkaline groups are frequently used here, which can 

be present in the charged or uncharged state depending on external conditions. While the 

stability of the ionic group is crucial for some applications, for others it is precisely the change 

between charged and neutral states in response to a change in pH that makes the system 

suitable for use. Therefore, careful selection and tailoring of the functionalization reagents is 

indispensable. Here, too, the characterization of the charge state of the particles will be briefly 

discussed first. 

While the pHPZC is often still well suited for describing unfunctionalized particle surfaces, it has 

little relevance for ionically functionalized particles, since the hydroxyl groups may react 

differently or not at all to pH changes, due to covalent, electrostatic or hydrogen bonds. In 

addition, the charges introduced by functionalization have a strong influence on the total 

charge of the particles. In practice, therefore, the zeta potential is frequently used to evaluate 

the particle charge. In the following, the concept of zeta potential and its determination will be 

explained.  

If a charged particle is in an electrolyte solution, an oppositely charged layer of ions is formed 

on the surface. This layer is in turn composed of two parts. The inner strongly bonded layer is 

called the Stern layer. With increasing distance from the surface, the attractive interaction 

decreases progressively. Due to the thermal movement of the ions in solution, a diffuse layer 

is formed. If the charged particle now moves, the surrounding ions within a certain boundary 

move with the particle, while the ions outside the boundary do not move. This results in a 

shear. The boundary at which this process occurs is called the slipping plane. The potential at 

this interface is called the zeta potential. For the determination of the zeta potential, there are 

several approaches and processes that can be investigated [328]: 

• Electrophoresis: Electrophoresis is the movement of a charged particle relative to the 

surrounding medium under the influence of an electric field 

• Electroosmosis: Electroosmosis is the movement of a liquid relative to a stationary 

charged surface 

• Sedimentation potential: The sedimentation potential is the electric field generated 

when charged particles move relative to a stationary liquid 

• Streaming potential: The streaming potential is the electric field generated when a 

suspension medium is forced to flow along a stationary charged surface by a pressure 

difference  

All of them are electrokinetic methods. In the following, the electrophoresis method will be 

briefly explained in more detail since it is used in this work. By applying an electric field, the 

suspended charged particles are accelerated to the oppositely charged electrode. This 
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movement is counteracted by friction/viscous forces. After equilibrium is reached, the particles 

move at a constant speed (electrophoretic mobility). This is dependent on the strength of the 

electric field, the dielectric constant and the viscosity of the surrounding medium, as well as 

the zeta potential. Therefore it can be converted into the zeta potential via the Henry 

equation.[329] 

 UE= 2εζf(κα)
3η

  (2) 

 ⇔       ζ= 2εf(κα)
3ηUE

                   (3) 

 

UE = Electrophoretic mobility 

ε = Dielectric constant 

ζ = Zeta Potential 

η = Solvent viscosity 

f(κα) = Henry’s function 

 

Electrophoretic light scattering is commonly used as an analytical technique for determining 

electrophoretic mobility. Most commonly used are the laser Doppler velocimetry, phase 

analysis light scattering (PALS) techniques or combinations of those.[328] A detailed 

explanation of these detection methods will not be given here, but reference should be made 

to the relevant literature.[330,331] 

If a pH-dependent investigation of the zeta potential is now carried out, conclusions can be 

drawn about the stability of the particle dispersions. Analogous to the pHPZC, the isoelectric 

point (IEP) is defined here. The IEP describes the point at which the velocity is zero for particles 

exposed to an external electric field, i.e., the zeta potential drops to zero. The net surface 

charge is negative at pH > pHIEP and positive at pH < pHIEP. For naked particles, IEP and PZC 

mostly match (Δ(pKA1-pKA2) ≥ 2), while deviations can be expected in case of successful 

functionalization with adsorbed ions or ionic ligands. As discussed above, the stability of 

nanofluids is directly linked to their electrokinetic properties. Therefore, pH control can increase 

stability due to strong repulsive forces. Particles exhibiting a zeta potential between - 30 mV 

to + 30 mV tend to coagulate.[332] As a result investigations at various pH values for a fixed 

nanofluid lead to the observation that especially in the range of the IEP agglomeration is to be 

expected.[333,334] 
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The pKA and pKB values of the functional group in particular play a central role in the stability 

of the charge as a function of the pH value. For anionic functionalization, strong acids are used, 

which are present in the deprotonated, ionic form over a wide pH range. The most common 

representatives are carboxylates, organosulfates and sulfonates. Of this group, carboxylates 

have the highest pKA values and are therefore protonated most rapidly. Depending on the 

neighboring groups, the pKA values for aliphatic carbonic acids are in the range of 1 - 5. For 

carboxylic acids, a variety of synthesis methods exist. These include oxidation reactions of 

alcohols, aldehydes and ketones, or from Grignard compounds by reaction with CO2.[335–

338] In practice, however, ω-bromo or hydroxy carboxylic acid derivatives are usually utilized, 

in which the anchor group is subsequently attached in the ω position, which is often possible 

under mild conditions. Nevertheless, protection of the carboxylic acid functionality is often 

necessary in these cases.[339,340] In comparison with carboxylic acids, sulfates and 

sulfonates are significantly more acidic. Even though pKA values of up to 2.5 are described, 

these acids usually exhibit values in the negative range.[341–343] The organosulfates are 

usually prepared by esterification of lauryl alcohol with sulfuric acid, sulfurochloridic acid or 

sulfur trioxide and subsequent neutralization.[344] For aromatic sulfonic acids, which can be 

prepared via sulfonation or sulfochlorination followed by hydrolysis, the reaction conditions are 

often too harsh for the remaining components of the coupling reagents. Also, the synthesis of 

phosphonoalkylsulfonates, e.g., by the reaction of halogenalkanes with Na2SO3, often takes 

place under rather harsh conditions and leads to low yields despite long reaction 

times.[345,346] Although the oxidation of thiols to sulfonic acids has been known for some 

time, the synthesis of phosphonoalkylsulfonic acid coupling reagents by this route has only 

recently been reported. The method allowed for short reaction times and resulted in high 

yields.[269] 

A problem of the carboxylate and sulfonate groups is that they can bind to the particle surface 

as an anchor group, functioning as a crosslinker and thus leading to agglomeration of the 

particles. This can occur despite the phosphonic acids used in this work have a higher affinity 

towards the particle surfaces, so that the replacement of the weaker and dynamic bonding via 

coulomb interactions of the carboxylates and sulfonates would be expected to occur.[262,273] 

To circumvent this problematic, a second approach is to generate the anionic charges on the 

particle surface through post modification. This can be achieved either by using a precursor or 

a protected derivative of the acid group. Scheme 8 graphically illustrates the different 

possibilities using the example of carboxylic acid. 
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Scheme 8: Schematic representation of the possible synthesis routes of ionic functionalized nanoparticles. 

The simplest possibility is certainly the preparation of the ionic coupling reagent and its 

subsequent application to the surface of the particles. Since the pKA of the carboxylic and 

sulfonic acids is lower than that of the phosphonic acid, it is not possible to deprotonate the 

phosphonic acid by adjusting the pH value, without also deprotonating the other acids, to 

generate an electrostatic preference towards the positive particle surface. It should be 

mentioned at this point that the stability of the bond also depends on the particle system. By 

using a precursor or the protected ionic group, the competitive reaction with the particle surface 

can be prevented. If the particle surface is completely covered with phosphonic acid during 

functionalization, the ionic group can then be generated without the risk of binding. However, 

the range of possible reactions that can be carried out on the particle surface is limited. Another 

advantage is that the occupation density for ionic functionalization reagents is often 

significantly lower than that of uncharged systems, which can be increased via the post 

introduction of the ionic group.[296,347] The reaction path via the protected group is somewhat 

more complex, but has the advantage that the oxidation reactions required to produce the 

carboxylate and sulfonate groups do not have to be carried out in the presence of the particles. 

This circumvents the risk of oxidation of the nanoparticles. Liu et al. utilize 3,4-

dihydroxyhydrocinnamic acid to functionalize FePt, cubic Fe3O4, Pd, CdSe, and NaYF4 (Yb 

30 %, Er 2 %, Nd 1 %) nanoparticles.[270] Thus converting the initially hydrophobic surfaces 

into hydrophilic negatively charged surfaces after pH adjustment, making the particles water 

dispersible. Syntheses of sulfonate-based systems by this route are also known.[348,349] On 

the route of ionic group generation after functionalization, examples were described as early 

as 1996. Maoz et al. reported on the self-assembly of trichloro(nonadecyl)silane on SiO2 

substrates, followed by oxidation of the double bond with KMnO4 and 18-crown 6 to a 



Introduction and Theoretical Background 

- 37 - 
 

carboxylate functionality.[350,351] For the synthesis of sulfonates, comparative studies have 

been carried out in which the ionic groups were introduced directly with and after the 

functionalization of ZrO2.[269] 

On the cationic side, amines are commonly used functionalities. The pKB values of the amines 

are in the range of 3 - 5 for aliphatic amines.[352,353] Even at a neutral pH of 7, the ammonium 

ion is predominate in solution. The basicity decreases significantly for the aromatic aniline 

derivatives. pKB values of > 7 are observed.[354] As a result of that at neutral pH the systems 

are only partially protonated. In the case of amines, permanently positively charged systems 

can also be generated by the production of quaternary ammonium salts. The methods of 

preparation of the amines are diverse and can therefore be selected on the basis of the 

stabilities of the corresponding spacers and anchor groups. Halogen compounds are 

frequently used as the starting point. Here, the corresponding halogen alkanes are reacted 

with ammonia, primary, secondary or tertiary amines, whereby the protonated primary, 

secondary, tertiary or quaternary amine compounds are obtained.[269] The primary amine can 

also be obtained via a number of other reactions. These include the Gabriel synthesis and the 

Delepine reaction, both of which also start from the halogenalkane.[355,356] Furthermore, 

amines are accessible through the reduction of nitriles, azides, nitro compounds or carboxylic 

acid amides, as well as their degradation.[341,357–361] Among the most important technical 

methods is the reductive amination of carbonyles.[362] It should also be mentioned here that 

it is possible to convert primary amines into more highly substituted ones. Besides the 

conversion with alkylation reagents, such as methyl iodide, which often yields a mixture of 

products, more controlled reactions such as the Eschweiler-Clarke methylation are 

applied.[363,364] Due to this good synthetic accessibility, as well as the stable, and in the case 

of the quaternary ammonium compounds even permanent, charge over wide pH ranges, these 

systems are frequently used.[365–367] With these systems also anisotropic functionalized, 

Janus-like systems have been realized.[368] Amines are used, especially when switchable 

charges are necessary on the surfaces.[270] Here, too, the synthesis of the amines reagent 

usually takes place before functionalization and the charge is introduced afterwards by pH 

adjustment. An interesting approach was recently published by Siek et al.[369] Here gold 

particles were uniformly functionalized with positively charged N,N,N-trimethyl(11-

mercaptoundecyl)ammonium chloride and negatively charged mercaptoundecanoic acid. 

While the positive charges are permanent, the negative charges can be generated in a pH-

dependent manner. Thus, systems can be generated that allow precise switching between 

positive, neutral and negative surfaces. In addition, by varying the ratios of the two 

functionalization reagents, a second control variable is introduced for tailoring the switchability 

of the charge ratios. There are also post-functionalization strategies for cations. One possible 

strategy for generating amine functionality on surfaces or on cubic spherosilicates is the 



Introduction and Theoretical Background 

- 38 - 
 

reduction of azide precursors.[370–372] Syntheses by nucleophilic substitution of halogens by 

amine functionalities at the particle surface are also known.[269] 

In addition to molecular functionalization reagents, functionalization with ionomers and 

polyelectrolytes also plays a major role. According to IUPAC, ionomers are macromolecules 

in which a small but significant portion of the constitutional units bear ionizable or ionic groups, 

or both. In contrast, polyelectrolytes carry a substantial amount of the constitutional units bear 

ionizable or ionic groups.[34] The charges can occur both in the polymer backbone or in the 

side chains. Analogous to acids and bases, polyelectrolytes are also divided into weak and 

strong electrolytes. Strong electrolytes are dissociated over wide pH ranges, so that the charge 

density is largely independent of the surrounding medium. As discussed above, this applies to 

systems carrying sulfonate groups, such as poly(styrene sulfonate), or permanently cationic 

systems such as poly(diallyldimethylammonium chloride) or poly(methacryloyloxyethyl 

trimethyl ammonium chloride). Copolymers are also frequently used.[174,373,374] Weak 

polyelectrolytes, on the other hand, have dissociation constants > 2 and are therefore only 

partially dissociated at intermediate pH values. These include poly(allylamine), 

poly(ethyleneimine) and poly(acrylic acid). The polyelectrolytes are prepared either by 

polymerization of ionic monomers or by modifications after polymerization of uncharged 

monomers. By taking the polymer route, the system is not so limited by the surface area of the 

particles and thus more charges can be applied. These systems are mostly used in the field of 

self-assembly or drug transport and release.[309,375] Another possible application is self-

healing nanocomposites. In the following chapter, the material class of self-healing materials 

and the underlying mechanisms will be explained in more detail. 

1.5. Mechanisms and Advances in Self-Healing Polymers 

All materials, whether natural or synthetic, are exposed to environmental stresses. These lead 

to degradation over time and deterioration of the materials properties up to complete failure. 

This usually occurs initially in the form of microcracks, which develop into larger 

defects.[376,377] In the case of nanocomposites, the phase boundaries are often the weak 

points. Initial progress has been made here by transferring the often adsorption-based bonding 

to covalent bonding.[97,98] Nevertheless, the interfaces still represent weak points of the 

materials. This is particularly the case when agglomerates are formed, which represent stress 

concentration points.[378–380] While today most materials are still designed for damage 

prevention, another potential solution to enhance the lifetimes of materials is the introduction 

of self-healing properties. Inspired by numerous biological models, the long-term reliability of 

self-healing materials has made their investigation a rapidly growing field of research. Blaiszik 

et al. define self-healing materials as the ability to repair damage and restore lost or degraded 



Introduction and Theoretical Background 

- 39 - 
 

properties, utilizing resources inherently available to the system.[381] Scheme 9 shows an 

overview of the classification of self-healing materials.  

 
Scheme 9: Overview of the self-healing mechanisms. Adapted from [382]. 

In general, a distinction is made between intrinsic and extrinsic healing. Intrinsic healing means 

that the healing functionalities are incorporated within the matrix on a molecular level. This is 

the case when chemical bonds are responsible for the healing process. The term self-healing 

is somewhat misleading, as most intrinsic healing materials need an external trigger to conduct 

the healing process. These materials are classified as non-autonomic healing materials and 

are more accurately described as healable materials. However, in accordance with the 

literature, the term self-healing material is also used in this work. But there are also examples 

of autonomic healing based on supramolecular interactions, where no external trigger is 

necessary for healing. Further extrinsic self-healing materials also represent a large part of the 

autonomic self-healing materials. Extrinsic healing materials rely on an external healing agent, 

which is released when the material is damaged.[381,382] Though not first published these so 

called first generation self-healing materials have the disadvantage of only supporting a single 

healing cycle. In the case of polymers extrinsic mechanisms have been used mostly in 

thermosets [383–388], while the intrinsic healing is more commonly used in elastomers.[389–

392] The intrinsic healing mechanism of polymers and organic-inorganic nanocomposites 

theoretically allows infinite healing cycles. Therefore, these second-generation self-healing 

materials have attracted increasing interest and will therefore be described in more detail 

below. 

Intrinsic healing mechanisms: The efficiency for such intrinsic healing is fundamentally 

defined by three aspects: localization, chain mobility and temporality. Localization refers to the 

scale and the position of the damage. Intrinsic self-healing takes place at the molecular level. 

The systems contain functional groups that can interact reversibly and thus restore the initial 

state after damage. As a result of that it is apparent that healing only occurs on a nanoscale, 
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as that is the proximity of atomic interactions. Therefore, the central prerequisite for intrinsic 

healing is contact. Chain mobility is another key prerequisite for healing. Mobility accelerates 

both the transport of healing agents within the polymer, as well as the rearrangement of 

polymer strands responsible for healing. In rigid materials, these hurdles cannot be overcome 

due to the static surface, so that proximity and mobility through heating or addition of a suitable 

solvent is necessary. This may also be necessary for soft materials or at least lead to a strong 

improvement of the curing efficiency. Temporality describes the time between the damage and 

repair. The speed with which healing occurs is of course closely linked to the concept of 

mobility and localization.[393,394]  

While a phenomenological examination of the healing of scratches can often already be carried 

out optically, mechanical measurements are often performed before and after healing to 

quantify the healing efficiency. Although the results of microscopy and recovery of mechanical 

properties usually coincide.[395] The efficiency is usually evaluated as a ratio of healed and 

initial properties (See Equation (4)).[389] 

 η(%)= Ehealed
Einitial

  (4) 

 

As early as 1970, Malinskii et al. published one of the first studies describing the self-healing 

properties of a polymer.[396–398] In the three-part study, they investigated factors such as 

temperature, crosslinking, molecular weight and layer thickness on the self-healing properties 

of poly(vinyl acetate). Sometime later, Jud et al. and Wool et al. described the healing  

of cracks in poly(methyl methacrylate), poly(styrene), and hydroxy terminated 

poly(butadiene).[395,399,400] All these studies were based on chain interdiffusion, which is a 

well-known effect for polymer systems and is achieved by increasing the temperature above 

the glass transition temperature (Tg) of the materials. This effect has been theoretically 

described by different models by de Gennes and Prager et al.[401,402] In more recent studies 

specific reversible interactions were applied to increase the self-healing speed and efficiency. 

These dynamic bonds can be divided into covalent and non-covalent interactions. 

1.5.1. Dynamic Covalent Bond Chemistry in Self-Healing 

In general, covalent bonds are restricted in their reversibility due to the stability of these bonds. 

However, there are dynamic covalent bonds where thermodynamically controllable formation 

or cleavage of a bond is achieved by a trigger such as temperature, light or pH. Temperature 

changes are most used in self-healing materials because higher temperatures promote chain 

mobility, which increases healing efficiency. Reversible reactions can be found in 

condensation, exchange or addition reactions. An overview of the most commonly used 

dynamic covalent bonds for self-healing is shown in Scheme 10.  
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Scheme 10: Overview of the most commonly used dynamic covalent bonds for self-healing. Adapted from [403]. 

Since condensation and exchange reactions play only a minor role in this work, they will be 

explained only briefly. In the field of condensation reactions, two moieties react under the 

elimination of water or alcohols. The most used mechanisms are the reversible formation of 

acyl hydrazones or boronic esters. Lehn et al. describe for the first time the preparation of 

poly(acyl hydrazone)-based reversible covalent polymers.[404,405] In this process, both a 

supramolecular and a molecular linkage is achieved through the acyl hydrazone functionality. 

The systems were switchable in response to temperature. Though initially this effect was used 

to obtain control over the physical properties of these polymers, Kuhl et al. used this reversible 

bond formation for self-healing.[406,407] The system of reversible boron/borate ester 

formation is more commonly used in the field of self-healing. Boron/borate esters are formed 

by a reaction of boric acid with 1,2- or 1,3-diols to form five- or six-membered rings, 

respectively. pH changes are used as a trigger, since boric acid and diols predominate at low 

pH values, while ester formation is preferred at higher pH values.[408] In 2017, Wang et al. 

described the synthesis of a dual self-healing hydrogel by integrating borate esters and acyl 

hydrazone bonds into an interpenetrating network.[409] Though the healing mechanisms 

based on condensation are efficient and often allow healing under mild conditions, they are 

mostly applicable in hydrogels, which display overall low mechanical strength. 

Exchange reactions utilize reactive isofunctional groups. During the reaction, atoms which 

were partners in the reactants are interchanged in the products. A wide range of chemical 

groups are available for this metathesis. One of the most used mechanisms is the metathesis 

of disulfide bonds. The healing mechanism is attributed to the thiol-disulfide exchange reaction 
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rather than a disulfide-disulfide exchange. This mechanism allows healing at low temperatures, 

although the lability of the bonds limits their application, especially at high 

temperatures.[410,411] Radical exchange in alkoxyamines is also commonly used. Although 

some systems are described as labile to oxygen and several side reactions are reported in the 

literature due to the high reactivity of the NO· radical.[412] Nonetheless, optimization allowed 

the preparation of systems that show room temperature healing and are resistant to air due to 

the fast cleavage and recombination equilibrium of C-ON bonds.[413,414] Imine [415,416] and 

oxime metathesis [417,418] are commonly used for the synthesis of self-healing hydrogels and 

often show a high healing efficiency under mild conditions, but are concurrent with low 

mechanical stability. Systems with siloxane-based metathesis also frequently exhibit low 

mechanical stability, but are significantly more chemically stable in comparison.[419,420] 

Olefin metathesis is highly efficient at shuffling strong carbon-carbon double bonds under 

ambient conditions, but requires the use of transition metal catalysts which make the materials 

inherently toxic and expensive.[421,422] The individual healing systems are intrinsically 

associated with advantages and disadvantages. The selection of the healing mechanism is 

therefore based on the desired properties and application of the material. 

The third category, addition reactions, is probably the most studied area. The thiol-ene reaction 

is an important example. This is a Michael type addition, which was found to occur rapidly and 

in a reversible manner.[423,424] The disadvantage of the healing mechanism is that the sulfur-

carbon bond is relatively weak and decomposition is observed at elevated 

temperatures.[423,425] Therefore, the majority of addition reactions in the field of self-healing 

are additions that produce stable carbon-carbon bonds. These are mainly cycloadditions. The 

most common cycloreactions are the [2+2]-cycloaddition [426–428], the [4+4]-cycloaddition 

[429] and most importantly the [4+2]-cycloaddition, the so-called Diels-Alder (DA) reaction. The 

[2+2]- and [4+4]-cycloadditions, like all 4nπ electron obeying cycloadditions, are 

photochemically conductible. This allows healing under mild conditions, but poses the problem 

of superficial healing in thicker samples due to the low penetration depth of the radiation.[403] 

Since photoinduced cycloadditions were not used in this work, a detailed description of these 

will not be given here. In addition to the thermal controllability and the stability of the carbon-

carbon bonds formed, DA-based self-healing also offers the advantage of robustness. High 

yields are obtained for both Diels-Alder and retro-Diels-Alder (rDA) reactions and due to the 

absence of side reactions, a large number of healing cycles can be run. Furthermore, the DA 

chemistry is already very well studied, so that versatile chemical modification of the 

components is already described in the literature, which can be used to set the reaction 

parameters such as the reaction temperatures. Furthermore, no additives are necessary for 

the healing process. Because of this flexibility and robustness, DA curing was chosen as one 
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of the healing mechanisms in this work. Therefore, the mechanism itself, as well as the state 

of the literature on its use in the field of self-healing, will be described in more detail below. 

Diels-Alder based self-healing: The reason for the applicability DA/rDA chemistry in self-

healing materials is a thermally controlled equilibrium between the combination of a diene and 

a dienophile and the corresponding cycloadduct. As a Click reaction, the DA reaction exhibits 

a high thermodynamic driving force. The DA reaction takes place in a single step via a six 

centered transition state. In this state, a concerted pericyclic rearrangement of the six π-

electrons occurs by a positive overlap of the highest occupied molecular orbital (HOMO) of the 

diene and the lowest unoccupied orbital (LUMO) of the dienophile. This transition state is 

accompanied by a steric demand, which can limit the reversibility of the reaction.[271] Scheme 

11 schematically shows the reaction course of the homo cycloaddition of cyclopentadiene. 

 
Scheme 11: Homo DA reaction of cyclopentadiene. 

As shown in the example of cyclopentadiene, two products can be obtained in the DA reaction, 

the exo and the endo product. Despite the steric advantage and thus the higher thermodynamic 

stability of the exo configuration, the endo product is usually obtained. This is due to kinetic 

effects. The most widely accepted rationale for this is secondary orbital interactions that cause 

a pre-orientation of the diene and the dienophile in the endo position.[430] Sakata and Fujimoto 

studied the prototypical DA reaction of cyclopentadiene and maleic anhydride as well as other 

polarizable dienophiles, where the C=O functionality was replaced by C=NH or C=CH2 

moieties.[431,432] In their work, they showed that orbital interactions play only a minor role, 

and the control between exo and endo product is through electrostatic attractions introduced 

by the polarized C=O group. The C=O bond lifts the electron population from the carbon atom, 

creating the attraction between the dienophile and the diene in the endo transition state. 

Furthermore, the choice of substituents, which interact via steric or electrostatic interactions, 

can determine whether the endo or exo reaction pathway is preferred.[431] 

Only a small number of DA pairs are suitable for use in self-healing. Cyclic dienes and 

dienophiles are used almost exclusively. The reason for this is that most non-cyclic addition 

pairs are not suitable for reversible reaction control. The thermally induced rDA reaction often 

requires high temperatures. However, at these elevated temperatures, decomposition of the 
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cycloadduct often occurs rather than the corresponding retro reaction in which the original 

components are recovered. Furthermore, the cyclic systems offer the advantage that the 

substituents on the double bond are trapped in the cis configuration, so that no rotation around 

the connecting σ-bond is necessary to perform the reaction. Three types of DA pairs are 

commonly used. These are summarized in Scheme 12. 

 
Scheme 12: Suitable DA pairs for self-healing materials. 

The first one is the homo-addition of cyclopentadiene. Cyclopentadiene can both act as a diene 

as well as a dienophile, which is an advantage as only one functionality is needed to induce 

the self-healing behavior. In the homo-addition a bridged bicyclic compound is obtained, which 

itself can react in a cycloaddition. Though the polymerizability of cyclopentadiene was already 

known much earlier [433,434], the first work on the DA/rDA based healable polymers was 

described by Kennedy and Castner in the late 70s.[435,436] Although healing was possible, 

only two healing cycles could be performed, probably due to partial decomposition at the 

required high rDA temperature of 170 °C.[437] Interestingly the reaction temperature for the 

rDA can be reduced by functionalization of the cyclopentadiene rings. For this purpose, α,ω-

bis(cyclopentadiene) monomers were prepared in which the cyclopentadiene unit is attached 

via a carboxylate group.[438] The systems obtained in this way allow more healing cycles due 

to the less harsh conditions.  

The second group of DA reactions suitable for self-healing are the hetero DA reactions. These 

cyclopentadiene-thiocarbonyl systems operate at a lower temperature range. In most cases, 

dithioesters are used for this purpose. The DA reaction of thioaldehydes with cyclopentadiene 

was first described by Vedejes in 1986.[439] Here, the hetero DA proceeded within minutes, 

though the yields were lackluster depending on the substitution pattern. By adding 

trifluoroacetic acid or ZnCl2 as a catalyst, the reaction rates were further increased.[440–442] 
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McGregor and Sherrington were one of the first describing the reversibility of hetero DA.[443] 

Hetero DA is mainly used for reversible crosslinking of RAFT polymers, since they already 

contain the thiocarbonyl functionality in the form of the CTA.[441,444–446] The major 

drawback of these hetero DA systems is the restriction to the low temperature range, as the 

materials decompose at lower temperatures already.[441,447] In an interesting example 

Oehlenschlaeger et al. used the dithioester-cyclopentadiene DA pair.[447] The system 

prepared showed to be curable in multiple cycles within 10 minutes at 120 °C and 1 kN 

pressure. In addition to the healing ability also the mechanical properties were tunable through 

crosslinking.  

The last approach of DA-based self-healing is the reaction of heterocycles, mainly the 

combination of maleimide and furan. Compared to hetero DA, these systems are much more 

temperature stable. In addition, the temperature range for DA and rDA is in a good range for 

a variety of polymer matrices. The usual temperature range for DA reactions is between room 

temperature and 80 °C depending on the electronic activation. Overall, higher reactivity is 

observed as the LUMO of the dienophile and the HOMO of the diene approach each other. 

This is the case when the electron density of the diene increases, and the electron density of 

the dienophile decreases. In the case of the maleimide, the electron density is greatly reduced 

by the two conjugated C=O groups. The aromatic stabilization of the furan ring further allows 

the rDA to occur at lower temperature range of 80 °C – 120 °C.[448] However, this aromatic 

stabilization is also the reason why the kinetic preference of the endo product is less 

pronounced. Often times both the endo as well as the exo product are obtained or the 

equilibrium is completely shifted to the exo product.[449] Furthermore, both the furan and 

maleimide components allow easy chemical modification and integration into polymer 

networks. For these reasons, the maleimide furan system was chosen for this work. In the 

following, an overview of these materials will be given. 

The maleimide-furan DA pair was first mentioned as a polymer crosslinker in a patent from 

1966, in which several polymer networks bearing furan functionalities were described. The 

crosslinking took place either via bi- or trifunctional maleimides.[450] In the following years, 

more and more studies on crosslinking with this DA pair were published. For example, Stevens 

et al. and Goussé et al. describe the crosslinking of poly(styrene).[451,452] Both attached 

maleimide functionalities to poly(styrene) and use α,ω-bifuran linkers for the DA crosslinking. 

This strategy of incorporating the DA functionality after the polymerization process is typical 

for the early studies.[453] The reversibility of crosslinks via DA reaction was first described by 

Canary and Stevens.[454] Two approaches were used to study reversible crosslinking. One 

was poly(styrene) substituted with maleimido methyl groups using difuryl adipate as the 

crosslinker, and the other was poly(styrene) containing both maleimide and furan groups in the 
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polymer backbone. Both approaches allowed reversible crosslinking, but problems were 

observed regarding stability, especially of the furan-containing polymers. Despite these 

promising early studies, the first reports on the use of reversible crosslinking in the field of self-

healing did not appear until ten years later. Chen et al. described a reversibly covalently 

crosslinked network consisting of a tetrafunctional furan monomer with a trifunctional 

maleimide linker.[455] The material showed healing on a macroscopic scale. When the 

material was heated to 150 °C, a 30 % degree of rDA was observed within 15 minutes. 

Subsequent cooling to DA temperature showed curing of the material, although mechanical 

testing showed that only 57 % of the original breaking load was restored after healing. The 

materials demonstrated the ability to withstand multiple healing cycles. Subsequently the 

system was further optimized and expanded to other maleimide linkers, which have lower 

melting points and thus often allow better healing due to the increased mobility.[456] The 

healing tests are supported by calculations suggesting that the time required for healing is 

dictated by the kinetics of the DA reaction rather than diffusion-driven processes.  

Today, however, self-healing polymers are far from being limited to the dendrimer-like 

systems. Based on the work of Stevens, a variety of systems have been described in the 

literature in which self-healing polymer networks are obtained either based on polymers with 

crosslinkers [457–465], the integration of both DA functionalities in one polymer [466,467], or 

the use of two polymer strands, each with one DA functionality [468–471]. These systems have 

the advantage that the material properties can be tuned via the selection of the polymer 

backbone and self-healing is added via the integration of the DA groups without changing the 

properties too much. The investigated systems include backbone polymers such as 

methacrylates [461,463,466,470], styrene derivatives [457], epoxides [458,472], siloxanes 

[464,465,471] or polyurethanes [460,462]. The systems are thus tailored to the requirements 

of the desired applications, which range from thermosets over thermoplastics and elastomers 

to hydrogels. In addition to DA healing, a variety of dynamic non-covalent interactions are also 

used for self-healing in polymers. These will be discussed in the following. 

1.5.2. Dynamic Non-Covalent Bond Chemistry in Self-Healing 

Dynamic non-covalent bond chemistry offers the advantage that these often do not require an 

external stimulus for self-healing and therefore healing occurs immediately after damage and 

is often very fast. Furthermore, the interactions are weaker than the covalent bonds, so that 

these represent predetermined breaking points that subsequently heal efficiently. Despite the 

individually weak interactions, strong networks can be formed in the aggregate. Nevertheless, 

the interactions are mainly used in soft systems such as hydrogels. However, when moving to 

systems with higher mechanical strength, an external energy supply is often required to 

increase the chain mobility, to enable self-healing. The four most common interactions used in 
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this context are π-π-stacking [473–478], coordinative interactions [389,479–483], ionic 

interactions and hydrogen bonding. An overview of the non-covalent interactions used is 

shown in Scheme 13. 

 

Scheme 13: Non-covalent interactions used for self-healing. 

As both ionic interactions as well as hydrogen bonding are used healing mechanisms in this 

work, the state of the literature will be explained in more detail. 

Self-healing based on ionic interactions. Although ionomers have been known since the 

mid-60s, they are still extensively studied today, as the mechanical properties of ionically 

crosslinked networks are often superior to those of conventional hydrogels. Surprisingly, they 

are rarely studied for self-healing.[484–491] 

An important material that can be classified between coordinative and ionic interactions is 

poly(ethylene-co-methacrylic acid).[492] This material is mainly responsible for the fact that 

ionomer-based self-healing materials are widely regarded as one of the most efficient healing 

systems, as they recover independently from devastating damage in a very short time. The 

copolymer is marketed in various molar masses, compositions, and degrees of neutralization 

by Dupont under the names Surlyn®, Necrel® or React-A-Seal®, among others. The polymer 

responds to ballistic impacts with self-healing. Two inherent material reactions are responsible 

for the healing process. The first is an elastic reaction that provides the rebound and shape 

memory effect of the polymer. In addition, a viscous reaction provides the final seal. Both 

effects depend on the thermal friction forces during the impact. The repeatability of the healing 

process supports the assumption that the healing originates from inherently formed structures. 

In further work, Varley and van der Zwaag showed that ionic clusters which form in the polymer 

are crucial for the healing process.[493] These so-called multiplets are usually almost spherical 

in their arrangement and consist of fewer than 10 ion pairs, which in turn overlap to form 
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clusters.[494–496] Several practical and theoretical studies have been performed to 

characterize the structure of this cluster. These include hard sphere models or core-shell 

models.[497–500] In the following, the influence of the degree of neutralization on self-healing 

was investigated. Moderate ionic contents proved to be most efficient for healing below 40 °C, 

while above healing improved with increasing ionic content.[501] Based on this work, other 

ionic self-healing materials have been described. Zhang et al. developed a block copolymer of 

poly(methyl methacrylate) and poly(butyl methacrylate-co-2-acrylamido-2-methyl-1-

propanesulfonic acid).[502] The monomer choice and polymer architecture lead to microphase 

separation, resulting in two networks, the vitrified PMMA and the supramolecular interactions 

from the sulfonate component. The material exhibited excellent shape memory and self-

healing properties. In a similar approach, Das et al. were able to generate cationic polymer 

strains by reacting a commercial bromo butyl rubber with butyl imidazole, which induced 

excellent self-healing into the material.[503] 

The obvious approach of achieving self-healing by combining ionic dendrimer systems or using 

two complementary polyelectrolytes or polyampholytes has hardly been investigated. The first 

descriptions of ionic self-healing systems can be found in the work of Wang from 2014.[504] 

Here, a layer-by-layer deposition of branched poly(ethyleneimine) and poly(acrylic acid) was 

carried out. In addition, cetyltrimethylammonium bromide micelles loaded with triclosan were 

integrated by post-diffusion. The transparent and antibacterial films allowed self-healing after 

immersion in water or spraying the damaged films with water under ambient conditions. 

In general, it has been observed with self-healing ionic polymers that the chain mobility must 

be increased for successful healing. This is usually done by wetting, which proved to be 

particularly effective when NaCl-containing solutions were used.[505,506] This can be 

understood by considering that the cooperative separation of oppositely charged chains is 

required prior to the healing process to induce new crosslinks across the cut edge. This is done 

by neutralizing the charge with the salt. Furthermore, it has been shown that adjusting the pH 

to acidic or alkaline conditions can also be used to reduce the crosslink density and thus 

improve healing.[507] One problem with this wetting technique is that the polymers often swell 

and lose their structural integrity when exposed to water.[506] Elevated temperatures have 

also been shown to improve healing.[508] 

In a promising recent example, Zhang et al. reported a mechanoresponsive self-healing ionic 

elastomer based on poly(methacrylic acid) as the anionic component and zwitterionic 

crosslinks, including betaine, dimethylglycine, L-proline, sarcosine, and trimethylamine 

oxide.[509] The obtained material showed 100 % healing within 12 hours at a humidity of 80 %. 

Mechanical tests confirmed that multiple healing cycles could be run.  
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As a second non-covalent bonding mechanism, hydrogen bonds were used in this work. Their 

applications in the field of self-healing will therefore also be described in the following. 

Self-healing based on hydrogen bonds. Hydrogen bonds are physical interactions that are 

much weaker than covalent bonds and even ionic interactions. Nevertheless, they are probably 

the most used dynamic non-covalent bonds in the field of self-healing because they form stable 

networks collectively. Like ionic interactions, hydrogen bonds are in a state of equilibrium and 

reconnect after damage at room temperature.[510,511] Even though hydrogen bonds have 

been explored extensively as a healing mechanism [512–514], only a few selected examples 

will be discussed here. 

Although supramolecular crosslinked polymers based on hydrogen bonds have been known 

since the early 90s [515], the first description of a self-healing material based on hydrogen 

bonding can be found much later. In 2008, Cordier et al. described a first example of this.[391] 

In this work, di- and tricarboxylic acids were first condensed with diethylene triamine, followed 

by a reaction with urea. Thus, a mixture of oligomers with amidoethylimidazolidone, 

di(amidoethyl) urea and diamidotetraethyltriurea groups was obtained, showing self-healing at 

room temperature. However, it was pointed out that the rubbers obtained in this way could not 

hold stress without creep. Also, solvent resistance of the materials is rather low, although 

similar to the ionic systems, the addition of water as a plasticizer significantly improved the 

healing.  

Hentschel et al. synthesized the first hydrogen-based self-healing block copolymers.[516] The 

ulterior motive of this system is that these are composed of a hard poly(styrene) blocks and 

soft poly(butyl methacrylate) blocks, which are known to show microphase separation, 

resulting in advantageous mechanical properties. To prevent permanent damage due to 

covalent bond breaking, 2-ureido-4-pyrimidinone was integrated as a hydrogen bond based 

crosslinking capping agent. The thermoplastic elastomer obtained showed an almost 

quantitative recovery of both E-modulus and maximum stress. This approach of using 

hydrogen bonds at the chain ends has also been applied to other polymers such as 

perfluoropolyehers or siloxanes and showed good applicability in different chemical 

environments.[517,518] 

But the hydrogen bonds are not only used in the chain ends, but also in the side chains. For 

example, Song et al. report the synthesis of a self-healing polyurethane elastomer with 2-

ureido-4-pyrimidinone as side groups.[519] In this work, they showed that the mechanical 

properties improved with increasing number of crosslinks. At 20 mol% 2-ureido-4-pyrimidinone 

groups, healing degrees of up to 90 % were observed.  
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Lastly, there is the integration of hydrogen bonding groups into the main chain. In a recent 

study, elastomers with excellent tensile strength, toughness and elongation were synthesized 

by three-step polyadditions using poly(tetramethylene ether glycol), isophorone diisocyanate, 

2,6-pyridinedimethanol and 4,40-methylenebis(2-chloroaniline), again applying the soft/hard 

segment approach.[520] The materials showed a healing efficiency of more than 83 % in 

tensile strength, toughness and elongation at room temperature within 48 hours.  

In a very interesting approach, Zhou et al. reported the synthesis of a self-healing crosslinked 

elastomer with urea-urethane moieties.[521] The materials exhibit extreme extensibility and 

high toughness and heal excellently in several cycles at room temperature in a short time 

(10 minutes). The authors attribute this behavior to the synergistic effect of the robust dynamic 

urea bonds and the hydrogen bonds between and within the chain. Although not the first 

example, this approach of combining different healing modes is one of the major 

breakthroughs in the field of self-healing materials and achieves the goal of combining good 

mechanical properties and high healing efficiencies. 

Combination of intrinsic healing interactions. Materials that use multiple healing 

mechanisms are grouped together in the so-called fourth generation of healing materials.[393] 

Their origin dates back to a work of Burattini from 2010. In this work a polyimide and a 

polyurethane with pyrenyl end groups were applied for both hydrogen bonding based and π-

π-stacking based healing.[475] Since then, the literature utilizing two healing mechanisms has 

been growing steadily. The materials can be divided into three groups: Combined covalent 

healing, combined non-covalent systems and combined covalent/non-covalent systems. The 

combined covalent systems are scarcely studied and refer almost exclusively to the 

combination of disulfide and imine bonds.[522–524] Even less frequently, the combination of 

disulfide bonds with acyl hydrazone [525] and borate ester bonds [526] are described. 

Significantly more studied are the systems with two non-covalent healing mechanisms. While 

these systems often show good healing efficiencies, their mechanical properties are often 

times lacking. The most common combinations are hydrogen bonding and ionic interactions 

[527–531], as well as hydrogen bonding and metal/ligand interactions.[532–535] More rarely, 

systems are also described in which all three interactions are used.[536] 

Much more interesting are the combinations of covalent and non-covalent healing mechanisms 

due to the orthogonality of the healing mechanisms. To a damage the materials can 

autonomously respond instantly via the supramolecular mechanism, while the mechanical 

properties are improved via the reversible covalent crosslink, further allowing a trigger based 

second healing. Again, a variety of combinations are used, including hydrogen bonds with 

disulfide [537–541] or imine bonds [542–544], metal ligand coordination with disulfide bonds 

[545] or DA chemistry [546] and many more. However, due to the relevance to this work, only 
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the combinations of hydrogen bonds and DA reactions, as well as ionic groups and DA, will be 

considered here. 

The combination of hydrogen bonds and DA healing was first described by Araya-Hermosilla 

et al.[459] In their work aliphatic ketones were modified via a Paal-Knorr reaction introducing 

both furan as well as amine functionalities. In addition to the hydrogen bond forming amines 

and keto groups, DA healing was introduced by adding a maleimide crosslinker. As initially 

side reactions in the form of the formation of imines was observed the group later improved 

the polymer system by using hydroxides instead of amines as the hydrogen bond donor.[547] 

Based on this, the healing mechanisms have been applied to a number of different polymer 

systems, including methacrylates [548], siloxanes [549], and urethanes [550], all showing 

improved mechanical properties and good healing efficiencies. Willocq et al. further showed 

that the healing efficiency of their polyurethanes was tunable based on the polymer 

composition.[550] Comparisons between interpenetrating networks and single polymer 

networks containing both healing functionalities showed that the interpenetrating networks 

often times outperformed the single network in its properties which was attributed to the greater 

dynamics.[548] The decoupling between the two networks allows for better energy dissipation 

and the increased mobility improves the self-healing of the interpenetrating system. The 

influence of the matrix polymer was then further investigated by Cummings et al. In their work 

they synthesized interpenetrating networks in which one network had covalent DA bonds and 

the other provided hydrogen bonds via 2-ureido-4-pyrimidinone.[551] The matrix polymers 

used were nonpolar poly(ethyl acrylate) on the one hand and polar poly(2-hydroxyethyl 

acrylate) on the other hand, which itself can form further hydrogen bonds. It was shown that 

self-healing, toughness, and fracture energies were weaker for the poly(2-hydroxyethyl 

acrylate) system, although there were more hydrogen bonds. This suggests that the quality of 

the hydrogen bonds between two 2-ureido-4-pyrimidinones outweighs the total amount of 

hydrogen bonds. For material design, this means that the selection of the forming group of 

hydrogen bonds is crucial for both mechanical and self-healing properties. 

In contrast to the hydrogen bond-based systems, combined DA healing and ionic interactions 

are almost not studied. The only work in this area to date is by Lindenmeyer, Johnson and 

Miller. In their work they used a trifuran functionalized crosslinker in combination with either an 

imidazolium mono or bis maleimide.[552] DA reaction was performed at 120 °C in an oven, 

which is a rather high temperature for the DA of the furan maleimide system. Healing 

experiments were performed by heating previously halved samples for up to 4 hours for the 

bismaleimide and 1.5 hours for the mono maleimide sample, at which point almost complete 

healing was observed determined with tensile testing (max. stress/strain recovery > 90 %). 

Although the healing speed is better in the second system, the first one showed a factor four 
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higher maximum stress of almost 8 MPa. Unfortunately, no NMR or IR studies were performed 

at the different points in time of the healing process, so that an assignment of the healing to 

DA/rDA or ionic interactions cannot be conclusively clarified.  

To summarize, the combination of dynamic covalent and non-covalent bonds leads to a trade-

off between mechanical properties and healing efficiency. Another way to improve the 

mechanical properties of self-healing systems while retaining high healing efficiencies is the 

use of nanocomposites in which the mechanical properties are improved through the 

integration of an inorganic component. This strategy will be explained in more detail in the 

following chapter. 

1.6. Self-Healing Nanocomposites 

While the concept of self-healing is well-known for polymeric systems, pure inorganic materials 

like ceramics and metals lack potential healing mechanisms, or require high energy input to 

work due to the bonding situation in inorganic solids.[553,554] The use of organic-inorganic 

nanocomposites allows the limited inorganic healing mechanisms to be replaced by the 

dynamic bond formation of the polymeric systems. The flexibility of the healing mechanisms of 

the polymeric component can thus be maintained, while particularly increasing the mechanical 

and thermal stability compared to conventional polymers. Due to the excellent properties of 

the self-healing nanocomposites, they are of great interest and are extensively reviewed in the 

literature.[555–559] Two strategies are available for the self-healing nanocomposites. Self-

healing can either take place in the polymer network or at the phase interface. If the healing 

mechanism takes place in the polymer, the inorganic components are usually physically 

incorporated into the healing polymer matrix. Fibers, coils, nanosheets and particles of various 

compositions are used for this purpose. At this point, however, due to the relevance to the 

topic of this work, the focus will be on iron oxide nanoparticle-based systems and their 

application as nano heaters. 

In the case of nanocomposites, too, there have been studies on chain interdiffusion-based 

healing, analogous to those of polymers. A first example is the work of Corten and Urban, in 

which superparamagnetic Fe2O3 nanoparticles (d = 12 nm) were incorporated in a copolymer 

of methacrylate, butyl methacrylate and heptadecafluorodecyl methacrylate.[560] With a 

particle content of 14 wt%, the composites were completely healed by the heat input induced 

in an alternating magnetic field. Since then, the approach was also carried over to other 

polymeric systems, including poly(styrene) [561], poly(propylene) [562], poly(ethylene-co-vinyl 

acetate) [563] or poly(ethylene-co-methacrylic acid) [564]. While it has been shown that 

particle amounts of less than 0.1 vol% are sufficient to heal small scale damage, e.g., caused 

by electrical treeing [568], for µm scale damage, typically 3-20 wt% particles are used to induce 

the required temperature.[561,563]  
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However, the magnetic field induced heat was not only used for healing via chain interdiffusion. 

In a first paper, Hohlbein et al. describe the synthesis of a nanocomposite healing via 

coordinate bonds consisting of poly(butyl acrylate-co-methyl acrylate) using zinc(II) as a 

complex central atom.[565,566] Integration of superparamagnetic Fe3O4 or CoFe2O4 particles, 

both in the size range of 15 nm, enhanced self-healing by inductively heating the composites 

in an alternating magnetic field, even at low filler contents (0.05 vol%) and temperatures below 

the melting point of the polymer. This indicates that the ionic interactions are the responsible 

self-healing mechanism.  

In a recent example, Zhang et al. synthesized a self-healing hydrogel based on gelatin and 

agarose.[567] Fe3O4@PSS-co-MA@SiO2 nanoparticles were integrated into the hydrogel. 

Healing was possible both in an alternating electromagnetic field and photothermally. Due to 

the choice of polymer, a very low overall mechanical strength was observed with a maximum 

stress of about 0.005 MPa. Recovery of approximately 55 % of maximum stress and 75 % of 

strain was observed. Although the healing mechanism is not discussed further in the paper, 

hydrogen bonding and chain interdiffusion appear to be the main healing mechanisms.  

While the approach of simply physically incorporating the nanoparticles in the polymer network 

is synthetically easier to access, moving the healing mechanism to the phase interface has the 

advantage that the inorganic material is often better distributed in the polymer and the healing 

mechanism is located at the phase boundary, which is usually the weak point of the materials. 

In the following, the state of the literature will be presented where DA healing, hydrogen 

bonding or ionic interactions are used as a healing mechanism at the phase boundary. 

In the case of DA healing, one functionality is bound to the inorganic surface, while the 

orthogonal DA functionality is bound to the polymer matrix. Here, too, the focus will be on 

particulate fillers since fibers and sheets are prone to fracture and no healing has yet been 

described for the reinforcement itself. 

Several self-healing nanocomposites have been investigated in our group. In one example, 

Engel and Kickelbick describe the SI ATRP of a butyl methacrylate-furfuryl methacrylate 

copolymer from SiO2 (d = 42 nm) nanoparticle surfaces.[568] The obtained core-shell particles 

were incorporated into a copolymer of butyl methacrylate and maleimidoalkyl methacrylate and 

then crosslinked by DA reaction. The material showed the ability to heal scratches on a µm-

scale.  

The role of the matrix in the self-healing process was also investigated. Schäfer and Kickelbick 

investigated the self-healing ability of DA-functionalized silica nanoparticles used as 

crosslinking agents in poly(butyl methacrylate) and poly(siloxane) matrices, both of which 

contain the orthogonal DA functionality either as a capping agent or in the side chain.[569] The 
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samples were able to heal µm-scale scratches after being heated to 120 °C for rDA and then 

to 60 °C for the DA reaction. Methacrylate thermoplastics showed a lower tendency to crosslink 

reactions compared to elastomeric siloxanes, which can be attributed to the higher Tg and 

stiffness of the methacrylates. 

Further, fundamental studies have been performed to investigate the feasibility of DA 

chemistry on silica and iron oxide particle surfaces.[271,570] For this purpose, maleimide or 

furane functionalities were immobilized on the particle surfaces. Overall, it was found that the 

higher the grafting density and steric effects near the reaction site, the lower the DA 

conversion. This means that as the chain length of the DA group bound to the surface is 

increased, the DA efficiency increases. Similarly, as the steric demand of the DA group in 

solution was increased, it was found that an increase reduced the DA efficiency at the surface. 

The results suggest that the DA reaction is not the most suitable healing mechanism for the 

phase boundary of the nanocomposite systems due to the steric demands.  

One approach to circumvent this problem is to switch to non-covalent interactions, such as 

ionic interactions. Similar to the polymer systems, the materials are also well studied 

here.[571–575] However, the suitability for self-healing is rarely considered, although thin films 

of self-suspended liquids of ionic nanoparticles are known to form self-healing conductive 

lubricant layers for contacts in microelectromechanical systems.[576,577] 

The first descriptions of a self-healing nanocomposite based on ionic interactions come from 

Zheng et al. in 2015.[578] The authors describe the synthesis of silica nanoparticles modified 

with poly(2-dimethylaminoethyl methacrylate) brushes that introduce cationic charges to the 

particle surfaces. The particles act as a crosslinker for an anionic poly(acrylic acid) network. 

The electrostatic interactions between the cationic particles and the anionic polymer give the 

material self-healing capabilities at the µm scale.  

Further investigations were carried out by Odent et al. In their work, the authors describe the 

synthesis of anionic silica nanoparticles (d = 18 nm) by functionalization with 3-(trihydroxy 

silyl)-1-propane sulfonic acid.[579] The particles were embedded in a commercial polylactide, 

an imidazolium-terminated PLA and in a poly(ε-caprolactone-co-D,L-lactide) polymer network. 

The electrostatic interactions allow good dispersion of the particles in the polymers. The ionic 

hybrids are much more deformable compared to the neat PLA though creep compliance tests 

suggest that the ionic interactions prevent permanent slippage, which is responsible for 

significant shape-memory loss. In a second study the authors integrated the previously 

developed particles into a cationic, imidazolium-functionalized, polyurethane polymer matrix. 

Particle loadings of 5-40 wt% were used.[310] As a result, stiff, tough, and highly extensible 

nanocomposites were obtained. Scratches with a razor blade were healed at 50 °C within 

5 hours. The tensile tests performed showed a maximum elongation at break of 463 % for the 
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composites at 20 wt% particle loading, which is 11 times that of the neat polymer. In addition, 

a 40-fold increase in tensile strength and a 2.5-fold increase in stiffness was obtained. 

Subsequent theoretical studies have confirmed that the excellent toughness of IPNCs is due 

to the electrostatic interaction between polymers and nanoparticles, and not to the mobility of 

nanoparticles or polymer entanglements.[580]  

Recently, Mugemana et al. reported the synthesis of poly siloxane-based self-healing 

nanocomposites.[581] For this purpose, they again used 3-(trihydroxy silyl)-1-propanesulfonic 

acid-functionalized silica particles and integrated them into a poly(dimethylsiloxane) grafted 

with trimethylammonium bromide either as an end group or in the side chain. Higher thermal 

stability but poorer particle dispersion was observed for the end-group functionalized systems. 

Rheology studies showed a significant viscosity fraction for the sidechain functionalized 

systems, while end-group functionalized systems showed solid like behavior. The highest 

elongation at break of 120 % was observed for side-chain functionalized polymers with a nano 

silica loading of 10 wt%. The nanocomposite also showed self-healing at 80 °C within 30-

60 minutes in a humid environment.  

In addition to ionic interactions, hydrogen bonds are also used for crosslinking inorganic and 

organic components. Although like for ionic systems, the application of the interaction at the 

phase boundary is rarely investigated for self-healing. Here, too, carbon-based materials are 

frequently used.[582–584] 

Less commonly, metal oxide and metal hydroxide nanoparticles are used. Depending on the 

pH value, these automatically exhibit the ability to form hydrogen bonds without 

functionalization. Jiang et al. describe the synthesis of a zirconium hydroxide-based self-

healing nanocomposite.[585] For this 2-acrylamido-2-methyl propane sulfonic acid and 

acrylamide were randomly copolymerized in the presence of zirconium hydroxide (d = 10-

15 nm) nanoparticles. Mechanical properties and healing efficiency could be tuned by the 

polymer composition and particle content. With a particle content of 12 wt% a tensile strength 

of 404.3 KPa was obtained and showed 86 % recovery in healing experiments within 24 hours 

at room temperature.  

In another example, Hu et al. describe the use of calcium hydroxide nanoparticles 

(< 5 nm).[586] The particles act as crosslinkers in poly(acrylic acid) networks via hydrogen 

bonds. Materials with excellent mechanical properties were obtained with a particle content of 

200 ppm. A maximum tensile elongation of 2300 %, a maximum tensile strength of 72 kPa and 

a toughness of 0.611 MJ/m3 were obtained. In curing tests, > 91 % of tensile elongation and 

> 98 % of tensile strength were recovered.  
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In a study by Bian et al., the authors discuss the functionalization of SiO2 with amino 

functionalities.[587] Bifunctional and trifunctional amines were reacted with a mixture of 

dicarboxylic and tricarboxylic acids to obtain a hydrogen-bonding polyamide. The polyamide 

and functionalized particles were combined with a two-component epoxy resin. The obtained 

material was then studied in self-healing tests. The hydrogen bonding system prevents 

electrical treeing. Although good healing was observed visually, tensile testing showed that 

tensile strength recovery was less than 17 % and continued to decrease with further healing 

cycles.  

The previously theoretically described advantage of the combination of dual crosslinked 

nanocomposites [588] has been put to practice in a study from Schäfer and Kickelbick.[73,370] 

In this work, hydrogen bonds were used as the first self-healing mechanism between the 

inorganic filler and the polymer matrix. In addition, DA/rDA healing was completely shifted into 

the polymer network. In this work, urea functionalized spherosilicates were used in random 

copolymers of butyl methacrylate, furfuryl methacrylate, 2-(1,3-dioxo-3a,4,7,7a-tetrahydro-1H-

4, 7-epoxyisoindol-2(3H)-yl)ethyl methacrylate and 2-acetamidoethyl methacrylate/2-(2-

hydroxyethyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-diones. The healing by 

reversible bond formation of DA chemistry could thereby be supported and accelerated by the 

self-assembling/self-healing effect of the hydrogen bonds between the organic and the 

inorganic components.  

Since then, several approaches have been taken to utilize this double self-healing, mainly in 

the field of self-healing hydrogels. Different combinations of self-healing mechanisms have 

been investigated, including hydrogen bonds with coordination bonds or reversible covalent 

bonds, including imine and boronate ester bonds.[589–592] 

In summary, the field of self-healing nanocomposites is less explored than the field of self-

healing polymers, although the introduction of inorganic fillers brings many advantageous 

properties such as mechanical and thermal stability or even facilitates the introduction of new 

properties in the field of magnetism or optics, thus opening up new application areas and 

triggering possibilities for the self-healing materials. The major challenge is that this rigidity 

caused by the inorganic components reduces the flexibility and chain mobility required for self-

healing. In addition, phase interfaces can act as stress focus points, causing weak points in 

the material. Integrating the healing mechanism into these phase interfaces is a promising 

approach to develop materials that heal at their weak points. This approach requires careful 

design of both the particle surface and the polymer matrix. Interestingly, iron oxide particles 

have only been used as magnetic field-triggered nano heaters in systems where chain 

interdiffusion or other healing mechanisms are confined to the polymer matrix rather than the 

interface. Another promising approach in the field of self-healing polymers is the combination 



Introduction and Theoretical Background 

- 57 - 
 

of covalent, non-covalent crosslinking networks, which have been shown to exhibit enhanced 

self-healing properties. Surprisingly, this approach has been rarely applied to composite 

systems. These aspects were therefore defined as the core motifs of this work and will be 

elaborated in more detail below. 
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2. Research Goals 

2.1. Objective 

The objective of this work is the synthesis and characterization of self-healing nanocomposites. 

Ionic interactions and hydrogen bonding and their combination with DA/rDA healing were 

chosen as healing mechanisms. The self-healing composites are composed of three main 

components: the inorganic filler, the polymer matrix and the coupling agent. The first section 

of this work therefore deals with the synthesis and optimization of suitable particle systems. 

Two requirements must be met and therefore determine the particle choice. The first 

requirement is that the particles can be heated by introduction into an alternating magnetic 

field to potentially trigger the healing process. Compared to healing in a conventional oven, 

this offers the advantage that healing can be performed spatially resolved, which does result 

in a lower thermal load on the intact material. Furthermore, the heat is generated intrinsically 

so that, unlike diffusion-controlled heating in an oven, a uniform temperature increase in the 

material can be achieved. This allows healing at macroscopically lower temperatures. The 

second requirement is that the particles can be well incorporated into the polymer matrix. 

Therefore, the following section deals with the tailoring of the particle surface to improve this 

incorporation or even allowing the particles to be part of the self-healing process itself. The 

next aspect is the design of polymer matrices including the synthesis of suitable functional 

monomers and the optimization of the polymerization process. Finally, self-healing 

nanocomposites were obtained by combining the organic and inorganic components. In the 

following, the performed studies will be described in more detail. 

2.2. Concept 

Selection of a suitable particle system 

Iron oxide nanoparticles were chosen as the particle system, which, in addition to their thermal 

and mechanical stability, also introduce interesting magnetic properties with their 

superparamagnetic behavior, including heating in an alternating magnetic field. Mixed iron 

oxides were synthesized via thermal decomposition. The particles were characterized using 

DLS, TEM, XRD, FTIR spectroscopy, TGA and CHN analysis. The chemical composition and 

magnetic properties of particles was determined using ICP-MS and Mößbauer spectroscopy, 

respectively. The SARs of the particles were determined by induction heating experiments to 

determine the suitability of the systems for the further use as nano heaters. 

Ionic self-healing nanocomposites  

With regard to the ionic functionalization of the particles, the molecular phosphonic acid 

derivatives 6-phosphonohexylsulfonic acid and N,N,N-trimethyl-6-phosphonohexane-1-
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ammonium bromide were used, which generate charged surfaces that are largely independent 

of pH. In addition to the permanent attachment of these ionic groups to the particles, systems 

for the reversible attachment of ionic groups were designed in order to achieve switchability of 

the surface polarity. This was achieved by using phosphonic acid derivatives that allow the 

reversible introduction of ionic groups via DA/rDA reactions. The obtained systems permit 

temperature-controlled switching of the surface polarity and a high stability of the charge 

towards pH changes, which is an advantage over the unfunctionalized metal oxide particle 

systems. The coupling agents were characterized by NMR, FTIR and CHN analysis. The 

particle functionalization was studied by FTIR spectroscopy, TGA, CHN, and ICP-MS. The 

stability of the charges was investigated using zeta potential measurements. 

The ionic interaction between positively functionalized particles and negatively charged 

polymers, prepared via ATRP or FRP of sodium 4-(methacryloyloxy)butane-1-sulfonate and 

di(ethylene glycol) methyl ether methacrylate, was used as the healing mechanism. The 

systems were characterized using NMR and FTIR spectroscopy, as well as TGA, CHN analysis 

and DSC. Polymer composition and particle content of the composites were investigated as 

parameters to adjust the composite properties. Furthermore, it was examined whether the 

heating of the particles in the alternating magnetic field is suitable to induce the healing 

process. This was examined optically with a microscope and quantitatively using tensile tests. 

Another central aspect is the investigation of environmental influences, especially humidity and 

temperature, on the mechanical properties and particle distribution within the polymer systems. 

This was done by means of rheological studies, tensile tests, backscattered electron imaging 

(BSE) SEM and SAXS.  

In addition, preliminary studies were conducted to investigate whether the stability and healing 

efficiency of ionic nanocomposites are better when the ionic interactions are located at the 

phase boundary or in the polymer network. Therefore, in addition to the systems described in 

the last section, composites should be prepared in which the ionic interactions take place 

purely within the polymer. This was to be done by SI-ATRP in order to control the system as 

well as possible to avoid competing processes such as polymerization in solution. For this 

purpose, two suitable initiator systems were synthesized and immobilized on the particle 

surface. In initial investigations, composites were prepared by SI ATRP of non-ionic model 

monomers. The initiators were characterized by NMR and FTIR spectroscopy, as well as CHN 

analysis. The functionalized particles and composites were characterized by FTIR 

spectroscopy, ICP-MS, TGA, CHN analysis and TEM.  

Double self-healing systems 

In the last section, the alternating magnetic field triggered healing was transferred to an 

established self-healing system based on both hydrogen bonding and DA/rDA chemistry, 
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where the former already occurs at room temperature and the latter is thermally triggered. The 

polymers were characterized by NMR, FTIR spectroscopy and DSC. An urea-terminated 

phosphonic acid was synthesized and immobilized on the surface of iron oxide nanoparticles 

to achieve a stable incorporation of the particles in the polymer matrix via hydrogen bonding. 

Characterization was performed by NMR, FTIR spectroscopy and CHN analysis for the 

coupling agent and by TGA, CHN analysis, DLS, ICP-MS and FTIR spectroscopy for the 

functionalized particles. The self-healing of the nanocomposites was verified by optical 

microscopy, FTIR spectroscopy and DSC. Lastly, preliminary studies on the copolymerization 

of ionic and DA monomers to obtain an ionic double self-healing system were performed. 
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3. Results and Discussion 

In the following, the results obtained during the doctorate will be presented. Details of the 

experimental procedure and the NMR and FTIR spectra of all compounds can be found in the 

experimental and a separate appendix. The zeta potential, SAXS and electron microscopy 

measurements were performed at the INM - Leibniz Institute for New Materials in Saarbrücken. 

The zeta potential measurements were conducted by Sarah Schumacher. The SAXS data 

were recorded and fitted by Dr. Björn Kuttich and Dr. Bart-Jan Niebuur. The TEM and SEM 

measurements were performed by M.Sc. Lucas Niedner, Dr. Nadja Klippel, Dr. Thomas Klein, 

Dr. Christina Odenwald or M.Sc. Mana Mohammed from the Inorganic Solid State Chemistry 

group at Saarland University. The tensile tests were performed by the Applied Mechanics 

group at Saarland University under the direction of Prof. Dr.-Ing. Stefan Diebels and Prof. Dr.-

Ing. Dr. rer. nat. Anne Jung. The Mößbauer spectroscopy was performed and evaluated by 

M.Sc. Aylin Koldemir at the institute of Inorganic and Analytical Chemistry at the University 

Münster. 

3.1. Synthesis and Characterization of the Metal Oxide Nanoparticles 

This chapter contains the synthesis and characterization of the iron oxide, as well as cobalt- 

and manganese-iron mixed oxide nanoparticles. All three types of metal oxides are suitable 

for induction heating, which can potentially be used to trigger healing or initiate reactions on 

the particle surface. The goal of the synthesis was to produce superparamagnetic particles. 

The magnetic properties are significantly influenced by the particle size. While the magnetic 

moment increases with particle size [222,223], a transition from ferrimagnetism to 

superparamagnetism is typically observed for particle sizes < 20 nm.[216] The loss of 

permanent magnetization increases the chances of obtaining well-distributed particles, as the 

particles with permanent magnetization often undergo pre-orientation and cluster together. 

Therefore, the targeted particle size was in the range of 5 nm - 15 nm. A variety of methods 

are available for the synthesis of metal oxide particles. The starting compounds are usually 

chlorides, nitrates, organic complexes or alkoxides. In these studies, acetylacetonate 

complexes of iron, cobalt and manganese were used. In the case of the mixed oxides, an M:Fe 

ratio of 1:2 was chosen. Since the exact composition of the particles was not determined for 

each batch, the systems will be referred to below as FeXOY, Mn1-XFe2+XO4 and Co1-YFe2+YO4. 

The particles were obtained by thermal decomposition in the presence of oleylamine, oleic 

acid, and 1,2-dodecanediol, using benzyl ether as a solvent. The synthesis was carried out 

according to literature procedure with minor modifications.[261] The particles were prepared 

in two 30-minute temperature steps at 200 °C and 300 °C. This method was chosen because 

it provides a narrow size distribution even in the < 20 nm range and allows easy purification by 

magnetic decantation. All particles used in this work were stored as dispersions and under an 



Results and Discussion 

- 62 - 
 

argon atmosphere to avoid irreversible agglomeration and oxidation of the particles. To allow 

for a subsequent introduction of other surface functionalities by ligand exchange, the weakly 

binding oleic acid was added during synthesis for particle stabilization.  

The size of the prepared particles was measured by DLS using n-hexane as the dispersion 

medium (see Figure 8). 

 
Figure 8: DLS measurement of OA@FeXOY, OA@Mn1-XFe2+XO4 and OA@Co1-YFe2+YO4 in n-hexane. 

The number-averaged hydrodynamic diameters of the obtained particle systems were 11.8 nm 

for the FeXOY, 16.4 nm for the Mn1-XFe2+XO4 and 16.8 nm for the Co1-YFe2+YO4 particles, 

respectively. Thus, the hydrodynamic diameter is within the targeted range and no 

agglomerates are obtained.[271] It should be noted, that although DLS is well suited for 

checking whether the particles are agglomerated, the hydrodynamic diameters determined by 

DLS give only a rough estimate of the particle size. The hydrodynamic radius corresponds to 

the radius of a hypothetical solid sphere that has the same diffusion properties in the dispersion 

medium as the particle described by the hydrodynamic radius. As a result of that, the actual 

particle diameter can be significantly smaller depending on the functionalization and the 

strength of the interaction with the surrounding solvent, making the hydrodynamic radius 

unsuitable for calculating surface loadings. Therefore, additionally TEM was carried out. The 

micrographs are shown in Figure 9. 
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Figure 9: TEM images of a) OA@FeXOY, b) OA@Mn1-XFe2+XO4 and c) OA@Co1-YFe2+YO4. Histograms: Statistical 

size distribution of the particles (N = 200). 

For all samples, well dispersed particles are obtained even after drying on the TEM grids. The 

micrographs were analyzed using the program imageJ.[593] For each sample, 200 particles 

were measured. A log-normal distribution was obtained for all three metal oxides. With a mean 

diameter of 7.0 nm, the iron oxide particles are slightly smaller than the mixed oxides, which 

have a mean diameter of 8.2 nm and 8.3 nm for the manganese and cobalt mixed oxides, 

respectively. 

The good stabilization in n-hexane during DLS also indicates that the functionalization with 

oleic acid was successful. This was further investigated by FTIR spectroscopy. Figure 10 

shows the FTIR spectra of the synthesized particles in comparison with that of pure oleic acid. 

 
Figure 10: FTIR spectra of oleic acid (black), OA@FeXOY (red), OA@Mn1-XFe2+XO4 (green) and 

OA@Co1-YFe2+YO4 (blue). 

The symmetric and asymmetric C-H stretching vibrations at 2855 cm-1 and 2932 cm-1 are 

clearly visible in all particle samples. Furthermore, the signals of the bound carbonyl 

functionality can be detected, although they are strongly damped, indicating a successful 

functionalization. Finally, the signal of the particle framework oscillation (Fe-O-Fe) can be seen 

at 533 cm-1. To quantify the organic content, the particles were analyzed using TGA and CHN 
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analysis. For the TGA, the particles were first heated to 880 °C under N2 and then to 1000 °C 

under synthetic air. The curves obtained are shown in Figure 11 a). 

 
Figure 11: a) TGA curves of the oleic acid functionalized nanoparticles. The samples were heated from room 
temperature to 880 °C under nitrogen atmosphere, followed by heating to 1000 °C under a mixture of nitrogen 

and oxygen (4:1) with a rate of 10 K/min. b) FTIR spectra of the gas phase of OA@FeXOY during the 
decomposition steps, temperatures as indicated. 

For all samples a three-step mass loss is observed in the N2 segment. The largest differences 

between the three particle systems result from the first two mass loss steps where the physical, 

adsorbed and covalently bound OA is largely decomposed.[594] The third mass loss, which 

occurs at significantly different temperatures for the three particle systems, is due to the 

reduction of the particles. The varying temperatures can therefore be attributed to the different 

redox potentials of the particles. Lai et al. showed that iron oxide nanoparticles without the OA 

coating showed no mass loss in this range.[595] This means that during the pyrolytic 

decomposition of OA in the first two steps, some residual organic material is left on the surface. 

This is oxidized to CO and CO2 in the third step as the particles are reduced. Both the formed 

CO2 (667 cm-1, 2320 cm-1, 2357 cm-1) and CO (2108 cm-1, 2179 cm-1) were observed in 

coupled TG-FTIR measurements, which is shown exemplarily for the OA@FeXOY system in 

Figure 11 b). The lowest total mass loss of 17.55 % is observed for the cobalt-based system. 

The pure iron oxide system also shows a comparable mass loss of 19.71 %, while a higher 

loss of 27.64 % is observed for the manganese-doped sample. The reason for this significant 

deviation of manganese mixed oxide has not yet been identified. For all systems, a significant 

increase in mass is observed in TGA after the introduction of synthetic air. This is due to 

oxidation of the particles. The samples were examined by CHN both before and after heating 

to 880 °C under nitrogen, as well as after the air segment. A summary of the TGA and CHN 

data (before heating) is shown in Table 1.  
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Table 1: TGA and CHN results of the oleic acid functionalized nanoparticles. 

 TG Residual Mass [%] CHN [%] 
Sample 25-880 °C 880-1000 °C 

C H N  N2 air 

OA@FeXOY 80.29 83.42 9.09 1.71 - 

OA@Mn1-XFe2+XO4 72.36 75.61 13.30 1.52 - 
OA@Co1-YFe2+YO4 82.45 91.75 6.40 1.22 - 

 

After the heating segment under N2 no carbon or hydrogen was detected by CHN, indicating 

a complete decomposition of the organic, even before contact with oxygen. In agreement with 

the TGA results, the CHN results for OA@Mn1-XFe2+XO4 also show a higher organic content. It 

is also noteworthy that TGA based calculations yield significantly higher surface coverages 

than the CHN. The reason for this is the previously described partial reduction of Fe(III) to 

Fe(II) in the N2 segment. This is accompanied by a reduction of the particle mass and thus 

simulates a higher organic content. A more detailed discussion of the processes during TGA 

can be found in the XRD section below.  

In order to accurately determine the particle loading by TGA, it is necessary to identify the 

particle composition and its change in the N2 segment. For this purpose, XRD measurements 

were performed. The Rietveld method was used for fitting. The diffractograms of the initial 

particles are shown in Figure 12. 
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Figure 12: X-ray diffractograms and Rietveld refinements of a) OA@FeXOY, b) OA@Mn1-XFe2+XO4 and c) 

OA@Co1-YFe2+YO4. Blue: experimental data, red: Rietveld refinement, orange: hkl-values. Reference taken from 
COD1513301/ COD2300618/ COD1533163.[596–598] 

The broad signals at 30° and 60°, particularly pronounced in the case of OA@FeXOY, originate 

from the glass slides on which the samples were prepared and are not from the product phase. 

In general, broad reflexes are obtained for the samples, indicating nanocrystalline materials. 

The three systems obtained crystallize phase-pure in the space group Fd3�m. The size of the 

crystalline ordered domains was determined from the integral breadth of the signals. With a 

crystallite size of 6.3 nm for OA@FeXOY and 6.2 nm for the two mixed oxides, these agree not 

only with each other but also with the particle sizes determined in TEM, showing that almost 

completely crystalline particles are obtained. Due to the coinciding structure of maghemite and 

magnetite (the maghemite phase corresponds to a cation-deficient magnetite), the similar 

electronic situation and the small crystallite size, it is difficult to distinguish between the two 

phases. The same applies to the cobalt- and manganese-iron mixed oxides, which prevents 

an accurate characterization of the particle composition by XRD. 

Nevertheless, in the next step, a temperature dependent XRD measurement was performed 

to see if other phase transitions occur during TGA. For this exemplarily the OA@FeXOY system 
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was used. The sample was heated to 800 °C in vacuum (5·10-3 mbar) and an XRD 

measurement was taken every 100 °C. The results are shown in Figure 13. 

 
Figure 13: Temperature dependent XRD of OA@FeXOY. * = Signals of the sample holder, °/green = reflections/hkl 

values of Fe3O4, Δ/purple = reflections/hkl values of FeO, +/orange = reflections/hkl values of Fe. Temperatures 
are as indicated in the graph. Reference taken from COD1513301, COD1011169 and 

COD2300202.[596,599,600] 

Contrary to previous measurements, the samples were prepared on a heat resistant Macor® 

sample holder. This is a crystalline material that causes sharp reflections in the small angle 

range. These are marked with stars. An exception to this is the measurement at room 

temperature after heating, which was measured on a silicon single crystal holder. Examination 

of the particle reflections shows that they are entirely represented by the maghemite or the 

magnetite phase at temperatures up to 500 °C. However, it should be pointed out that a partial 

reduction from maghemite to magnetite in this temperature range cannot be excluded by XRD 

and seems likely in view of the CO2 and water signals in the FTIR spectrum of the gas phase 

observed during this initial mass loss at 240 °C (Figure 11 b). When the particles are heated, 

no changes in crystallite size can be detected within the range of the measurement accuracy. 
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The lattice parameter of the cubic system shows an increase from 8.403(3) nm to 8.485(2) nm, 

which is within the expected range due to the thermal expansion of the material. Starting from 

600 °C, a significant decrease in the initial reflections is observed. Furthermore, additional 

reflections occur. Because of the difficulty in identifying the phases due to the superposition of 

the sample holder reflections, the sample was removed from the sample holder after heating 

and measured on a silicon single crystal holder. In addition to magnetite (24.09 %), wüstite 

(63.33 %) and elemental iron (12.58 %) were identified as product phases. These phases were 

then used to fit the diffractograms at the higher temperatures. At 600 °C, only 50.30 % of the 

material is present as Fe3O4. With further temperature increases to 700 °C and 800 °C, the 

fraction decreases further to 26.68 % and 14.14 %, respectively. No elemental iron was 

observed. The rest of the material was reduced to FeO. Lai et al. propose the following 

mechanism [595]: 

 Fe3O4 + C 
∆T
��  3 FeO + CO (5) 

Further the literature regularly refers to a second superimposed signal in this reduction step, 

which is often times described as a result of the following reaction [595,601]:  

 Fe3O4 + 4 C 
∆T
��  3 Fe + 4 CO (6) 

However, the temperature dependent analysis showed that no elemental iron is formed during 

the heating step. The appearance of both CO and CO2 in the TG-FTIR during this mass loss 

at > 600 °C (Figure 11 b) suggests that the second superimposed signal is more likely to be 

caused by the following reaction: 

 2 Fe3O4 + 2 C 
∆T
��  6 FeO + 4 CO2 (7) 

Subsequently, the obtained FeO disproportionates to elemental iron and magnetite upon 

cooling back to room temperature, explaining the renewed increase in Fe3O4 content and the 

appearance of iron in the measurement on the single crystal holder. The disproportionation 

occurs according to the following equation: 

 4 FeO 
RT
��  Fe + Fe3O4 (8) 

Due to the reactions (5) and (7) during TGA, the number of oxygen atoms in the particle lattice 

and thus the particle mass decreases, simulating a higher organic content. Since both the 

initial particle compositions are not constant from batch to batch and even depend on the 

storage time of the particles, calculated surface coverage based on TGA data should be used 

with caution, although they are well suited for relative comparisons within a particle batch. 

ICP-MS measurements were performed to further characterize the cobalt- and manganese-

iron mixed oxides. For the cobalt containing particles, an M:Fe ratio of 1:7.8 was obtained, and 

for manganese only a ratio of 1:29.7. This is significantly lower than the initially used precursor 
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ratio of 1:2 (M:Fe) and rather deviating from the ratio reported by Sun et al.[261] This effect is 

known from the literature for both mixed oxides. It is due to the different decomposition 

temperatures of the metal acetylacetonates.[602] Especially for Mn(acac)2, which initiates 

decomposition at ≈ 250 °C, a temperature ≈ 50 °C higher than that of Fe(acac)3 [603,604], this 

can lead to an incomplete decomposition of the precursor or the formation of manganese-rich 

phases, which are removed during the washing steps. This results in low manganese 

concentrations in the remaining particles.[605] The poor reproducibility of the mixed oxides 

can be attributed to the lack of temperature control with the highly contact-dependent heating 

mantle setup. Nevertheless, all three particle samples were investigated for their suitability for 

magnetic field induced heating, as the main application of the particles will later be as nano 

heaters for self-healing. For this purpose, 2 wt% particle dispersions were prepared in xylene 

and introduced into an alternating magnetic field. The 2 wt% refer to the magnetic material, so 

the weight was corrected for the determined organic on the surface. Due to the previously 

described problem with the TGA data, the CHN data was used for this purpose. It was assumed 

that the carbon content originates entirely from the bound oleic acid. To minimize heat 

exchange with the environment during induction heating, a sealed double-walled vessel was 

used. The temperature was measured using a fiber optic temperature sensor which was placed 

directly in the dispersion through a septum. The temperature evolution was determined at a 

field strength of 0.62 kA/m generated by a 1997 1G 5/3000 high frequency generator. In Figure 

14 the time-dependent temperature evolution of the samples in the magnetic field is shown. 

 
Figure 14: Heating studies for 2 wt% oleic acid functionalized particles in xylene in an alternating magnetic field. 

Frequency: 1.95 MHz, field strength: 0.62 kA/m. 

Overall, the particle systems showed a comparable heat generation, which is surprising at first, 

since higher saturation magnetizations and thus higher heating efficiencies are expected for 

the mixed oxides. However, this is explained by the fact that only very small amounts of cobalt 

and manganese could be incorporated into the iron oxide lattice. For the OA@FeXOY system 

a maximum temperature of 33.4 °C was measured after five minutes. In the case of 



Results and Discussion 

- 70 - 
 

OA@Mn1-XFe2+XO4, a temperature of 33.2 °C and in the case of OA@Co1-YFe2+YO4 a 

temperature of 30.9 °C was determined after the same heating time. The SAR values for the 

three particle systems were determined from the temperature increase in the first 60 s using 

Equation (1). The values for OA@FeXOY, OA@Mn1-XFe2+XO4 and OA@Co1-YFe2+YO4 were 

63.5 W/g, 51.6 W/g and 41.9 W/g respectively. This is in the usual range for iron oxides rather 

than the mixed oxides, again supporting the observations from ICP-MS.[221,606,607] 

Nonetheless, all three particle systems are usable for magnetic field-induced heating. 

Finally, the magnetic properties of the particle systems were investigated by Mößbauer 

spectroscopy. Figure 15 shows the spectra obtained for the OA@FeXOY particles at room 

temperature and at 78 K. 

 
Figure 15: 57Fe Mößbauer spectra of OA@FeXOY, recorded at room temperature (top) and 78 K (bottom). 

No hyperfine field splitting is observed for the OA@FeXOY particles at room temperature. 

Instead, a poorly resolved quadrupole doublet is detected. This is because of fast 

superparamagnetic relaxation.[608–611] An isomeric shift of 0.14(2) mm/s was observed. Due 

to the nanocrystalline nature and the resulting poorly defined coordination, a rather high 

linewidth is obtained, which does not allow a definitive statement about coordination or 

oxidation state, although the characteristic black color of the particles strongly suggests the 

presence of the mixed oxide. After cooling the sample to 78 K, a moderately well resolved 

magnetic hyperfine splitting is observed, even without applied field. This means that the 

Brownian and Néel relaxation are suppressed and thus the magnetic moments are frozen in 
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the ordered ferrimagnetic state. The observed uneven baseline indicates that the system is in 

the region of the blocking temperature. However, further measurements are needed to 

determine the exact temperature.  

Likewise, the OA@Co1-YFe2+YO4 and OA@Mn1-XFe2+XO4 systems were investigated. The 

results are shown in Figure 16. 

 
Figure 16: Experimental (data points) and simulated (colored lines) 57Fe Mößbauer spectra of a)/b) 

OA@Co1-YFe2+YO4 and c)/d) OA@Mn1-XFe2+XO4 recorded at room temperature (top) and 78 K (bottom). 

In contrast to the OA@FeXOY particles, the cobalt- and manganese-iron mixed oxides exhibit 

hyperfine splitting at room temperature. In the case of the OA@Co1-YFe2+YO4, a superposition 

of the Zeeman sextet of the blocked component and the quadrupole doublet of the 

superparamagnetic component is obtained. This indicates that the blocking temperature is 

close to room temperature. Thus, depending on their size, some of the particles are in the 

blocked state and some are in the superparamagnetic state.[610] The manganese-containing 

samples, on the other hand, already show a well resolved hyperfine structure at room 

temperature. This means that the magnetic properties seem to change from 

superparamagnetism to a permanent magnetic state. This observed increase in the blocking 

temperature of the mixed oxides is in good agreement with literature reports [612–614], 

although it is surprising that the small amounts of cobalt and manganese have such a large 

influence. At 78 K, a well resolved hyperfine structure is obtained for both mixed oxides. In 

contrast to the OA@FeXOY particles, a flat baseline is obtained, confirming that the systems 
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are well below the blocking temperature. In addition, the introduction of cobalt or manganese 

makes it possible to distinguish between tetrahedral (blue) and octahedral (green) coordinated 

iron by a stronger splitting of the signals. However, the low resolution and high width of the 

signals does not allow a precise quantification of the occupation of the octahedral and 

tetrahedral gaps. 

In summary, it can be said that with the addition of cobalt and manganese, even in small 

amounts where the heating efficiency still seems to be largely unaffected, the magnetic 

properties change from superparamagnetism for the OA@FeXOY to a permanent magnetic 

state for the OA@Co1-YFe2+YO4 and OA@Mn1-XFe2+XO4 at room temperature. Since the 

integration of cobalt and manganese does not change the structure of the iron oxide, but only 

involves a partial substitution of Fe(II), a monotonic structure-property relationship should 

result. Therefore, it is to be expected that if more cobalt and manganese are integrated the 

blocking temperature rises further and thus a permanent magnetization prevails. This is 

associated with the risk of particle agglomeration due to magnetic interactions. For this reason, 

the OA@FeXOY particles were used exclusively for the following studies and no further 

optimization of the cobalt and manganese systems was carried out. 

3.2. Synthesis of Permanently Charged Nanoparticles 

The aim of this study was to synthesize iron oxide nanoparticles with a permanent ionic charge 

that is not or only slightly affected by changes in the surrounding medium. Therefore, carboxylic 

acids and amines are not good choices because their protonation and thus their charge is 

strongly pH dependent. Quaternary amines are excellent groups to introduce positive charges 

to the particle surface due to their pH-independent positive charge and synthetic accessibility. 

Sulfonates were used as anionic groups, which are negatively charged over a wide pH range 

due to their low pKA value.[343] All functionalization reagents used here have the same 

structure. The desired ionic group is attached via a spacer, in this case a C6 linker, to an anchor 

group that binds to the particle surface. This spacer length of 6 was chosen because shorter 

functionalization reagents do not generate the necessary steric repulsion to maintain stable 

particle dispersions and thus often lead to agglomeration. In addition, the corresponding 1,6-

dibromohexane, which is needed as the starting compound for the synthesis, is readily 

available, unlike the longer-chain derivatives. Organophosphorus molecules bearing functional 

groups are ideal molecules for the surface-functionalization of transition metal oxide systems, 

due to their strong binding to the surface, their high chemical stability and the variety of 

functions that can be incorporated into the molecules.[273,347] In the following, the synthesis 

routes for the ionic phosphonic acid derivatives and the subsequent functionalization of the 

particles are described.  
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3.2.1. Synthesis of the Cationic Functionalization Reagent 

The synthesis of the cationic phosphonic acid is shown in Scheme 14 and was performed 

according to literature procedure.[269] 

 
Scheme 14: Synthesis route for N,N,N-trimethyl-6-phosphonohexan-1-ammonium bromide.[269] 

The synthesis of the cationic phosphonic acid was carried out in three steps. As described 

above, the starting material is the commercially available 1,6-dibromohexane. In a Michaelis-

Arbusow reaction it is converted to the corresponding phosphonic acid ester. The product was 

obtained in 72 % yield as a colorless oil. In the next step a positive charge is introduced by a 

nucleophilic substitution of the bromo functionality using trimethylamine. After filtration, a white 

solid was obtained in 76 % yield. Finally, the phosphonic acid ester was hydrolyzed. For this 

purpose, the phosphonic acid ester is first converted to the less stable silyl ester and then 

hydrolyzed with a water/methanol mixture. The reaction was carried out in 88 % yield. CHN 

analysis as well as NMR and FTIR spectroscopy confirmed the product formation with an 

overall yield of 48 %. 

3.2.2. Cationic Particle Functionalization 

An exchange protocol for the oleic acid molecules against the N,N,N-trimethyl-6-

phosphonohexan-1-ammonium bromide was developed. The functionalization of the iron-

oxide particles was carried out in a dispersion, which allowed an isotropic functionalization. 

The exchange with the organophosphorus coupling reagent was optimized to achieve a 

maximum densely packed monolayer. Phosphonic acid to particle ratios between 0.025 to 

0.6 mmol per 150 mg nanoparticles were investigated, to cover the gradual substitution of the 

oleic acid. The upper limit was chosen in accordance with literature reports to achieve 

maximum surface loading.[271] The value of 0.6 mmol per 150 mg of particles corresponds to 

the 5-fold excess necessary for maximum dense monolayer on the particle surface. The 

calculation was performed according to equation (9), assuming that the phosphonate group 
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occupies an area of 24 Å2 [298] and that the phase pure Fe3O4 particles have a uniform size 

of 10 nm. 

 

 
R = 

APhos,tot
APart, tot

=
ρFe3O4

·rPart·NA·APhos·nPhos

mref·3
 (9) 

 

R = R-fold excess necessary for maximum dense monolayer 

APhos,tot = Total area that can be covered by the phosphonate 

APart,tot = Total particle surface area in reference mass 

ρFe3O4
 = Density of Fe3O4 [g/m3] 

rPart = Particle radius [m] 

NA = Avogadro constant [mol-1] 

APhos = Space requirement phosphonic acid group [m2] 

nPhos = Number of moles of phosphonic acid per reference mass [mol] 

mref = Reference mass = 0.150 g 

These samples are hereafter referred to as 0.025P@FeXOY - 0.600P@FeXOY. The oleic acid 

functionalized particles are easily dispersible in n-hexane, while the ionic functionalized 

particles are easily dispersible in polar solvents such as ethanol or water. As a result, the 

polarity of the particles increases significantly with increasing functionalization. Therefore, a 

mixture of n-hexane/ethanol (1:2) proofed as a suitable dispersion medium to ensure stable 

dispersions of the particles throughout the entire exchange process. The stability of the particle 

dispersions in different solvents is shown as an example for the OA@FeXOY and 0.200P@FeXOY 

particles in Figure 17. 
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Figure 17: Particle dispersions of a) OA@FeXOY and b) 0.002P@FeXOY in n-hexane, as well as c) 0.002P@FeXOY 

and d) OA@FeXOY in n-hexane:ethanol (1:2). 

Although the exchange typically occurs within a short time, the reaction medium was stirred 

for 24 hours to achieve as complete an exchange as possible. FTIR spectroscopy was used 

to characterize the cationic functionalized particles. For better comparability of the signals, all 

spectra were normalized to the Fe-O-Fe vibration at 536 cm -1. The spectra obtained are shown 

in Figure 18. 

 
Figure 18: FTIR spectra of the cationic functionalized particles (0.025P@FeXOY - 0.600P@FeXOY). 

The main characteristic of the modified particles is the signal at 964 cm-1, which originates from 

the oscillation of the PO3 unit, thus confirming the binding to the particle surface. The intensity 

of the signal increases successively with the amount of phosphonic acid added, indicating a 

progressing functionalization.[294,615,616] Furthermore, the FTIR spectra show an increase 

of the C-H stretching and deformation vibrations at 2945 - 2813 cm-1 and 1645 - 1402 cm-1. 

The C=O stretching vibration which is present in all samples as a broad signal at 1637 cm-1 

proves a non-quantitative exchange of the oleic acid. Although the overall low signal intensity 

implies a low concentration of oleic acid on the surface. It nevertheless suggests that a 

significantly larger proportion of oleic acid remains on the surface than in similar exchange 
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protocols described in literature for DA or poly(ethylene glycol) based phosphonic acid 

derivatives.[271,275] This effect may result from the electrostatic repulsion of the cationic 

groups which increases with increasing surface coverage. In this context, Schmitt showed that 

functionalization with the charged 6-phosphonohexanoic acid leads to significantly lower 

functionalization densities than with alkyl phosphonic acids of comparable steric demand.[617] 

However, this influence is not entirely clear, as for this functionalization, in addition of the 

binding of the phosphonic acid, additional binding of the carboxylic acid to the particle surface 

is described, which may lead to faster saturation of the particle surface and thus to lower 

functionalization densities. 31P NMR spectroscopy was performed on the supernatant solutions 

of the functionalization reaction mixtures (Figure 19), showing residual unreacted phosphonic 

acid starting from sample 0.100P@FeXOY. This means that the particle surface is saturated. 

 

Figure 19: 31P NMR spectra of the supernatant solutions of the functionalization reaction mixtures of 
0.025P@FeXOY (top) - 0.600P@FeXOY (bottom). 

The surface coverage after the exchange reaction was investigated by TGA and CHN analysis. 

The obtained TGA curves obtained are shown in Figure 20 a). Prior to the TGA measurements 

a 10-minute vacuum step at 100 °C was performed to remove residual solvent adsorbed on 

the particle surface. The actual measurement then consisted of two steps. First, the samples 

were heated to 880 °C under nitrogen. In this first section, the cationic particles show a mass 

loss between 50 °C and 200 °C. This is most likely due to the desorption of solvent, which 

could not be removed even in the preheating step due to the strong interactions with the 
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positively charged particle surface. The decomposition of the phosphonic acid starts at a 

temperature of 230 °C and takes place in several steps. This mass loss is observed for all 

samples. The mass loss is increased for all cationic modified particle samples compared to the 

oleic acid functionalized particles, indicating an increase in organic material bound to the 

surface. The mass loss increases from sample 0.025P@FeXOY to 0.600P@FeXOY. The organic 

fraction obtained at the end of the N2 segment (char yield) varies between 22 % and 34 %. In 

the second step, the temperature is raised further to 1000 °C under synthetic air. For all 

samples, an increase in mass can be observed in the air segment, which is due to the oxidation 

of the particles. Again, the mass change is more pronounced for the cationic functionalized 

particles, with an increase of 7 % - 12 %, than for the oleic acid functionalized particles (~3 %). 

This suggests an additional oxidation mechanism. While a complete desorption/decomposition 

is expected for the oleic acid upon heating, the phosphonic acid anchoring group remains on 

the particle surface even at higher temperatures.[269] This is confirmed by the vibration of the 

phosphonate group at 964 cm-1, observed in FTIR spectra recorded subsequent to the TGA 

measurements (Figure 20 b). By switching to oxygen-containing atmosphere the phosphonate 

is oxidized to the phosphate in addition to particle oxidation. As a result, the mass increase is 

magnified with phosphonic acid functionalization. 

 
Figure 20: a) TGA curves of oleic acid and the cationic functionalized nanoparticles. The samples were heated 

from room temperature to 880 °C under nitrogen atmosphere, followed by heating to 1000 °C under a mixture of 
nitrogen and oxygen (4:1) with a rate of 10 K/min. b) FTIR spectra of 0.200P@FeXOY before and after TGA. 

In combination with the TGA results, CHN analysis was used to calculate the surface coverage. 

Due to the aforementioned oxidation that occurs at elevated temperatures in TGA when 

synthetic air is used, the residual mass at the end of the N2 segment (carbon/hydrogen content 

below the CHN detection limit) was used to calculate the surface coverage. The following 

equation was applied: 
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nca=

X
Y

×
1000
M×N

 (10) 

where nca is the amount of coupling agent per particle in mmol/g, X is the percentage of the 

respective element from CHN analysis, Y is the residual mass from TGA in %, M is the molar 

mass of the respective element and N is the number of that element in the molecule. However, 

these calculations are subjected to several small errors. First, the FTIR data suggests that 

trace amounts of oleic acid remain on the particle surface, which is not considered in the 

calculation. In addition, as mentioned above, the desorption behavior of the two coupling 

agents is different. While the oleic acid desorbs completely during heating, the anchoring group 

of the phosphonic acid remains on the particle surface, what skews the determination of the 

organic content. Lastly the partial reduction of the particles within the N2 segment during TGA 

was not considered either. The used TGA and CHN data, as well as the calculated surface 

coverage are shown in Table 2. 

Table 2: TGA and CHN results of the oleic acid and the cationic functionalized nanoparticles (0.025P@FeXOY - 
0.600P@FeXOY). 

Sample TG Residual Mass [%] CHN [%] Surface Coverage [mmol/g] 

 25-880°C 
N2 

880-1000°C 
air C H N C H N  

OA@FeXOY 80.28 83.41 9.09 1.71 - 0.52 0.62 - 

0.025P@FeXOY 78.38 84.95 8.93 1.63 0.48 1.05 0.90 0.44 

0.050P@FeXOY 73.71 83.30 9.34 1.88 0.73 1.17 1.10 0.71 

0.100P@FeXOY 71.51 81.64 10.45 2.34 0.89 1.35 1.41 0.89 

0.200P@FeXOY 69.50 80.68 11.30 2.48 1.00 1.50 1.54 1.03 

0.300P@FeXOY 69.04 79.62 11.94 2.51 1.11 1.60 1.57 1.15 

0.400P@FeXOY 67.90 79.04 12.31 2.64 1.10 1.68 1.68 1.16 

0.600P@FeXOY 66.18 77.84 12.44 2.53 1.26 1.74 1.65 1.36 

 

The mass loss in the N2 segment observed in TGA increases with the amount of phosphonic 

acid used for functionalization. The same trend is observed for the CHN data as well and 

consequently in the nca values. For all samples, a lower coverage was calculated based on the 

nitrogen content obtained from the CHN analysis than for the values calculated on the basis 

of the carbon and hydrogen content. This supports the argument that additional organic matter 

or water is still present on the surface. To calculate the remaining organic ligand on the particle 

surface, the carbon and hydrogen contents derived from the phosphonic acid were subtracted 

from the total mass of carbon and hydrogen. Since nitrogen is only present in the phosphonic 
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acid, the corresponding carbon and hydrogen contents were calculated from the nitrogen 

content of the CHN analysis and the elemental composition of the phosphonic acid. As 

expected, the amount of remaining carbon (5.23 % - 2.73 %) and hydrogen (0.84 % - 0.45 %) 

gradually decreases as the amount of phosphonic acid added is increased. This confirms that 

the equilibrium of the exchange can be advanced by increasing the phosphonic acid 

concentration. However, in all cases, some oleic acid still remains on the particle surface. 

Looking at the corrected carbon to hydrogen ratio, it is noticeable that the ratio in several 

samples does not match the ratio in oleic acid (C:HOA = 6.31). This indicates the presence of 

additional organic material on the particle surface, e.g. adsorbed solvent that could not be 

removed during the drying process (C:Hethanol = 3.97). Therefore, an exact quantification of the 

remaining oleic acid was not possible. 

In the next step, the influence of the cationic modification on the size of the particles was 

examined. For this purpose, XRD, TEM and DLS investigations were carried out in analogy to 

the oleic acid functionalized particles. The results are shown in Figure 21 for the 0.200P@FeXOY 

system in comparison with the initial oleic acid functionalized particles. 

 
Figure 21: TEM images of a) OA@FeXOY and b) 0.002P@FeXOY. Histograms: Statistical size distribution of 

particles (N = 200). c) DLS measurements of OA@FeXOY in n-hexane and 0.002P@FeXOY in water.  
d) X-ray diffractogram of the phosphonic acid functionalized particles (0.200P@FeXOY). Blue: experimental data, 

red: Rietveld refinement, black hkl-values. Reference taken from COD1513301.[596] 
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The particles show no change in the size of the hydrodynamic radius by DLS, nor in the 

crystallite size determined by XRD, nor in the particle size determined by TEM within the 

measurement accuracy. Furthermore, no color change was observed during functionalization, 

indicating that the composition of the iron oxide did not change significantly.  

In the last step, zeta potential measurements were carried out. This allows to determine both 

the isoelectric point and the pH stability of the positive charge. In Figure 22 the zeta potential 

curve of the 0.002P@FeXOY is shown in comparison to the oleic acid functionalized particles. 

 
Figure 22: Zeta potential of 0.002P@FeXOY in water (black) and OA@FeXOY in ethanol (red) as a function of pH. 

The zeta potential of the oleic acid functionalized particles starts at approx. 17 mV at pH 4. 

Subsequently, a linear decrease of the zeta potential down to -17 mV at pH 12 can be 

observed. In the literature, a zeta potential range of about -40 mV to 40 mV is described for 

naked iron oxide particles.[618,619] The smaller range observed for OA@FeXOY can be 

attributed to the number of hydroxyl functionalities available on the particle surface, which are 

reduced by the binding of oleic acid. However, a direct comparison of the absolute values is 

difficult, since the zeta potential depends on a number of parameters such as particle size, 

concentration, pH, temperature, pressure, and method of sample preparation.[620] By 

interpolation, an IEP of 7.3 was determined, which agrees quite well with the values described 

in the literature for non-ionic functionalized iron oxide nanoparticles, which are in the range of 

5.6 - 7.9.[621–623] However, it should be mentioned here that the zeta potential of these 

particles could not be determined in an aqueous system due to their poor dispersibility. The 

measurements were performed in a water:ethanol mixture, for which, strictly speaking, the pH 

value is not defined. O'Brien and White showed in their work that the electrophoretic mobility 

and thus the zeta potential of ionic colloidal particles is independent of the dielectric properties 

and the electrostatic boundary conditions on the particle surface. Instead it is mainly dependent 

on the particle size, their shape and the charge in or the potential on the shear plane and thus 

the electrolyte solution.[624] Consequently, not only the initial counterion but also the choice 

of acid/base used in the titration plays a role, especially in view of the fact that an exchange of 
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the counterion can also take place. Therefore, there is a dependence between the zeta 

potential and the concentration and type of ions in solution [620,625], though it is not possible 

to separate concentration effects from pH effects.[620,626] The pH affects 

protonation/deprotonation equilibria at the surface and affects charge density, while counterion 

concentration affects the degree to which the surface charge is screened. For the choice of 

counterion, higher charged counterions generally lead to compression of the diffuse double-

layer and thus a reduction in zeta potential. In contrast, the size of the ions at the same charge 

does not seem to be well correlated with the zeta potential.[620] These dependencies further 

complicate the comparison of zeta potential absolute values of charged particles, so no 

detailed literature comparison is made here. The ionically modified particles are readily 

dispersible in water and show a higher positive zeta potential of 30 mV in the low pH range. 

For the investigated cationic particles, the zeta potential remains constant up to pH 8. This 

confirms the positive surface charge. Subsequently, a linear decrease of the zeta potential is 

observed. An IEP of 10.6 was determined, which is significantly higher than that of the oleic 

acid functionalized particles. The result is nevertheless quite surprising, since a permanent 

positive surface charge should be provided by the quaternary ammonium groups. To further 

investigate this observation, the pH value of a new batch of cationic modified particles was 

adjusted to 11.5. The particles were then characterized by CHN, which confirmed the absence 

of nitrogen containing groups at high pH values. However, some organic matter remained on 

the surface. Since the previous studies suggested that a considerable amount of oleic acid 

was still present on the surface, an analogous study was performed with the oleic acid 

functionalized particles. And indeed, the CHN confirmed that the oleic acid is only partially 

removed at high pH. The CHN results are shown in Table 3. 

Table 3: CHN analysis results of 0.200P@FeXOY and OA@FeXOY before and after base treatment (pH = 11.5). 

Sample CHN [%] 
 C H N 

0.200P@FeXOY 11.30 2.48 1.00 
0.200P@FeXOY (pH = 11.5) 3.97 1.18 - 

OA@FeXOY 9.09 1.71 - 

OA@FeXOY (pH = 11.5) 8.19 1.58 - 

 

To further investigate the absence of nitrogen content on the particle surface, the supernatant 

solution of the cationic functionalized particles was analyzed by NMR spectroscopy at pH 11.5 

(see Figure 23). In the supernatant solution, both the proton NMR and phosphorus NMR 

showed the signals of the intact phosphonic acid, confirming that a desorption process rather 

than a decomposition process is responsible for the absence of nitrogen on the particle 
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surface. This is quite remarkable, as the binding of a variety of phosphonic acid derivatives to 

metal oxide nanoparticles has been described as very stable.[269,275,627] 

 
Figure 23: a) 1H and b) 31P NMR spectra of the supernatant solution of 0.200P@FeXOY at pH = 11.5 (red), in 

comparison with the free phosphonic acid (black). 

In summary, positively charged particles have been synthesized. The particles are readily 

dispersible in common polar solvents such as water or alcohols. They are even redispersible 

after drying due to the electrostatic repulsion, which is rare for iron oxide nanoparticles in this 

size range. The particles have a positive surface charge at least in the pH range from 3.3 to 

10.6, which is limited by particle dissolution in the low pH range and desorption of phosphonic 

acid in the high pH range. In the following, negatively charged particles are to be produced in 

an analogous manner. 

3.2.3. Synthesis of the Anionic Functionalization Reagent 

The synthesis of the anionic phosphonic acid derivative is shown in Scheme 15 and was 

performed according to literature procedure.[269] 

 
Scheme 15: Synthesis route for 6-phosphonohexylsulfonic acid.[269] 

The anionic coupling reagent was synthesized in four steps. The first step of the synthesis 

coincides with that of the cationic phosphonic acid to give the 6-bromohexylphosphonic acid. 

In the next step, the phosphonic acid ester was hydrolyzed via the silyl ester intermediate with 
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a yield of 98 %. Subsequently, the 6-bromohexylphosphonic acid was converted to 6-

mercaptohexylphosphonic acid by an S-alkylation reaction. For this purpose, the 

isothiouronium salt was first prepared by adding thiourea, which was then hydrolyzed. The 

synthesis was carried out with a yield of 51 %. In the final step, the thiol was oxidized to the 

sulfonic acid. The last step was carried out with a yield of 71 %. CHN analysis as well as NMR 

and FTIR spectroscopy confirmed the product formation with an overall yield of 25 %. 

3.2.4. Anionic Particle Functionalization 

The anionic functionalization of the particles was carried out in the same way as for the cationic 

systems. The systems obtained are hereafter referred to as 0.025PA@FeXOY - 0.600PA@FeXOY. 

The anionic particles were examined by FTIR spectroscopy (see Figure 24). For better 

comparability, the spectra were normalized to the particle vibration at 575 cm-1. 

 
Figure 24: FTIR spectra of the anionic functionalized particles (0.025PA@FeXOY - 0.600PA@FeXOY). 

The spectra show the C-H stretching and deformation vibrations at 2923 cm-1, 2856 cm-1 and 

1437 cm-1, respectively. While in samples 0.025PA@FeXOY and 0.050PA@FeXOY the C-H 

deformation vibrations at 1437 cm-1 are still superimposed by the signals of the carbonyl 

vibration of the oleic acid, the signal of the carbonyl vibration is no longer visible starting from 
0.100PA@FeXOY. The successive functionalization by the phosphonic acid can be confirmed by 

the increasing signal of the PO3 vibration at 1024 cm-1.  

TGA and CHN analysis were used to quantify surface occupancy. Equation (10) was again 

applied to calculate the surface coverage. The results are presented in Table 4. 
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Table 4: TGA and CHN results of the anionic functionalized nanoparticles (0.025PA@FeXOY - 0.600PA@FeXOY). 

Sample TG Residual Mass [%] CHN [%] Surface Coverage [mmol/g] 
 25-880°C 880-1000°C 

C H S C H S  N2 air 
0.025PA@FeXOY 76.87 85.84 8.48 1.50 0.44 1.53 1.29 0.18 
0.050PA@FeXOY 76.44 84.80 6.82 1.53 1.48 1.24 1.32 0.60 
0.100PA@FeXOY 71.97 81.16 7.88 1.76 1.92 1.52 1.62 0.83 
0.200PA@FeXOY 70.78 80.51 8.30 1.88 2.16 1.63 1.76 0.95 
0.300PA@FeXOY 70.44 79.93 8.56 1.93 2.41 1.69 1.81 1.07 
0.400PA@FeXOY 68.92 77.79 9.45 2.14 2.71 1.90 2.05 1.23 
0.600PA@FeXOY 66.75 76.74 9.81 2.36 3.02 2.04 2.34 1.41 

 

For the anionic systems, a significant increase in mass loss can be observed in the N2 segment 

of the TGA due to the addition of the anionic phosphonic acid to the particle surface which is 

decomposed during this step. A similar effect can be seen in the CHN data and consequently 

for the particle loading. Here the surface coverage can be determined from the sulfur contents 

obtained from CHN analysis. The loading densities calculated from the sulfur content are 

significantly lower than those derived from the carbon and hydrogen content, again indicating 

additional organic matter on the surface, although the FTIR spectra show no signs of residual 

oleic acid from sample 0.100PA@FeXOY onwards.  

Subsequently, the influence of the functionalization on the particle size was investigated. TEM, 

DLS and XRD measurements were carried out for this purpose. The results are shown in 

Figure 25 exemplary for the 0.200PA@FeXOY, since it can be expected that an almost complete 

surface coverage of the particles has been reached at this point. 

 
Figure 25: a) TEM image of 0.002PA@FeXOY, b) DLS measurement of OA@FeXOY in n-hexane and 
0.002PA@FeXOY in water and c) X-ray diffractogram of the phosphonic acid functionalized particles 

(0.200PA@FeXOY). Blue: experimental data, red: Rietveld refinement, orange hkl-values. Reference taken from 
COD1513301.[596] 
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The X-ray diffractogram shows no change in crystallite size upon functionalization. In contrast, 

the DLS differs from the oleic acid functionalized particles. The mean hydrodynamic radius 

shifts from 3.9 nm, corresponding to a single particle, by a factor more than seven to 29 nm, 

indicating agglomeration of the particles. Agglomerates are also observed in the corresponding 

transmission electron micrographs, although here the agglomeration is further increased by 

the drying process. Agglomerates of up to 2 µm in diameter are obtained. The formation of the 

agglomerates is surprising, as the electrostatic repulsion of the sulfonate groups should 

stabilize the particles.[269] To exclude the possibility that the agglomeration during 

functionalization is due to the choice of an unfavorable dispersant, the polarity of the solvent 

was adjusted by varying the composition between n-hexane, ethanol, methanol and water. 

However, agglomerates were still observed in all cases. Furthermore, an attempt was made 

to vary the surface charge of the particles and the degree of protonation of the acid groups by 

adjusting the pH. In the pH range of 4.4 to 6.3 as well as in the range from 10.0 to 11.8, very 

broad distributions with an average size of more than 100 nm were observed. At pH 2, in 

addition to the larger agglomerates, another much narrower signal is obtained at about 58 nm. 

In the case of this sample, a slight yellowish coloration was visible in the dispersion, indicating 

the dissolution of the particles in the acidic medium. In agreement with the first study, narrower 

distributions are observed in the pH range of the PZC of the iron oxide particles (6.9 - 8.3). 

However, no system could be obtained without agglomerate formation. The reason for the 

agglomerates is probably that not only the phosphonate but also the sulfonic acid binds to the 

particle surface. This is surprising, as the sulfonate binds via electrostatic interactions and 

should therefore be easily exchanged by the phosphonate, which forms more stable and 

irreversible bonds.[262,293] This was shown in particular in studies investigating the binding 

of phosphate in competition with sulfate on iron oxide surfaces, in which a negligible effect of 

sulfate was observed.[628–630] However, there is also a study by Yu et al. investigating 

phosphate adsorption on sodium dodecyl sulfonate-functionalized magnetite in which, even at 

high phosphate concentrations, signals of sodium dodecyl sulfonate were found in the FTIR 

spectra, indicating an incomplete exchange.[631] Further it has also been described that a 

second intraparticle binding occurs via the even weaker binding carboxyl group of 6-

phosphonohexanoic acid, which led to the agglomeration of alumina coated silica 

nanoparticles.[632] In contrast, zirconium oxide nanoparticles have indeed been stabilized by 

6-phosphonohexylsulfonic acid.[269] Thus, it appears that not only the surface charge but also 

the particle composition strongly influences the binding of the acid groups. Whether this is an 

effect of the stability of the sulfonate binding to the different metal centers, or the accessibility 

of OH surface functionalities that facilitate the desorption of the sulfonate [633], has not been 

conclusively determined. To avoid this competitive binding by the sulfonate, a transition to 

weaker-binding sulfonate precursors was made. If the surface is then saturated by the 
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phosphonic acid, no crosslinking via the sulfonic acid group should take place after its 

synthesis. Two synthetic approaches were used for this purpose. These are shown in Scheme 

16.  

 
Scheme 16: Synthetic approaches to anionic functionalized iron oxide nanoparticles via weakly binding sulfonic 

acid precursors. 

In the first route, an acetyl-protected thiol in the form of (6-(acetylthio)hexyl)phosphonic acid is 

attached to the particle surface as a non-binding precursor. Analogous to the previous 

syntheses, the phosphonic acid ester group was introduced in the first step via a Michaelis-

Arbusow reaction. Then the thiol group was introduced. This was achieved by an S-alkylation 

in 92 % yield. The synthesis of the acetyl-protected thiol was carried out by reaction of the thiol 

with acetyl chloride. The product was obtained in 44 % yield as a pale-yellow liquid. In the 

subsequent hydrolysis step of the phosphonic acid ester, only a product mixture was obtained. 

The signal integrals show that the alkyl backbone is still present in the by-product. Whether 

the by-product is a result of the partial hydrolysis of the thioester to the thiol or a cyclic system 

similar to that described by Odinets et al. is obtained could not be fully clarified yet.[634] Since 
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characterization at the particle surface is difficult due to the superparamagnetic properties of 

the iron oxide core, the subsequent reaction to the sulfonic acid was therefore first tested in 

solution. The conversion took place in two steps. First, the sulfonic acid ester was hydrolyzed 

with potassium hydroxide, followed by the oxidation to the thiol with hydrogen peroxide to 

obtain the desired product. A total yield of 1.8 % was obtained. 

In the second route, the ω-bromo functionalized precursor, the introduction and subsequent 

hydrolysis of the phosphonic acid ester took place analogous to the initial synthetic procedure 

described earlier. The sulfonate group was obtained according to the literature procedure by 

reaction with sodium sulfite for 72 hours in water under reflux.[635] A yield of 13 % was 

obtained. The overall yield was 8.4 %.  

In the next step, both reaction pathways were carried out analogously on the particle surface. 

Unfortunately, agglomerates were also observed for the anionic particle systems prepared in 

both approaches (see Figure 26). In addition, the oxidation with H2O2 in the first approach also 

led to an oxidation of the particles, as indicated by the discoloration from black to brown. Since 

NMR spectroscopy was not possible due to the superparamagnetic particles and from FTIR 

spectroscopy due to the low signal intensity, no conclusions could be drawn regarding the 

successful introduction of the sulfonate group or whether a subsequent attachment to the 

particle surface occurs after its introduction. 

 
Figure 26: DLS measurements of the 0.002PA@FeXOY particles in water, synthesized via the 6-bromohexyl- (black) 

and the (6-(acetylthio)hexyl) phosphonic acid (red). 

Due to problems with the post-functionalization approaches, the anionic particles produced by 

the original route were used for the further investigations. 

3.2.5. Comparison of the Cationic and Anionic Functionalized Particles 

As described in the previous section, the main difference between the two ionic particle 

systems is in their agglomeration behavior. In contrast to the cationic systems, the anionic 

particles could not be stabilized by electrostatic repulsion, even after extensive optimization. 



Results and Discussion 

- 88 - 
 

This appears to be due to the different ways in which the two phosphonic acids interact with 

the particle surface (Figure 27). 

 
Figure 27: Overview of the possible interactions between the synthesized ionic phosphonic acids and the iron 

oxide surfaces. 

While in the case of cationic phosphonic acid only repulsive interactions can occur leading to 

the stabilization of the particles, in the case of anionic phosphonic acid additionally intra- and 

interparticle binding by the sulfonic acid can take place. In both cases, the stabilization of the 

particles due to electrostatic repulsion is lost. Although some weak steric repulsion is expected 

after the intraparticle interaction, it can be assumed that this is insufficient to stabilize the 

particles. In the case of interparticle binding, agglomeration of the particles is even forced by 

the bridging ligand. Comparison with literature shows that deviating interactions of the sulfonic 

acid can be obtained for different particle systems.[269] 

A comparison of the two FTIR spectra of the 0.200PA@FeXOY and 0.200P@FeXOY samples shows 

that the signal of the carbonyl stretching vibration of the surface bound oleic acid (1637 cm-1) 

decays faster in the case of the anionic particles (Figure 28 a). This indicates a more complete 

exchange than in the case of the cationic systems. However, it seems unlikely that these 

residual amounts of oleic acid in the cationic systems are related to the better stabilization, 

since agglomeration is also observed at lower amounts of anionic phosphonic acid, where 

some residual oleic acid is still observed on the particle surface. Despite the differences in 

particle surface coverage with oleic acid, comparable surface coverage is observed for the 

phosphonic acids, calculated based on the nitrogen and sulfur content, respectively (Figure 28 

b). The curves resemble that of typical sorption models. After an initial sharp increase in 



Results and Discussion 

- 89 - 
 

occupancy, less sorbate can be absorbed as the sorption surfaces of the sorbent become 

more heavily loaded. Whether this is due to the space requirement of the anchor group or to 

the fact that the positive and negative charge have an equal effect on the particle coverage, 

has not yet been clarified. 

 
Figure 28: a) FTIR spectra of 0.200PA@FeXOY and 0.200P@FeXOY. b) Calculated surface coverage of the 

synthesized cationic (black) and anionic (red) functionalized particles based on the nitrogen and sulfur content 
determined from CHN as a function of the initial phosphonic acid-particle-ratio. 

Since well-dispersed particles are beneficial for applications in the field of self-assembly and 

agglomerates are less suitable for self-healing materials, as they often act as stress 

concentration points and thus significantly reduce the loading capacity [378–380], the 

investigation of ionic self-healing materials was focused on the cationic particle systems. For 

the self-healing studies, the 0.200P@FeXOY system was selected, since no further strong 

increase in surface loading density was observed afterwards. In the following, systems with 

temperature-controlled surface charges were prepared. 

3.3. Synthesis of Switchable Cationic Surfaces 

In recent years, interest in smart surfaces has increased significantly. One of the properties 

being investigated is switchable surface wettability.[636] These systems are used in a variety 

of areas ranging from microfluidic devices to oil-water separating systems and biomedical 

applications.[637] These switchable surfaces can be realized via self-assembled monolayers 

of functionalized nanoparticles, that change their properties upon an external trigger such as 

temperature, light or pH changes.[638–640] Here the heating of the metal oxide particles in an 

alternating magnetic field is to be investigated as an alternative trigger. In this work, organic 

functionalization reagents were prepared for the synthesis of iron oxide nanoparticles that 

reversibly carry an ionic group on the surface. The reversibility of the functionalization is based 

on a temperature-controlled DA/rDA reaction. For this purpose, DA active groups are 

immobilized on the particle surface, to which any organic moiety can be attached in a 

temperature-controlled and reversible manner via the respective DA counterpart. The 
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furan/maleimide diene/dienophile pair was chosen for this work because of its high stability 

and reversibility. Scheme 17 shows the synthesis route for the furan component which is 

anchored to the particle surface by a phosphonic acid group. The synthesis was carried out 

according to literature procedure.[271] 

 
Scheme 17: Synthesis route for (10-(furan-2-yl)decyl)phosphonic acid.[271] 

The investigations by Schäfer and Kickelbick showed that a large distance from the particle 

surface is necessary to meet the steric requirements of the DA reaction. Therefore, in 

comparison to the permanently ionic systems, an increased spacer length (C10) was used here. 

The synthesis was carried out in four steps. The starting material was furan, which was reacted 

with butyl lithium to form 2-lithium furanide. The furanide was used without further purification 

and directly reacted in excess with 1,10-dibromodecane in a Michaelis-Becker reaction. After 

work-up by column chromatography, the product was obtained in 64 % yield. The 

bromoalkylfuran was then reacted with a slight excess of freshly prepared sodium 

dimethylphosphite to form the phosphonic acid ester. A yield of 38 % was achieved. In the final 

step, almost quantitative hydrolysis of the phosphonic acid ester took place. The product was 

recrystallized from a methanol-hexane mixture. An overall yield of 24 % was obtained. The 

purity of the obtained product was verified by 1H, 13C, 31P and FTIR spectroscopy. 

On the side of the maleimide functionality, a shorter spacer length between the ionic group 

and the maleimide was chosen, as longer chains generally tend to hamper the DA reactions 

at the surface due to steric repulsion.[271] Whether this assumption also remains true for the 

ionic systems is not certain, since the charges come closer to each other with shorter chain 

lengths, thus increasing electrostatic repulsion. It can therefore be assumed that in the case 

of ionic systems an optimum exists in the range of medium chain lengths. A C3 spacer was 

used for the initial investigation. The synthesis route is shown in Scheme 18. 
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Scheme 18: Synthesis route for the 3-maleimido-N,N,N-trimethylpropan-1ammonium bromide. 

For the preparation of the ionic DA component, (3-bromopropyl)phthalamide was used as 

starting material and converted to the cationic species by nucleophilic substitution with 

trimethylamine. The product precipitated during synthesis as a white solid in 98 % yield. The 

3-amino-N,N,N-trimethylpropan-1-ammonium bromide is obtained via hydrazinolysis. A yield 

of 39 % was obtained. In the subsequent step, the protected maleimide was obtained by 

reaction with the previously prepared 3a,4,7,7a-tetrahydro-4,7-epoxyisobenzofuran-1,3-dione. 

Despite the additional reaction step required for the subsequent deprotection, this reaction 

route is usually preferable to the direct reaction with maleic anhydride, since the preset 

geometry prevents a ring opening of the maleic anhydride. The reaction took place in 63 % 

yield. The final step was to thermally initiate the rDA reaction. The reaction was carried out in 

the solid state in the form of a TGA study to determine the optimum rDA temperature. The 

results are shown in Figure 29. 

 
Figure 29: TGA curve of the 3-(1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyisoindol-2-yl)-N,N,N-

trimethylpropan-1-ammonium bromide. The sample was heated from room temperature to 400 °C under nitrogen 
atmosphere with a rate of 10 K/min. 

The TGA curve shows a first mass loss starting at a temperature of approx. 200 °C, which is 

very high for the rDA reaction of the furan-maleimide DA pair. Subsequently, an almost 

complete decomposition of the compound takes place. The initial mass loss of 21.7 % is in 
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good agreement with the calculated value expected due to the rDA reaction and the 

subsequent evaporation of the furan ring (Δmcalc = 19.7 %). Based on the TGA results, the 

prepared compound was thermally treated in an alumina crucible at 210 °C for 1 hour in a tube 

furnace to perform the rDA reaction. The initially white compound turned yellow and was 

subsequently poorly soluble in common NMR solvents. The product was analyzed by FTIR 

spectroscopy. The FTIR spectrum obtained is shown in Figure 30. 

 
Figure 30: FTIR spectra of 3-(1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyisoindol-2-yl)-N,N,N-

trimethylpropan-1-ammonium bromide before (black) and after (red) temperature treatment. 

The FTIR spectrum of the oven-treated sample shows no signal of the free maleimide, whose 

ring deformation band is expected at approx. 690 cm-1. In addition, a signal appears at 

3500 cm-1. This is in the typical range of O-H or N-H stretching vibrations, indicating an opening 

of the maleimide ring. Since the synthesis in the bulk material was not successful, a 

deprotection in solvent was subsequently attempted. First, water was used as the solvent. The 

protected maleimide was dissolved and heated to reflux. The reaction mixture was then rapidly 

cooled to room temperature with an ice bath in order to prevent DA reaction. NMR analysis 

showed that no retro-DA reaction took place. Since the rDA reaction often only occurs in the 

range > 100°C, the compound was dispersed in toluene and heated under reflux. After a 

reaction time of two hours, hot water was added to the mixture. This procedure has the 

advantage that the furan, which was released during the rDA reaction, remains in the organic 

phase, while the ionic component transfers into the aqueous phase. Therefore, the DA 

components are present in separate phases to further inhibit DA reaction. In addition, the 

reaction mixture was again, cooled with an ice bath. Despite the adjusted reaction control, no 

rDA product was observed. An analogous result was also observed at 180 °C in ethylene 

glycol, which is much higher than the rDA temperature commonly described for the furan 

maleimide system (< 150 °C).[73,455]  
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Several different approaches were then used to bypass the rDA deprotection step. First, the 

3-amino-N,N,N-trimethylpropan-1-ammonium bromide was reacted directly with maleic 

anhydride. During this reaction, an opening of the maleimide ring was observed, which is a 

known side reaction. However, the methods commonly described in the literature have failed 

to close the ring.[641–643] Alternative strategies were also pursued by first introducing the 

maleimide and only then generating the ionic group. The starting materials were 2-

bromoethane-1-ammonium bromide on the one hand and protected maleimide itself on the 

other. An overview of the synthetic routes tested is shown in Scheme 19. In all routes, the 

maleimide ring opening arose either during the addition to the maleic anhydride itself or during 

the introduction of the cationic group. In each case, a subsequent closure of the ring was not 

possible.  

 
Scheme 19: Alternatively tested synthesis routes for the cationic maleimide. 

As a result, it was attempted to reverse the system and immobilize the maleimide functionality 

on the surface and synthesize a furan-based cationic component. The synthesis of the 

phosphonic acid was again conducted according to literature procedure with minor 

modifications.[271] The synthesis route is shown in Scheme 20. 
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Scheme 20: Synthesis route for the maleimide decyl phosphonic acid.[271] 

The synthesis was carried out in five steps. In this process, 1,10-dibromodecane is reacted 

with potassium phthalimide in a Gabriel-like reaction, whereby potassium bromide is cleaved 

to give the N-alkyl phthalimide. A yield of 55 % was obtained in this step. The hydrazinolysis 

is led by a Michaelis-Arbusow reaction, which proceeds quantitatively. The hydrazinolysis 

takes place in 47 % yield by refluxing in ethanol for one hour. Subsequently, the maleimide is 

synthesized by reaction with maleic anhydride. Since ring opening occurs during this reaction, 

ring closure is achieved by stirring with sodium acetate in acetic anhydride. Complete 

separation of the by-products was not possible. Therefore, the crude product was used as 

received for the final reaction step. In the last step, the phosphonic acid ester was hydrolyzed. 

A yield of 90 % was obtained over the last two reaction steps. This results in an overall yield 

of 23 %. The product was characterized by 1H, 13C, 31P NMR and FTIR spectroscopy. The 

synthesis route of the cationic component is shown in Scheme 21. 

 
Scheme 21: Synthesis route for the 4-(furan-2-yl)-N,N,N-trimethylbutan-1-ammonium bromide. 

The synthesis was carried out in three steps. First, the 2-lithium furanide was synthesized. The 

furanide was used without further purification and reacted directly in excess with 1,4-

dibromobutane in a Michaelis-Becker reaction to obtain the 2-(4-bromobutyl)furan. A product 

mixture of the single and double furanated alkanes was obtained. Using the integrals from the 
1H NMR spectrum, a yield of 51 % was estimated. In the next step, the cationic group was 

introduced by an SN2 reaction with trimethylamine. A conversion of 81 % was obtained. The 

overall yield was 41 %. The product formation was again confirmed by 1H, 13C, 31P and FTIR 

spectroscopy. In addition, the molecular structure of the product was determined by single 

crystal X-ray diffraction analysis (see Figure 31). 
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Figure 31: Crystal structure of 4-(furan-2-yl)-N,N,N-trimethylbutan-1-ammonium bromide. 

In the next step, the DA reaction between the cationic furan derivative and the maleimido 

phosphonic acid was attempted in solution. For this purpose, the two components were added 

to a mixture of water and methanol in a 1:1 ratio and heated to 100 °C for two days. Figure 32 

shows the downfield region of the 13C NMR spectrum of the DA product in comparison with the 

starting compounds. 

 
Figure 32: 13C NMR spectra of maleimide decyl phosphonic acid (blue), 4-(furan-2-yl)-N,N,N-trimethylbutan-1-

ammonium bromide (green) and the DA product (red). 
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The disappearance of the furan and maleimide signals indicates that the reactants are 

completely converted. In the product spectrum, the signals of the carbonyl groups and the 

newly formed double bond of the DA adduct are clearly visible. The NMR spectrum also shows 

slightly shifted signals of the same structure, indicating the presence of both the endo and the 

exo product. However, impurities can also be detected in the product. The overlapping of the 

signals of the by-products and the endo-exo mixture complicate the interpretation of the 1H 

NMR spectrum. Examination of the 31P NMR spectrum confirms the presence of several by-

products at low concentrations. Purification of the product could not be carried out because 

workup is limited to extraction or precipitation, which do not remove the by-products. 

Purification by column chromatography is not feasible due to the high affinity of the phosphonic 

acid group towards the common stationary phases. Further distillation was not possible due to 

the high boiling point of the DA-adduct. As a result, the product is first decomposed by the rDA 

reaction. Since it has already been shown in earlier work by Wang et al. [431], that the barrier 

of the DA reaction can be altered by electrostatic interactions, the bromide counterion was 

exchanged for the weaker coordinating counterions triflate and perchlorate. Since this had no 

effect on the reaction temperature or the observed partial decomposition during the DA 

reaction, this approach was not pursued further. The formation of the by-products is an 

indication of a poor cyclability. To take a closer look at this the reaction was repeated in the 

solid state in the DSC. Five cycles in the temperature range from 0 °C to 200 °C were carried 

out. The DSC curves of the 2nd and 5th cycles are shown in Figure 33. 

 
Figure 33: 2nd (black) and 5th (red) heating cycle of the cationic DA product. 

The DSC curve shows the DA and rDA reaction at a temperature of 43 °C and 134 °C, 

respectively. The overall signal intensity is low, and broad signals are obtained especially for 

the rDA which is consistent with the required longer reaction time already observed in solution. 

Furthermore, both the heat transfer of the DA and the rDA decrease from 12.5 J/g to 7.3 J/g 

and 12.9 J/g to 3.6 J/g, respectively, from the second to the fifth cycle, which is consistent with 
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the partial decomposition observed previously. Since no further endothermic signal is observed 

in the high temperature range, it can be assumed that the rDA signal is superimposed by the 

decomposition signal. 

In the following, the switchable system was transferred to the iron oxide particles. For this 

purpose, a ratio of 0.3 mmol phosphonic acid per 150 mg particles was chosen. The purified 

and dried particles were analyzed by CHN and TGA. The occupancy density was again 

calculated applying Equation (10). The nitrogen content from the CHN analysis was used for 

this. A loading density of 1.06 mmol/g was calculated. This is within the range of the occupation 

densities of the permanent ionic systems, indicating that the space requirement of the anchor 

group rather than the ionic group is responsible for the loading density. Subsequently, the DA 

reaction was performed on the particle surface. For this purpose, toluene was added to the 

maleimide-functionalized particles. Then 4-(furan-2-yl)-N,N,N-trimethylbutan-1-ammonium 

bromide dissolved in water was added. The two-phase mixture was then heated overnight at 

100 °C under vigorous stirring. The reaction mixture was photographed before and after the 

reaction. The black, initially maleimide functionalized particles are located in the denser 

toluene phase. After heating, the particles are brown in color, indicating oxidation. The particles 

also accumulate at the phase interface and on the glass wall. This is surprising since a 

transition to the aqueous phase was expected during the ionic functionalization. To avoid 

oxidation, the experiment was carried out again under argon atmosphere. No brown coloration 

of the particles was observed in this reaction. In addition, a transition into the water phase was 

observed (see Figure 34). 

 
Figure 34: Maleimide functionalized particles in a toluene-water mixture a) before and after reaction with 4-(furan-

2-yl)-N,N,N-trimethylbutan-1-ammonium bromide under b) air and c) argon atmosphere. d) FTIR spectra of the 
dried samples of the maleimide (black) and cationic functionalized particles (red).  

Oxidation of the particles was sufficiently suppressed by conducting the reaction under inert 

gas. Since the particles transfer into the aqueous phase after the reaction, the cationic 

functionalization appears to be successful. The FTIR spectrum of the dried particles also 

confirms the successful DA reaction by the appearance of the symmetric and asymmetric C-O 
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stretching vibrations at 1025 cm-1 and 1216 cm-1 respectively. The zeta potential of the 

particles prepared under inert gas was also recorded. The results are shown in Figure 35. 

 
Figure 35: Zeta potential of the switchable cationic phosphonic acid functionalized iron oxide nanoparticles as a 

function of pH. 

The zeta potential of the sample starts at about 40 mV and remains constant up to pH 4. 

Compared to the permanently charged particles, the positive surface charge of the switchable 

system seems to decrease earlier. From the range of the IEP of the oleic acid functionalized 

particles a stronger decrease of the zeta potential starts, analogous to the permanently 

charged particles. Nevertheless, a positive zeta potential is achieved over almost the entire pH 

range, which confirms the successful integration of positive charges on the particle surface. 

The IEP, with a value of 10.3, is slightly below the value for the permanently charged ones 

(10.6). Subsequently, an attempt was made to perform an rDA reaction. Contrary to the 

previous observations for the molecular system, no rDA was observed on the particle surface 

either in the solid state in the DSC or in the particle dispersion in ethylene glycol at 140 °C. 

Instead, thermal decomposition appears to be occurring, as no nitrogen was detected in the 

samples in the subsequent CHN analysis. Similar to the previously described deprotection of 

the cationic maleimide, the energy barrier of the rDA appears to be increased, severely limiting 

the performance of the rDA. Because of this problem with cyclability, the preparation of ionic 

self-healing nanocomposites has been limited to the permanently charged systems. 

3.4. Ionic Self-Healing Nanocomposites 

Self-healing is a phenomenon that has long been known and widely studied in the field of 

polymer chemistry. In recent years, due to the potential of composite materials, the 

phenomenon has also been increasingly investigated in this field as well. So far, the emphasis 

has been on healing mechanisms based on DA and hydrogen bonds. Due to their autonomous 

healing, hydrogen bond-based systems are of particular interest. Healing through ionic 

interactions, on the other hand, has so far only been scarcely investigated. A central goal of 

this work is to transfer the excellent self-healing properties known for ionomers and 

polyelectrolytes to composite systems. Two basic strategies for the preparation of self-healing 
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nanocomposites were considered in this work. On the one hand, the reversible interaction 

responsible for healing is brought to the particle-polymer interface and, on the other hand, the 

healing functionality is completely transferred to the polymer, which is covalently bound to the 

particle surface. The results of these two approaches will be discussed in chapter 3.5 and 3.6, 

respectively. 

3.5. Self-Healing Nanocomposites via Ionic Interactions at the Particle-
Polymer Interface 

Several self-healing nanocomposites have already been investigated in our group. In these 

previous experiments, it was shown that the self-healing efficiency depends on the mobility 

and flexibility of the polymer matrix and thus on the Tg and the degrees of freedom of the 

functional groups on the nanoparticle surface.[73,568,569] Overall, methacrylates have proven 

to be advantageous as a polymerizable group due to their high flexibility, as their properties 

are adaptable by the choice of the side chain. In addition, the high reactivity in the 

polymerization process remains often times independent of the functionalization. As a 

counterpart to the cationic functionalized particles, an anionic polymer was required. Due to 

the large pH-independence of the negative charge the sulfonate group was chosen. Initially, 

ω-bromoalkyl alcohols were used as the starting material, which were reacted with 

methacryloyl chloride to give the corresponding ω-bromoalkyl methacrylates. Subsequently, 

the halogen was converted to the sulfonate. The advantage of this process is that the chain 

length can be varied. Later, the chain length was fixed at four, as this is easier accessible by 

ring-opening of 1,4-butane sultone (Scheme 22).[644] 

 
Scheme 22: Synthesis of sodium 4-(methacryloyloxy)butane-1-sulfonate.[644] 

In this way, the synthesis of sodium 4-(methacryloyloxy)butane-1-sulfonate (SMBS) is 

achieved in good yields (76 %) and high purity. Since anionic polyelectrolytes such as 

poly(acrylic acid) tend to have high Tgs (> 100 °C) [627], it is often necessary to use 

copolymers, in which a second monomer provides a lower Tg. Butyl methacrylate (BMA), which 

is frequently used because of its low Tg and commercial availability, has proven to be an 

incompatible polymer backbone, due to the strongly differing polarity in comparison with the 

ionic systems. Initial studies failed to find suitable polymerization conditions, under which both 

monomers as well as the forming polymers can be dissolved. This resulted in poorly 

reproducible polymer compositions. Two approaches were tested to reduce the polarity 

difference between the monomers. The first one was to decrease the polarity of the SMBS via 

replacement of the counterion.[645] By exchanging the sodium counterion with the much less 
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polar tetrabutylphosphonium cation, the polarity of the sulfonate can be drastically reduced. 

The previously only water-soluble monomer was now also dissolvable in THF and in small 

amounts in toluene. However, the polymerization did not yield a copolymer with BMA, as 

overall, no reaction of the SMBS derivate was observed. In another approach, the BMA was 

replaced by a more polar system. In the context of using the polymer systems as components 

of self-healing nanocomposites, low Tgs were considered the key criterion for monomer 

selection. Table 5 shows the Tgs of some selected polymer systems. 

Table 5: Tgs of some selected methacrylate polymers. 

Polymer Structural Formula of the 
Monomer 

Tg of the 
Polymer 

poly(BMA) 

 

20-40 °C 
[646,647] 

poly(MEGMA) 

 

20-30 °C 
[616,648] 

poly(DEGMA) 

 

-40 °C 
[616] 

poly(HEMA) 

 

55-110 °C 
[627,649] 

poly(HDEGMA) 

 

87 °C 

 

The Tg of poly(MEGMA) reported in the literature is in the range of that of poly(BMA). However, 

compared to poly(BMA), no significant increase in polarity and therefore no significant 

improvement in miscibility with the ionic components can be expected here either. Extending 

the chain by one ethylene glycol unit (DEGMA), should further increase the polarity. However, 

this also coincides with a very significant decrease in the Tg. Values around -40 °C are reported 

in the literature. The Tg of the polymer should also not be too low to maintain mechanical 

strength of the material and to allow a distinction between self-healing based on ionic 

interactions and simple chain interdiffusion. Since the introduction of the ionic and DA 

components is expected to increase the Tg, poly(DEGMA) was nevertheless investigated as a 

possible alternative to poly(BMA). Another possibility to further increase the polarity is the use 

of a hydroxyl terminated chain. The poly(HEMA) system has been extensively studied in the 

literature. A wide range of Tg values is described.[627,649] Compared to the methyl terminated 
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system of the same chain length, an increase in the Tg can be observed. Therefore, it is 

expected that poly(HDEGMA) should be well suited for application. Unlike DEGMA, HDEGMA 

is not commercially available and was prepared from diethylene glycol. The reaction was 

carried out with methacrylic acid using p-toluenesulfonic acid as a catalyst.[650] A Tg of 87 °C 

was determined by DSC after homo-polymerization. Surprisingly, this is significantly higher 

than that of poly(BMA), which is why the DEGMA system was used for the subsequent 

investigations. Both ATRP and free radical polymerization were used for copolymerization. The 

preparation and characterization of the polymers and the corresponding composites are 

described in more detail in the following chapters. 

3.5.1. Synthesis and Characterization of Anionic Polymers by ARGET ATRP 

Initially, the polymer synthesis was carried out via ATRP. This has the advantage of a high 

reaction control. Due to the presence of ionic groups, ATRP polymerization presents some 

challenges. All synthesized polymers were prepared via ARGET ATRP, using hydrazine as 

the reducing agent. Literature known procedures were applied, using a Cu(I) catalyst with 2,2’-

Bipy as the ligand.[73] Polymerization was carried out in a water methanol mixture of 3:1 where 

the pH was adjusted to 0.9. The polymerization was carried out at 70 °C. In a first approach, 

the homopolymers for the monomers used were synthesized. Yields of 53 % for the ionic 

homopolymer and over 60 % for poly(DEGMA) and the synthesized copolymers were obtained 

after 24 h. 1H NMR confirmed product formation and the removal of unreacted monomer during 

the work-up. Removal of the copper complex was achieved by dialysis against dilute HCl. 

Successful separation was indicated by the discoloration of the product (Figure 36). 

 
Figure 36: 1H NMR spectra of poly(DEGMA) before (red) and after (blue) dialysis. 
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DSC measurements were performed on both synthesized homopolymers. The Tg was 

determined at ½Δcp. Poly(DEGMA) shows a very low Tg of approx. -23 °C, which is in good 

agreement with literature reports.[616] Contrary the Tg of the anionic homopolymer is much 

higher at 126 °C. To evaluate the variability of the Tg by adjusting the polymer composition 

copolymers with monomer ratios of 1:10, 1:8, 1:5 and 1:3 (SMBS:DEGMA) were synthesized 

by weighing the respective amounts of monomer. The polymers are hereafter referred to as 
10Pol, 8Pol, 5Pol and 3Pol, respectively. Initially, a sample with a polymer composition of 2:1 

was also synthesized. However, it was not further investigated because the resulting samples 

were extremely brittle and could not be brought to a processable state. Figure 37 shows the 
1H NMR spectra of the obtained polymers. The spectra were normalized to the COO-CH2 

signal at 4.11 ppm. 

 
Figure 37: 1H NMR spectra of 10Pol (red), 8Pol (green), 5Pol (blue), 3Pol (purple) synthesized by ARGET ATRP. 

The ratio between the SMBS and DEGMA signals increases as the ionic fraction in the 

monomer mixture is increased. The polymer composition determined by integration of the 1H 

NMR signals agrees with the initial weighted monomer ratios (see Table 6). 
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Table 6: Influence of the polymer composition on the Tg. 

Sample DEGMAtheo SMBStheo DEGMAfound SMBSfound Tg [°C] 

poly(DEGMA) n - n - -23 

poly(SMBS) - n - n 126 
10Pol 10n n 11.0n n -18 

8Pol 8n n 8.1n n -16 

5Pol 5n n 5.2n n 26 
3Pol 3n n 4.0n n 50 

 

Subsequently, DSC measurements were carried out to determine the thermal properties, in 

particular the Tgs of the polymers. Figure 38 shows the obtained DSC curves in the range of 

the Tg for the DEGMA homopolymer and the synthesized copolymers. Tgs between -18 °C and 

50 °C were determined for the copolymers. No additional signals are obtained in the DSC, 

confirming the formation of a random copolymer. The Tgs of the synthesized polymers 

increases as the proportion of ionic species increases. 

 
Figure 38: a) DSC curves of the synthesized copolymers via ARGET ATRP and b) influence of the polymer 

composition on the Tg. 

The observed increase in Tg with increasing proportion of ionic species is below the rule of 

mixture. This is in agreement with reported copolymers and empirical models such as the 

Gordon-Taylor equation.[651,652] Especially at the lower molar percentages the Tg only 

increases very slightly, whereas at the higher molar concentrations, after a certain threshold, 

the increase is significantly higher. 

TGA measurements were performed to evaluate the thermal stability of the polymers used. 

The results are shown in Figure 39. 
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Figure 39: a) TGA of the synthesized polymers via ARGET ATRP and b) influence of the polymer composition on 
the T95 values. The samples were heated from room temperature to 880 °C under nitrogen atmosphere, followed 

by heating to 1000 °C under a mixture of nitrogen and oxygen (4:1) with a rate of 10 K/min. 

For all polymers, decomposition begins at temperatures above 250 °C. For the matrix polymer, 

the onset is at 274 °C. In contrast, the temperature stability of the anionic polymer is much 

higher, showing decomposition at 375 °C. Consequently, the synthesized copolymers show 

two distinct decomposition steps at the respective decomposition temperatures of the 

homopolymers. The T95 values (temperature at 5 % mass loss) of the polymers were 

considered to evaluate the polymer stability. By increasing the amount of poly(SMBS) in the 

polymers an almost linear increase of the T95 values from 251 °C for poly(DEGMA) to 360 °C 

for poly(SMBS) is observed (see Figure 39). Furthermore, poly(DEGMA) shows an almost 

complete decomposition (char yield: 2 %), whereas a residual mass of 48 % is determined for 

the ionic poly(SMBS).  

In summary, anionic copolymers were successfully prepared by ARGET ATRP. The monomer 

ratio of SMBS and DEGMA provides an easy way to tailor the polymer composition and thus 

the Tg, which is the crucial parameter for self-healing. This composition further controls the 

thermal stability of the polymers. With the lowest Tgs, polymers also exhibited the lowest 

temperature resistance. In the following, the self-healing nanocomposites were produced by 

combining the ionic polymers with the previously synthesized cationic nanoparticles. 

3.5.2. Synthesis and Characterization of Ionic Nanocomposites based on the ATRP 
Polymers 

Nanocomposites were obtained by mixing the synthesized copolymers with the respective 

amount of cationic functionalized nanoparticles in a water/THF solvent mixture (1:1). Particle 

contents between 1 wt% and 20 wt% were used. The solvents were evaporated at room 

temperature under vigorous stirring. The composite specimens were prepared by compression 

molding in a Teflon mold at 80 °C using a vice. The entirety of the synthesized composites is 

shown in Table 7. 
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Table 7: Composite names and compositions (C10_1-C3_20). 

 
10Pol 8Pol 5Pol 3Pol 

1 wt% 0.200P@FexOy C10_1 C8_1 C5_1 C3_1 

2 wt% 0.200P@FexOy C10_2 C8_2 C5_2 C3_2 

5 wt% 0.200P@FexOy C10_5 C8_5 C5_5 C3_5 

20 wt% 0.200P@FexOy C10_20 C8_20 C5_20 C3_20 

 

Black, solid, and highly magnetic samples were obtained. All specimens show no macroscopic 

agglomeration of the particles within the polymer (Figure 40). 

 
Figure 40: Image of the 3Pol based nanocomposites C3_1, C3_2, C3_5 and C3_20 (1 wt%, 2 wt%, 5 wt% and 
20 wt% particle content). Dimensions: 0.5 cm x 0.5 cm x 1 mm and investigation of the magnetic properties of 

C3_1. 

Analogous to the polymer samples, TGA measurements were performed on the composites 

to determine their thermal stability. The results for the 10Pol and 3Pol based systems are shown 

exemplarily in Figure 41. In contrast to the polymer composition, the particle content has little 

effect on the material’s thermal stability. While a slight increase in the T95 value is observed for 

all composites, the influence seems to decrease with increasing proportion of the ionic 

component in the polymer. For the 10Pol based systems, the decomposition is shifted from 

266 °C to 275 °C when the particle content is increased from 0 wt% to 20 wt%. For the 3Pol 

systems, on the other hand, the shift is only about 5 °C for the same particle contents. As 

already observed for the polymer systems the char yield of the 3Pol based composites is much 

higher than that of the 10Pol based systems. The observed increase in char yield of the 

composites compared to the respective polymers correlates almost linearly with the particle 

content. With the introduction of 20 wt% particles, the char yields increase from 6 % to 24 % 

for the 10Pol and from 16 % to 26 % for the 3Pol based systems, respectively.  
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Figure 41: Thermogravimetric analysis of the a) 10Pol and b) 3Pol based composites (0-20 wt% particles). The 

samples were heated from room temperature to 880 °C under nitrogen atmosphere, followed by heating to 
1000 °C under a mixture of nitrogen and oxygen (4:1) with a rate of 10 K/min. 

Next, the influence of the particle content on the Tg was investigated. The DSC analysis 

showed two different effects for composites with low and high SMBS content. Figure 42 shows 

the curves obtained for the 10Pol and 3Pol based systems as representatives of systems with 

a low and high ionic character, respectively. DSC measurements revealed no changes of the 

Tgs for 10Pol and 8Pol based composites in comparison to the respective copolymers. These 

results are quite surprising, since a decrease in chain mobility and thus an increase in Tg would 

be expected due to the strong ionic interactions between the particles and the polymer matrix. 

Moll and Kumar explain the almost complete absence of a Tg shift, which has been described 

for many strongly interacting composite systems, by the fact that an almost irreversible bond 

is formed between the polymer and the filler.[653] As a result, the layer is dynamically 

decoupled from the rest of the "free polymer". Furthermore, they postulate this bonded layer 

does not relax in the time scale of the DSC measurements, whereby only the bulk polymer is 

recorded. For the composites with higher poly(SMBS) content, a decrease in Tg was even 

observed upon particle integration, with a decrease from 26 °C to - 10 °C for 5Pol based 

systems and from 50 °C to – 15 °C for 3Pol based systems, respectively. These results can be 

attributed to comprised solvent [654,655], which could not be removed completely, especially 

for the composites with higher SMBS contents. Independent of the polymer composition no 

deviations in the Tg were observed between the composites with 1 wt%, 2 wt%, 5 wt% and 

20 wt% particle content.  
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Figure 42: DSC curves of the a) 10Pol and b) 3Pol based composites (1-20 wt% particles). 

The next step was to study the distribution of the particles in the polymer system. Several 

methods are available for this purpose. Backscattered electrons are often used in the form of 

BSE SEM measurements. To obtain the SEM images, the samples were cooled with liquid 

nitrogen and fractured. The resulting fracture edge was sputtered with gold and examined. The 

particles can be seen as brighter areas on the micrographs. The results for C3_1 - C3_20 are 

shown exemplary in Figure 43. 

 
Figure 43: BSE SEM images of the a) C3_1, b) C3_2, c) C3_5 and d) C3_20 composites. 

The micrographs show that particle agglomerates are obtained for all composites. At a particle 

content of 20 wt%, a large number of agglomerates with a size of about 100 nm (≈ 10 times 

the particle diameter) are present, forming an almost regular structure. At 5 wt%, the average 
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size of the agglomerates increases significantly. With a mean diameter of about 1 µM, this 

corresponds to 100 particles in diameter. In contrast to the sample with 20 wt% particles, these 

large agglomerates are not regularly arranged. Some of the agglomerates are further bridged 

to form large aggregates. As the particle concentration is reduced to 2 wt% a further increase 

in agglomerate size can be observed. These are several µm in size. Furthermore, it is not 

possible to see that they are composed of smaller units. Whether these are actually 

agglomerates or discoloration due to surface effects caused by the unevenness of the fracture 

edges cannot be said with certainty. The last composites considered, with 1 wt% particle 

content, again show slight variations in the agglomerates that form. They are spherical and, 

with an average diameter of 0.5 µm, again slightly smaller than the agglomerates of the sample 

with 2 wt% particles. 

In addition, SAXS measurements were performed, which allow a more detailed description of 

the size distribution and the distribution of the particles in the network based on electron density 

differences. At this point, a brief explanation should be given of how the SAXS measurements 

were interpreted and what information can be gleaned from each of the curve features. Figure 

44 shows the typical SAXS curves (scattering intensity versus scattering vector q) for several 

models of particle distribution in a polymer matrix. The SAXS curves are shifted along the 

intensity axis for better comparability. 

 
Figure 44: Expected scattering curves for the particle distribution models: monodisperse single sphere (red), 

polydisperse single sphere (yellow), polydisperse spheres with random packing (green) and polydisperse spheres 
with random packing and a superstructure (blue). 

The SAXS curves can be divided into three regimes. At large q values the SAXS curve is 

determined by the embedded primary particles and represents the length scale of 3 - 10 nm. 

At the intermediate and small q values, larger ranges of first 5 – 20 nm and then 20 – 120 nm 



Results and Discussion 

- 109 - 
 

are mapped. Thus, the SAXS measurements allow not only the description of the primary 

particles, but also their distribution in the material.  

Scattering from dispersed nanoparticles can be described by the form factor of monodisperse 

spheres. The main feature of this model is a shoulder accompanied by secondary features 

such as minima and maxima depending on the particle distribution. When well dispersed single 

sphere particles are considered, a sharp minimum is observed where the intensity drops to 

zero (red curve). This is at q = 2π
d

, where d is the sphere diameter. Since nanoparticles in real 

samples have a certain size distribution, this originally sharp signal broadens and becomes 

less deep (yellow curve). If several spheres are considered, which are not completely randomly 

distributed, but whose positions show a certain regularity, an additional peak in the scattering 

curves is obtained (green curve). This occurs at q = 4π
dcc

, where dcc is the distance between two 

adjacent spheres (center-to-center). The more orderly the spheres are packed and thus the 

higher the density, the sharper and more intense this peak becomes. In agglomerates of 

nanoparticles, this structure is usually not arbitrarily large, but a superstructure is formed from 

these locally packed particles leading to an increase in scattering intensity in the low q range 

(blue curve). To quantify the structural properties of the nanoparticles the data was modeled 

using the function: 

 𝐼𝐼(𝑞𝑞) = 𝐼𝐼𝑃𝑃(𝑞𝑞) + 𝑆𝑆𝐻𝐻𝐻𝐻(𝑞𝑞)𝑃𝑃𝑝𝑝𝐻𝐻(𝑞𝑞) + 𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏 (11)  

Where PpS(q) is the form factor of polydisperse spheres following a Gaussian size distribution, 

and correlates with the radius R of the nanoparticles.[656] PpS(q) is multiplied by a disordered 

hard sphere structure factor, SHS(q), accounting for the nanoparticle arrangement.[657] It yields 

the hard sphere radius, i.e., half of the center-to-center distance of the nanoparticles, and the 

volume fraction that the hard spheres occupy within the agglomerates. Furthermore, a 

generalized Porod law, IP(q) accounts for large-scale structures. Ibkg is a constant background. 

Figure 45 shows the SAXS curves and determined fits, obtained at different particle contents 

for the 3Pol based systems.  
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Figure 45: SAXS curves of 3Pol and the composites C3_1-C3_20. 

Black lines are fits to the data using Equation (11). 

The scattering curve of 3Pol represents the base line. As the polymer showed a strong 

background signal, it was not possible to accurately determine the particle size from the SAXS 

data. Therefore, an average particle diameter of 5.9 nm, derived from TEM was assumed for 

the fits. The peak at about 0.08 Å-1 has a lower intensity and is shifted to larger q values for 

the 2 wt% and 5 wt% particle content samples than for the 1 wt% and 20 wt% particle content 

samples. Consequently, the fitting model yields a lower local density of about 26 % and a 

smaller core-to-core distance of 7.0 nm. For the samples with 1 wt% and 20 wt% particle 

content, a local density of 33 % and a core-to-core distance of 7.5 nm were determined. The 

deviation of the core-to-core distances is within the standard deviation of the mean particle 

diameters of different particle batches. The local density does not refer to the absolute number 

of particles, but to how densely they are packed locally. Comparing a well-dispersed to an 

agglomerated particle system with the same total density/particle number, the model would 

yield different local densities. A lower local density for the well-dispersed system (0 for an 

ideally distributed system) and a higher one for the agglomerated system is obtained. A high 

local packing density thus means that the particles can pack especially densely. In the extreme 

case, for example, an FCC structure with a packing density of 74 % is formed. Conversely, if 

the fraction of particles is small, yet a high local density is determined, as seen for the 2 wt% 

and 5 wt% particle content samples, there must be large areas in the polymer where no 

particles are located, especially when larger agglomerates are formed. This is in good 

agreement with the results of the BSE SEM measurements. Furthermore, the decrease in the 

Porod exponents from 1 wt% to 20 wt% indicates that the superstructure is becoming more 

open and less compact, which can also be supported by the SEM measurements. 
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Since particle agglomerates were observed in all cases when mixing polymer and particles in 

solution, cryogenic milling was used as a second method for composite preparation. Cryogenic 

milling is particularly suitable for the treatment of elastic materials such as the polymers used 

here, which have a Tg well below room temperature. Cryogenic milling takes advantage of the 

fact that these materials become brittle at low temperatures, thus enabling milling. The milling 

jars were cooled with liquid nitrogen. Overall, based on the SEM and SAXS data, there was 

no significant difference in agglomeration resulting from the two manufacturing processes. 

Only the Porod exponent determined from the SAXS data, and the local density of the particles 

differed slightly, indicating a more open superstructure is present in the cryo ground 

composites. Since agglomerates were also observed in all cases for these systems, the 

solution-based preparation approach was retained in the following to exclude decomposition 

of the polymer during the milling process. In the next step, the self-healing of the samples was 

investigated. 

3.5.3. Self-Healing Studies on the Ionic Nanocomposites based on the ATRP Polymers 

The self-healing studies were performed on specimens measuring 1 cm x 1 cm x 0.2 cm. Two 

types of self-healing experiments were performed, differing in the type of heat input used to 

provide the energy required for the healing process. First, regular heating in an oven was 

performed. For the self-healing experiments, the composite specimens were cut to half their 

thickness. The cut ends were carefully pressed together and heated at 80 °C for 24 hours. The 

specimens were then placed back into the Teflon molds and heated for another 24 hours. 

Microscope images were taken after each step. The results are shown exemplarily for the 

C3_20 system in Figure 46. 

 
Figure 46: Microscope images of a) C3_20, b) cut through half thickness, c) gently pressed together at room 

temperature then heated to 80 °C for 24 hours and d) another 24 hours at 80 °C in a Teflon mold. 
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Within the first 24 hours an almost complete recombination of the surfaces was observed. After 

another 24 hours the crack completely disappeared for all samples. Overall, the healing times 

are rather long, which is most likely due to the strong fixation of the particles and polymer by 

the ionic interactions. This results in an increased rigidity and reduced chain mobility, which 

restrains healing. As a result, the healing is generally faster for samples with lower SMBS and 

particle content, due to the higher chain mobility in low Tg systems. Closely associated with 

this seems to be the restricted cleavage and reconnection of the ionic bond. This is a known 

phenomenon in ionic self-healing polymers. To overcome this problem, for ionic polymers, 

healing is often performed in salt solutions. Thus, the charges are partially screened, and the 

binding dynamics are improved.[505,506] However, since the systems investigated are 

partially water soluble, this is not an option here.  

Instead, healing studies were performed in an alternating magnetic field. For induction heating, 

it has been suggested that much higher temperatures can be reached in the nano environment 

of the particles, far exceeding the macroscopic temperatures.[658] This might improve the 

binding dynamics at the particle surface. For further investigations, the 10Pol based systems 

were excluded as they tended to melt and interflow upon heating, which did not allow the 

investigation of the actual healing process based on ionic interactions. 

In preparation for the self-healing experiments in alternating electromagnetic fields, heating 

studies were performed. Figure 47 shows exemplarily the determined temperature at varying 

generator powers over time for the composites C3_1 – C3_20. In general, a slightly lower heat 

generation was observed for the composite systems than for the particle dispersions. The 

course of the macroscopic temperature curve is determined to a large extent by the heat 

capacity of the matrix as well as by the interactions at the phase interface, which significantly 

control heat dissipation.[659–662] As expected, the heating efficiency increases with 

increasing particle content. The slight decrease in temperature in the first segment can be 

attributed to the water cooling of the induction coil. Starting from that point with every increase 

of the applied power a sharp increase in temperature is observed. Within five minutes an 

equilibrium is reached, and the temperature stabilizes. For C3_1, with the lowest particle 

content of 1 wt%, a maximum of 58 °C can be reached. At 2 wt% the maximum temperature 

slightly increases to 63 °C. For C3_5 and C3_20 temperatures above 80 °C (temperature used 

in oven self-healing experiments) are possible. It should be noted again that the temperature 

increase of the immediate nano environment around the magnetic nanocrystals is significantly 

higher than the macroscopic temperature.[658]  
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Figure 47: Heating studies for composites C3_1-C3_20 in alternating magnetic fields in comparison with the pure 
polymer. Frequency: 1.95 MHz, field strength: 0.5 - 1.1 kA/m, percentage values refer to the applied part of the 

total generator power of 3000 W for the respective heating segment. 

The influence of the electromagnetic field on the 3Pol sample was also investigated as a control 

experiment. Even at full power, no significant heating of the sample was observed. At this point 

the heating mechanism for the composites is not fully clarified yet, as for the used small 

particles used, a lower heating efficiency due to Néel and Brown relaxation can be expected. 

At higher frequencies heating might also occur due to eddy currents. Eddy currents are swirling 

loops of electric current induced in a conductor by a change in magnetic field. Conversely, they 

also occur when a conductor remains in the same position in a changing field. As a result, the 

current flowing through the resistance of the conductor dissipates energy as heat in the 

material.[663] 

In the next step induction heating was used as a stimulus to initiate the healing process. The 

field strengths were adjusted to reach a macroscopic temperature of 58 °C, thus lying below 

the healing experiments in the regular oven. Analogously to the healing experiments in the 

regular oven, microscope images were recorded after pressing the edges together, after 

24 hours and after 48 hours healing time. The results are shown in Figure 48 for the C3_20 

system. 
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Figure 48: Microscope images of the a) untreated sample C3_20, b) the cut sample and the healed sample after 

c) 24 hours and d) 48 hours at 58 °C in the induction furnace. 

As shown in Figure 48 the cut healed completely. A control experiment was performed with 

the polymer sample 3Pol, where no crack healing was observed. Due to the absence of the 

particles, the alternating magnetic field does not induce heat in the sample, which is necessary 

for the healing process. In addition, the removal of the ionic interactions, that occur between 

the particles and the polymer in the composites, hampers the self-healing. A comparison of 

the conventional oven heating and heating in the alternating magnetic field shows, that the 

induction heating allows faster and more efficient healing at lower macroscopic temperatures. 

This indicates that the locally generated high temperatures improve the healing process. To 

quantify the healing efficiency uniaxial tensile tests were performed.  

First, the pristine composites were examined to determine the influence of polymer 

composition and particle content on the mechanical properties. Figure 49 shows the geometry 

of the specimens for the tensile tests. The measurements were carried out at a constant 

temperature of 20 °C and a displacement rate of 0.2 mm/s. Force-distance curves were 

recorded, which were converted to stress-strain curves taking into account the specimen 

geometry. Triplicate specimens were prepared for the measurements. Since good agreement 

was obtained between the triplicates, the average values of the measurements are given below 

for better clarity (Figure 49).  
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Figure 49: Sample geometry and evaluation of tensile tests. 

Three parameters were considered to characterize the materials. First, the E-modulus (E), 

which describes the materials resistance to elastic deformation and is determined from the 

slope in the linear elastic region of the stress-strain plot. Second, the ultimate tensile strength 

(σmax), which describes the maximum stress the material can withstand and finally 0.2 % proof 

stress (Rp0.2) which is the stress at which the permanent elongation after unloading is 0.2 % of 

the initial length. In the first step, the influence of the polymer composition on the mechanical 

properties of the composites was investigated. The polymer composition was varied at a 

constant particle content of 5 wt%. Figure 50 shows the stress-strain curves of the composites 

C8_5-C3_5, as well as the plot of E-modulus, σmax and Rp0.2 against the polymer composition. 
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Figure 50: a) Stress-strain curves of 3Pol (black), 5Pol (red) and 8Pol (blue) based nanocomposites (5 wt% 

particles), as well as the determined b) E-moduli, c) Rp0.2 and d) σmax values. 

The materials exhibit the typical behavior of a viscoelastic solid. Initially, an elastic region is 

observed with a steep linear increase in the stress-strain curves. The samples are highly elastic 

regardless of the polymer composition. At a certain point (σmax/yield point) the material 

undergoes significant elongation with a reduction in the stress due to the reduction in cross-

sectional area. Despite the severe necking, no samples teared during the measurements 

within the maximum elongation possible on the tensile test rig. E-modulus, Rp0.2 and σmax. 

increase linearly with increasing ionic content in the polymer (Figure 50). For the E-modulus, 

an increase of about a factor of 4 is observed from 6 N/mm2 to 23 N/mm2, which are 

surprisingly low values. The Rp0.2 is also in a similar range. Both the Rp0.2 and the σmax show a 

slightly better reproducibility within the triplicates. 

Analogously, the influence of the particle content on the composite properties was 

investigated. For this samples with varying particle contents and a constant polymer 

composition of 1:3 (SMBS:DEGMA) were prepared. Particle contents from 0 to 20 wt% were 

investigated. The results are shown in Figure 51. 
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Figure 51: a) Stress-strain curves of the 3Pol based composites with particle contents of 0 wt% (black), 

1 wt% (red), 2 wt% (blue), 5 wt% (green) and 20 wt% (purple), as well as the determined  
b) E-moduli, c) Rp0.2 and d) σmax values. 

In general, an increase in E-modulus and tensile strength is observed with increasing particle 

content. However, an exception arises in the case of the pure polymer system, where the 

tensile strength is slightly higher than the composite system with 1 wt% particles. In addition, 

the initial polymer, and the system with 20 wt% particles show different failure behavior. It is 

plausible that the particles at high concentrations facilitate the polymer chains to slide past 

each other more easily, similar to a solid lubricant, and thus change the damage behavior. This 

could be due to better distribution of the agglomerates in the polymer matrix observed for the 

20 wt% particle system. Figure 51 also shows the plot of the E-modulus and tensile strength 

as a function of particle content. In contrast to the effect of polymer composition, the 

relationship here is not linear. Instead, the mechanical properties seem to reach a plateau at 

higher particle contents. 

Subsequently, a second batch of specimens was prepared in the same manner. However, 

these were incised and then healed in an oven at 80 °C for 48 hours prior to measurement. As 

before, no further damage could be detected under the microscope after healing. Additionally, 
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two samples were prepared from the same 3Pol batch, one with 12 wt% and one with 30 wt% 

particle content, in order to check whether the mechanical properties actually plateau at higher 

particle levels. Only the sample at 12 wt% could be examined in tensile testing, since the 

sample obtained with 30 wt% particle content was extremely brittle and it was not possible to 

produce a crack free test specimen. Surprisingly, all 3Pol based specimens from the second 

batch, regardless of whether they were healed specimens or the newly prepared 12 wt% 

specimen, fractured even at low strains (< 30 %). Figure 52 a) shows the influence of the 

polymer composition on the E-moduli of the healed specimens (red) compared to the results 

from the first batch (black). Again, a linear increase of the E-modulus with the ionic content in 

the polymer is observed, although the healed samples have a much higher tensile strength 

overall. With E-moduli between 24 N/mm2 and 413 N/mm2, the values are in the initially 

expected range. The deviation between the healed and initial samples increases with 

increasing ionic content in the polymer. This can also be seen in all other specimens used to 

investigate the influence of the particle content (Figure 52 b). Again, the mechanical properties 

of the healed specimens are significantly higher. In contrast to the ionic content, the percentage 

deviation for low particle contents is higher than that for high particle contents. Significantly 

larger deviations between triplicates were also observed. Additionally, the E-modulus of the 

newly prepared 12 wt% unhealed sample is shown as a blue triangle. The E-modulus of this 

sample fits more closely to the healed samples (factor 0.5) than to the first batch (factor 10), 

although it does not align with any of the data. 

 
Figure 52: Plot of the mean E-moduli of the healed (red) and initial composites (black) as a function of a) polymer 

composition and b) particle content. 

In summary, within a batch the expected trends can be observed, but the significant increase 

in hardness and brittleness of the samples during the curing process is surprising. The cause 

of the large deviations between the composite samples from different batches and the healed 

samples was subsequently investigated in more detail. The SMBS:DEGMA ratio and Tgs are 

consistent between different batches as determined by NMR spectroscopy and DSC, thus 
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eliminating polymer composition as a cause of the deviations. In addition, the particles for the 

entire series of experiments came from a single batch, eliminating the possibility of differences 

in the particle properties. Previous studies have shown that both poly(DEGMA) and 

polyelectrolytes tend to adsorb water from ambient air [664,665] and have even been used as 

moisture sensors because of the reversibility and rapidity of water uptake.[666] Due to this 

known affinity, it seems evident that the deviations in the properties are due to the water 

content of the samples. The influence of the water content on a variety of properties such as 

mechanical strength, stiffness and ion conductivity has been described in the 

literature.[665,667–669] The water content mostly depends on the storage conditions such as 

storage duration, temperature or ambient humidity. The self-healing experiments can be 

considered as an extreme case of these deviating storage conditions. During healing, the 

samples are exposed to an elevated temperature of 80 °C for a prolonged period of time. This 

might reduce the water content of the samples and lead to the observed increase in hardness 

and brittleness compared to the initial samples. Therefore, the influence of different storage 

conditions on water content and the material properties was subsequently investigated. 

3.5.4. Investigation of the Influence of Storage Conditions on the Properties of the 
ATRP Polymers and Composites  

Since the water content of the samples was identified as a key factor in the performance of the 

systems, the first step was to develop a method for determining the water content of the 

samples. A coupling of TGA and mass spectrometry was used for this purpose. MS 

measurements were performed in multiple ion detection mode. The ion currents belonging to 

H2O+ (m/z = 18), CO+ (m/z = 28) and CO2
+ (m/z = 44) were detected as a function of time. The 

sample was heated to 400 °C under nitrogen atmosphere. Figure 53 shows the TGA-MS 

measurement of a 3Pol sample stored under humid conditions. 

 
Figure 53: TGA-MS measurement of 3Pol stored under high humidity. The sample mass (TGA curve) is depicted 

as a black line. The colored lines are the ion currents for m/z = 18, 28 and 44. 
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The TGA curve shows a strong mass loss of almost 30 % in the range from 50 °C to 200 °C 

and a second one starting at 250 °C. In the region of the first drop an increase of the ion current 

corresponding to H2O+ is observed. Afterwards the signal falls back to almost zero. On the 

other hand, in the region of the second mass loss, the increase of the ion current of m/z = 18 

is accompanied by an increase of the ion currents of both m/z = 28 and 44, which correspond 

to CO+ and CO2
+, respectively. This indicates that the polymer is decomposed in this region. 

The absence of these signals at low temperatures indicates that only the adsorbed water 

evaporates from the sample in the temperature range up to 200 °C. As a result, the water 

content of the sample can be easily assessed by determining the initial mass loss in TGA, 

allowing a precise study of the effect of water content on polymer properties. 

To investigate the effect of storage on material properties, two extreme storage situations were 

considered: First, storage at elevated temperature and second, storage at high humidity. Both 

the polymers and the composites were studied. All samples were dried in a high vacuum for 

two days prior to the following series of measurements. 

First, typical measurement variations were investigated using the vacuum-dried polymer 

sample 3Pol. Figure 54 shows the TGA curves obtained, and the water content determined 

from the individual measurements. 

 
Figure 54: a) TGA curves of the vacuum-dried 3Pol triplicates and b) their determined water content. The samples 

were heated from room temperature to 250 °C under nitrogen atmosphere with a rate of 10 K/min. 

Even after vacuum drying, the samples still contain an average of 1.46 wt% water. A standard 

deviation of 0.12 wt% was obtained from the tests.  

To study the influence of healing experiments the polymer samples were stored at 80 °C, which 

corresponds to the temperature of the healing experiments. Storage times of 5, 10, 15, 30, 60, 

120, 180, and 4320 minutes were used. Subsequently, the polymer systems were analyzed by 

TGA. Figure 55 a) shows the water content of the polymer samples determined by TGA. 
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Figure 55: Determined water content of a) the polymer samples and b) their composites with a particle content of 

5 wt% after different storage times at 80 °C. 

All samples still contain residual amounts of water after storage under vacuum. The higher the 

ionic content in the polymer, the higher the water content. For the polymer compositions 1:3, 

1:5 and 1:8 (SMBS:DEGMA), the initial water content was determined to be 1.55 wt%, 

0.93 wt% and 0.58 wt%, respectively. During storage at 80 °C, the 5Pol and 8Pol systems show 

almost no changes in water content within the previously determined standard deviation, while 

for the 1:3 ratio a significant decrease is observed with long storage times. The respective 

composite systems were also tested with 5 wt.% particles each. The results are presented in 

Figure 55 b). For the composite samples with 5 wt% particle content, a behavior similar to that 

of the polymer systems is observed. The higher the ionic content in the polymer, the higher the 

initial water content. While only a slight decrease in the water content is observed for the 8Pol 

and 5Pol based composites even after a longer drying time, the differences are significantly 

higher in the 3Pol based system. This observation is consistent with the fact that the mechanical 

measurements for these composites also show the largest differences between the batches. 

In a next step, the influence of the particle content was investigated further. For this purpose, 
3Pol-based composite samples with particle contents between 0 wt% and 12 wt% were 

prepared and their water content was investigated under the same drying conditions. The 

water content of the samples determined from the TGA data is shown in Figure 56. Within the 

standard deviation of the determination method, the particle content has no influence on the 

residual amount of water in the system. Only the systems with 2 wt% particles show a slightly 

lower water content. The reason for this is still unknown. 
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Figure 56: Determined water content of the 3Pol based composite samples with different particle contents (0-

12 wt%) after different storage times at 80 °C. 

In the following, the influence of storage under high humidity was investigated. To ensure 

constant conditions the storage under increased humidity was carried out in a desiccator over 

water. To further increase the humidity, the desiccator was evacuated to 600 mbar at the 

beginning. Storage times of 5, 10, 15, 30, 60, 120, 180 and 1140 minutes were investigated. 

Figure 57 shows the water contents determined for the polymer systems as well as their 

composites with 5 wt% particle content. 

 
Figure 57: Determined water content of a) the polymer samples and b) their composites with a particle content of 

5 wt% after different storage times at elevated humidity. 

All samples show a significant increase in water content with increasing storage time. The 

samples with a high ionic content in the polymer show the highest affinity for water uptake. At 

a storage time of 19 hours, water contents of up to 21.8 wt% are found for the 3Pol system. 

For the 5Pol system, the water content after the same storage time was 9.1 wt% and for the 
8Pol system only 2.9 wt%. The water absorption correlates almost linearly with the mass 

fraction of the ionic species in the sample. Already at a water content of 2.9 wt% (8Pol system 
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at maximum storage time), viscous, sticky samples are obtained, which are unsuitable for 

further tensile tests or electron microscopic investigations. Again, the trends in the results of 

the composite systems with 5 wt% particle content agree well with those of the polymers. The 

higher the ionic content in the original polymer, the faster and more water is absorbed by the 

respective composite. However, the overall water contents are lower than those of the 

respective polymer systems. To investigate this effect, composites with varying particle 

contents were prepared for the 3Pol system (0-12 wt%), stored at elevated humidity and then 

analyzed by TGA. The results of the TGA measurements are shown in Figure 58. 

 
Figure 58: Determined water content of the 3Pol based composite specimens with different particle contents after 

different storage durations at elevated humidity. 

In general, the samples with the lowest particle content had the highest water content. Based 

on the TGA results of the cationic particles stored under high humidity, the influence of the 

cationic groups appears to be negligible. Table 8 shows the measured water content compared 

to that which would be expected based on the proportion of anionic groups in the composite. 

As the particle content increases, the experimentally determined water content falls 

increasingly below the expected value. This is explained by the increasing screening of the 

anionic groups in the polymer caused by the cationic groups on the particle surface. Since the 

"free" anionic groups appear to be responsible for the water affinity, this decreases with 

increasing particle content.  

Table 8: Water content of the 3Pol specimens after 19 hours of elevated humidity. 

Polymer Particle Content 
[%] 

Water Contentexp 
[%] 

Water Contentmeas 
[%] 

3Pol 0 21.76 21.76 
3Pol 5 20.67 19.28 
3Pol 12 19.15 12.82 

 



Results and Discussion 

- 124 - 
 

The investigations on the storage conditions clearly show that the systems prepared have a 

high affinity towards water and readily adsorb water from ambient air. When stored at elevated 

humidity, the initially firm samples lose their structural integrity after only a few hours and turn 

into a sticky viscous mass. Therefore, a drying procedure must be developed and storage 

conditions such as humidity and temperature must be strictly controlled to obtain reproducible 

results and to determine healing efficiencies. For this study, free radical polymerization was 

used to synthesize the polymers instead of ARGET ATRP, as the preparation is less complex 

and easily scalable. In addition, ATRP of acidic monomers presents several problems. Ligand 

displacement in the copper complex is frequently observed [670] and careful pH adjustment is 

often required to prevent it.[92,93] This pH adjustment also affects the degree of protonation 

of the finished polymer, which has a strong influence on the material properties and might 

partially be responsible for the poor reproducibility of the results.[501] Furthermore, the 

polymerization of ionic monomers requires the use of highly polar and often protic solvents, 

which can cause inefficient deactivation by dissociation of the bromine ligand from the 

deactivator complex.[81] The subsequent competitive coordination of the solvent with the 

Cu(II) complex results in little control this making the required extensive reaction preparation 

redundant. Finally, even when using the same catalyst and under the same conditions, each 

monomer has its own equilibrium constant for atom transfer, both for the active and the 

dormant species. As a result, the optimal polymerization conditions for different monomers are 

often very different and must be carefully adjusted. These parameters include the type and 

concentration of the transition metal, the ligand, the initiator, the reaction temperature and the 

composition of the solvent.[670] Even when the reaction conditions were adjusted in previous 

studies to make the monomer consumption of the comonomers comparable, the FRP should 

provide a better chance for a statistical distribution of the ionic groups in the polymer. 

3.5.5. Synthesis and Characterization of Anionic Polymers by FRP 

Analogous to the previous experiments, the SMBS-DEGMA monomer pair was used. Despite 

the hoped-for synthetic simplicity, even after transfer to FRP, optimization of the reaction 

conditions was necessary to obtain polymers that could be at least partially solubilized to allow 

characterization and synthesis of the nanocomposites. AIBN and DBPO were studied as 

possible initiators. The reaction temperature and the initiator to monomer ratio were optimized. 

The obtained polymers were characterized by 1H NMR spectroscopy. 

In a first set of experiments, polymerization was carried out under standard conditions for free 

radical polymerization. 1 mol% AIBN was used as the initiator. A reaction temperature of 70 °C 

was chosen. All polymerizations were carried out in a water-methanol solvent mixture and an 

overall monomer concentration of 0.63 mol/L. To determine the optimum reaction time, a 

kinetic study was performed using pyridine as a tracer to monitor the conversion. Monomer 
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ratios of 1:3, 1:5, 1:8 and 1:10 (SMBS:DEGMA) were investigated. Samples were taken after 

0.5 h, 1 h, 2 h, 3 h, 4 h and 5 h reaction time. Figure 59 shows the proton NMR spectra after 

different reaction times as an example for the 1:3 system. 

 
Figure 59: 1H NMR of the reaction mixture of SMBS and DEGMA (1:3) after different reaction times; initiator: 

AIBN (1 mol%); Temperature: 70 °C. 

The 1H NMR spectrum shows the decrease in the signal of the protons at the double bond 

(5.5-6.2 ppm) of the methacrylate units, indicating the conversion of the monomers. At 0.8 ppm 

the signals of the polymer backbone increase. The signals were normalized to the signals of 

the pyridine tracer (> 7 ppm) to determine the conversion. The result is shown in Figure 60. 

 
Figure 60: Conversion of SMBS and DEGMA (1:3); Initiator: AIBN (1 mol%); Temperature: 70 °C. 
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The resulting conversion diagram shows the typical progression for a FRP.[671,672] At low 

conversion, initiator radicals and oligomeric radicals are increasingly formed. The reaction rate 

increases rapidly and changes into a continuous reaction course. The gross reaction rate then 

decreases continuously as the concentration of the monomers decreases. A conversion of 

80 % is reached within two hours and 100 % within five hours. With exception of the 1:3 ratio 

(SMBS:DEGMA), all systems precipitate during polymerization and are insoluble in all common 

solvents. Since solubility is required for the composite synthesis, the initiator concentration 

was increased to obtain shorter polymer chain lengths. The following experiments were carried 

out exemplarily with the 1:8 monomer ratio, as it showed the worst solubility in the previous 

experiment. In the first step, the amount of initiator was increased from 1 mol% to 10 mol%. 

The conversion obtained is shown in Figure 61. 

 
Figure 61: Comparison of the conversion of SMBS and DEGMA (1:8) at an initiator concentration of 1 mol% (red 

circles) and 10 mol% (black squares); Initiator: AIBN; Temperature: 70 °C. 

The reaction rate increased with the amount of initiator used. After only two hours, almost 

100 % conversion was achieved. However, the polymers obtained were still insoluble. Due to 

the already extremely high initiator-to-monomer ratio, oligomers rather than polymers are to 

be expected and a further increase of the ratio does not seem reasonable, since chain transfer 

to polymers seems to occur early and long insoluble chains are formed despite the high initiator 

concentration. Therefore, DBPO was used as initiator because it has a lower activation rate 

than AIBN, although this does not always correlate with the overall reaction speeds.[671,673] 

The reaction was carried out at 85 °C, which is a typical reaction temperature for DBPO. Figure 

62 shows the comparison of monomer conversion using DBPO or AIBN as the initiator. 
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Figure 62: Comparison of the conversion of SMBS and DEGMA (1:8), using AIBN (1 mol%, T = 70 °C, red circles) 

and DBPO (1 mol%, 85 °C, black squares) as initiators. 

The polymerizations show comparable reaction rates for the two initiators used. The polymers 

obtained show swelling in contact with water but are still insoluble. In a next step, the reaction 

temperature was considered as an optimization parameter. To improve the control of the 

reaction, the reaction temperature was gradually lowered from 85 °C to 70 °C and then to 

60 °C. The amount of initiator was fixed at 1 mol%. Figure 63 shows the monomer conversion 

for the different reaction temperatures. 

 
Figure 63: Comparison of the conversion of SMBS and DEGMA (1:8); Initiator: DBPO (1 mol%); Temperature: 

60 °C (blue triangles) / 70 °C (red circles) / 85 °C (black squares). 

The monomer conversion rate decreases slightly from 85 °C to 70 °C. In contrast, no major 

differences are observed between the reaction temperatures of 70 °C and 60 °C. However, 

the polymer properties change significantly. The solubility of the polymers improves with 

decreasing reaction temperature. The samples synthesized at 60 °C are still not completely 

soluble but allow further processing to the composites and show sufficiently fast reaction. 

Therefore, the polymers used in the later steps were synthesized at this temperature. Under 
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the optimized reaction conditions, the polymerizations were carried out for the SMBS:DEGMA 

ratios of 1:3, 1:5, 1:8 and 1:10. The conversion is shown in Figure 64. 

 
Figure 64: Comparison of the conversion of SMBS and DEGMA for the monomer ratios 1:10 (black squares), 1:8 

(red circles), 1:5 (blue triangles) and 1:3 (green triangles); Initiator: DBPO (1 mol%); Temperature: 60°C. 

The conversion rate increases slightly with increasing SMBS content. Similar to the 1:8 ratio, 

the other polymers also exhibit sufficient solubility. A reaction time of five hours was chosen. 

The polymerizations were carried out without the pyridine tracer under the optimized 

conditions. Unreacted monomer was removed by dialysis against water and methanol. The 

polymers were characterized by NMR spectroscopy. The 1H NMR spectra of the synthesized 

polymers are shown in Figure 65. The spectra were normalized to the backbone signal at 

3.4 ppm. 
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Figure 65: 1H NMR spectra of the polymers obtained at a SMBS:DEGMA ratio of 1:10 (red), 1:8 (green), 1:5 (blue) 

and 1:3 (purple) via FRP. 

The NMR spectra show the expected signals. The molar fraction of SMBS in the polymer was 

calculated from the integral ratios of the signals of the CH2 groups adjacent to the methacrylate 

(4.20 ppm) and the sulfonate group (2.91 ppm). Unlike for the polymers previously prepared 

by ATRP, the composition determined by NMR is not consistent with the monomer ratio used 

(see Table 9). Since the polymers only partially dissolve, the overall composition of the polymer 

cannot be reliably determined from the NMR data. Therefore, additionally CHN analysis was 

carried out on the polymers. The mass fraction of SMBS was calculated from the determined 

mass fraction of sulfur. The remaining mass was assumed to be DEGMA to determine the 

molar fraction of SMBS in the polymer. Table 9 shows the expected ratio of DEGMA to SMBS 

based on the monomer ratio used and the ratios calculated from the NMR and CHN data. 

Table 9: Polymer compositions (FRP) determined by NMR and CHN analysis. 

Sample DEGMA/SMBStheo DEGMA/SMBSNMR DEGMA/SMBSCHN 
22.4PolF 10 9.5 22.4 
19.5PolF 8 5.4 19.5 
13.7PolF 5 7.3 13.7 
9.4PolF 3 6.6 9.4 
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The ratios calculated from the CHN data show that the proportion of ionic species is 

significantly lower than the monomer ratio used. This indicates that the reaction rate of the 

ionic species in the polymerization is slower and therefore less is incorporated into the polymer 

network than expected. The polymer compositions calculated based on the NMR data deviate 

significantly from both the values expected from the monomer ratio and the results of CHN 

analysis. For all samples the ionic content derived from the NMR data is higher than that 

derived from CHN. This is due to the better solubility of the polymer strands with increased 

amount of ionic groups in the NMR solvent used (D2O), causing them to be over-represented 

in the NMR. Since the CHN data better reflects the overall polymer composition, the polymers 

are referred to below as 22.4PolF, 19.5PolF, 13.7PolF and 9.4PolF, in reference to the 

DEGMA:SMBS ratios determined from elemental analysis.  

Further, the samples were analyzed by FTIR spectroscopy. Figure 66 shows the obtained FTIR 

spectra, which were normalized to the asymmetric C-O stretching vibration at 1107 cm-1 for 

better comparability. 

 
Figure 66: FTIR spectra of the 9.4PolF (black), 13.7PolF (red), 19.5PolF (blue) and 22.4PolF (green) samples. 

The FTIR spectra show the expected signals. The C-H stretching vibrations at 

2820 – 2927 cm-1 and the C=O stretching vibration at 1724 cm-1 can be seen as intense 

signals. Furthermore, all samples show a broad signal at 3417 cm-1, which can be assigned to 

O-H stretching vibrations. This is indicative of incorporated water that could not be completely 

removed during the drying process and suggests a similar water affinity of the polymers as 

observed for the ATRP samples. 

This water affinity and the influence of the water content on the polymer properties were 

investigated below. To study the influence of water content on mechanical properties, the water 

content of the prepared polymer samples was first determined. Analogous to the 

characterization of the ATRP polymers, TGA studies were performed for this purpose. The dry 
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polymer samples were stored above water in a desiccator at reduced pressure (600 mbar) for 

different periods of time. TGA measurements were performed after 2 h, 5 h, 8 h and 24 h. The 

curves obtained are shown in Figure 67. 

 

Figure 67: TGA curves of the a) 9.4PolF, b) 13.7PolF, c) 19.5PolF and d) 22.4PolF systems after varying storage times 
under humid conditions. The samples were heated from room temperature to 350 °C under nitrogen atmosphere, 

with a rate of 10 K/min. 

Irrespective of the polymer composition, all TGA curves show a strong decrease in mass 

between 100 °C and 150 °C with increasing storage time at high humidity. At this temperature 

the physically adsorbed water is removed. To quantify the water content, the mass loss was 

again determined in the range < 200 °C. The obtained water contents of the polymer samples 

are shown in Figure 68 as a function of the storage time. 
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Figure 68: Determined water content of the FRP polymer samples after varying storage periods under increased 

humidity. 

As expected, the water content of the samples increases with increasing storage time. After 

an initial rapid water uptake, the adsorption rate slows down and almost reaches saturation. 

However, the saturation concentration does not seem to correlate directly with the number of 

ionic groups, which is in contrast to the observed results for the ATRP polymers. After just two 

hours, the samples are noticeably softer and swollen. A more detailed interpretation of this 

observation will be given in the context of the structure elucidation of the polymers in the 

context of the SAXS measurements. 

Subsequently, rheological studies were carried out and the dynamic modulus as well as the 

shear modulus of the samples was determined in oscillation experiments to determine the 

effect of the adsorbed water on the mechanical properties. During the tests the samples were 

heated to 52.5 °C and then cooled back down to room temperature. To assess the 

reproducibility of the measurements, the commercial polysiloxane DOW Corning OE6630 was 

tested first, which is comparable in terms of softness and allows the production of more uniform 

samples. Storage-, loss- and the shear modulus were determined at 50 °C for four separately 

prepared samples. While a small deviation between the separately produced samples was 

observed for the loss modulus (SD < 2 %) and the shear modulus (SD = 5 %), a significantly 

higher deviation of almost 20 % was observed for the storage modulus. Therefore, for the 

interpretation of the following results, it must be considered that smaller deviations are not only 

related to the reproducibility of the samples but can also come from the measurement 

deviations. 

The shear modulus of the polymer systems was determined as a function of the storage time 

at high humidity and thus the water content. As in the case of the model polymer, oscillation 

experiments were also performed here, in which the samples were first heated to 50 °C and 

then cooled back to room temperature. The obtained temperature dependent shear moduli are 
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shown exemplarily for the 9.4PolF system in Figure 69 a). Surprisingly after cooling back to 

room temperature, the initial shear modulus is no longer reached. This effect is less 

pronounced at higher water contents. Whether this is an actual decrease in the dynamic 

modulus as a result of deformation, or whether the recovery is simply not fully observed on the 

time scale of the measurement is not yet clear, although the latter seems likely. Figure 69 b) 

shows the shear modulus at 50 °C as a function of the adsorbed water. 

 
Figure 69: a) Shear modulus of the 9.4PolF system at different temperatures as a function of the storage time at 
humid conditions and b) summary of the Influence of the water content of the polymers on the shear modulus. 

An almost linear decrease in shear modulus with increasing water content is observed for all 

samples. The steepness of the decrease in hardness increases with the amount of SMBS in 

the polymer. While a 42 % decrease in shear modulus is observed for the 9.4PolF system at 

5.9 % water uptake, the modulus decreases only by 9.5 % for the 22.4PolF system at a 

comparable water uptake (5.5 %). Overall, a maximum decrease between 61.9 % and 90.6 % 

was observed for the different polymer samples at a storage time of 24 hours. Next the dynamic 

modulus was examined. The storage and loss moduli as a function of storage time at elevated 

humidity are shown in Figure 70.  
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Figure 70: Storage and loss moduli for a) 9.4PolF, b) 13.7PolF, c) 19.5PolF and d) 22.4PolF as a function of the water 

uptake upon storage at high humidity. 

In general, the storage modulus is larger than the loss modulus, regardless of the polymer 

composition and water content. The stored deformation energy is therefore higher than the 

deformation energy dissipated by internal friction, indicating physicochemical interactions 

between the polymer strands. The results are typical of viscoelastic solids. For both storage 

and loss modulus a steep decrease with increasing water content is observed. The storage 

modulus decreases due to the reduced stiffness. In addition, the reduced friction between the 

polymer chains due to the water leads to a decrease in the dissipated heat and thus the loss 

modulus. The results show that as the ionic content in the polymer increases, not only does 

the water absorption increase, but also the dynamic modulus decreases at a faster rate. For 

the 9.4PolF system, a 56 % decrease in the storage modulus and a 65 % decrease in loss 

modulus was observed for a water uptake of about 5.9 %, while for the 22.4PolF system for a 

comparable water uptake (5.5 %), a decrease of 7 % and 20 % for storage and loss modulus, 

respectively, was observed. To classify the change in material properties, the dissipation factor 

tan(δ), calculated from the ratio of loss and storage modulus, was considered. The plot of 

tan(δ) versus the water uptake is shown in Figure 71. In general, the polymers with a higher 

ionic content exhibit a higher initial tan(δ). All samples show a significant decrease of tan(δ) 

with increasing water content of the samples, which is equivalent to a shift towards an ideal 
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elastic body. The adsorbed water acts as a plasticizer, as it increases the chain mobility by 

reducing internal interactions, such as hydrogen bonding or electrostatic interactions between 

polymer chains, while increasing molecular space.[674] 

 
Figure 71: Plot of tan(δ) against the amount of water comprised in the FRP polymer samples. 

The combination of the TGA data and rheological measurements shows that even small 

differences in the water content drastically change the mechanical properties and flow behavior 

of the polymers. The largest change in dynamic modulus is always observed in the first few 

hours of storage at high humidity. Subsequently, the dynamic modulus decreases only slightly, 

which is due to the then decreasing water uptake, rather than a reduced influence of the 

absorbed water, as an almost linear relationship between water content and dynamic modulus 

can still be observed thereafter. These results again emphasize the need for an optimized 

drying process. 

For this purpose, an analogous series of measurements was carried out to investigate the 

influence of the storage time at 80 °C on the water content of the polymer samples. When 

stored for 8 hours or longer, the polymers changed from colorless to pale yellow, indicating 

partial degradation. After drying, the samples were analyzed by TGA. Overall, the 

measurements show only minor differences in water content of less than 2 % in the low 

temperature range (< 200 °C). To avoid decomposition and since only small amounts of water 

are removed after longer drying times the samples for the following studies were dried for two 

hours at 80 °C. Thereafter they were stored in a desiccator at reduced pressure (15 mbar) over 

phosphorus pentoxide for at least one week prior to use.  

Figure 72 shows the shear moduli determined at 50 °C as a function of the polymer 

composition after the optimized drying process. The shear modulus increases linearly with the 

proportion of ionic groups in the polymer, which is expected since the ionic homopolymer 

exhibits a much higher rigidity as the DEGMA-based homopolymer. 



Results and Discussion 

- 136 - 
 

 
Figure 72: Shear modulus as a function of the polymer composition. 

In addition, the dry polymers were examined by TGA. The T95 values were determined to 

evaluate the thermal stability. Figure 73 shows both the TGA curves as well as the T95 values 

as a function of the polymer composition. The TGA curves indicate no water loss in the range 

below 100 °C, which confirms the successful drying. Regardless of the polymer composition, 

degradation starts above 250 °C. As expected from the polymer composition, the 

decomposition is primarily defined by the degradation of the DEGMA, while the degradation of 

the SMBS can only be seen as a shoulder at about 375 °C. Surprisingly, the T95 values 

decrease with increasing ionic content. The copolymers show almost complete decomposition 

(char yield < 6.5 %) even under nitrogen atmosphere. After switching to synthetic air, the 

residual mass decreases to less than 3 %. 

 
Figure 73: a) TGA curves of the 9.4PolF (black), 13.7PolF (red), 19.5PolF (blue) and 22.4PolF (green) polymers and b) 

T95 values in dependence of the polymer composition. The samples were heated from room temperature to 
880 °C under nitrogen atmosphere, followed by heating to 1000 °C under a mixture of nitrogen and oxygen (4:1) 

with a rate of 10 K/min. 
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Furthermore, DSC measurements were also carried out. Figure 74 shows the DSC curves and 

the Tgs determined for the FRP prepared polymers compared to the ATRP systems. The Tgs 

don't vary much when the polymer composition is changed. This is consistent with the 

observation from the previous study of the ATRP polymers, that a certain threshold value of 

SMBS must be exceeded in order to cause significant changes in the Tg. Nevertheless, a slight 

increase in the Tg with the amount of SMBS in the polymer is also observed here. Overall, the 

Tgs are about 10 °C lower than for the ATRP systems described earlier. No second glass 

transition was observed in the region of the Tg of poly(SMBS) (125 °C). Due to the low 

concentration of SMBS in the polymer and the already low intensity of glass transitions in the 

DSC, it cannot be excluded that block-like structures or even separate ionic and non-ionic 

polymer strands are present, due to the different reaction rates of the monomers in FRP. 

 
Figure 74: a) DSC curves of the 9.4PolF (black), 13.7PolF (red), 19.5PolF (blue) and 22.4PolF (green) polymers.  

b) comparison of the Tgs of the FRP polymers (red) with the polymers  
obtained by ARGET ATRP(black). 

The polymers were analyzed by SAXS to determine the scattering background of the polymer 

for investigation of the particle distribution in the later synthesized composite samples. The 

results for the 9.4PolF system are shown in Figure 75 a). 

  



Results and Discussion 

- 138 - 
 

 
Figure 75: a) SAXS measurement of the 9.4PolF system. b) Temperature dependent SAXS measurement of the 

9.4PolF system from 25 °C to 300 °C in steps of 10 °C. The inset shows the scattering curve in the q-range 
relevant for the Bragg peak at ~0.31 Å-1. 

The scattering curve obtained for the sample without nanoparticles shows weak forward 

scattering. In deviation from the ATRP samples, two additional peaks are observed at 

q0 = 0.31 Å-1 and q1 = 0.61 Å-1. The small half-width and intensity of the signals indicate a semi-

crystalline polymer. In semi-crystalline polymers, microphase separation occurs when the 

interblock segregation is sufficiently high and results in the formation of nanoscale structures. 

Semi-crystalline polymers have two mechanisms of phase separation, microphase separation 

and crystallization. The interaction between these leads to a morphological richness and 

kinetic complexity, which makes a priori prediction of the structure difficult.[675,676] Four basic 

structural motifs are commonly observed: cylindrical, spherical, gyroid and lamellar structures. 

The distances between the SAXS signals of the crystalline blocks allow them to be 

distinguished (Figure 76).  

 
Figure 76: Types of semicrystalline polymers. Adapted from [676–678]. 

Based on the signal positions (q1 = 2·q0), a lamellar structure with a repeat distance of 2.1 nm 

(2π/q0) seems to be present in the polymers.[676] Due to the small increase in the Tg of the 

polymers with increasing the ionic groups and the absence of a glass transition in the range of 

poly(SMBS), it seems likely that ionic blocks are responsible for the signal. A similar effect has 
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been observed for poly(ethylene-co-methacrylic acid).[493,495] The ionic groups of this 

ionomer tend to aggregate. These so-called multiplets which in contrast to the results here are 

of spherical shape, consist of fewer than 10 ion pairs, which in turn overlap to form 

paracrystalline structures. Since no melting signal was observed in the DSC, the stability of 

the crystalline regions of the polymer was investigated further exemplarily for the 9.4PolF 

system. For this purpose, temperature dependent SAXS measurements were performed. The 

results are shown in Figure 75 b). The signal at 0.31 Å-1 is still observed even at temperatures 

where decomposition of the polymer begins, which is astonishing as these multiplets are 

usually much more unstable.[496] The high temperature stability of these crystalline regions 

explains the absence of a melting signal in DSC. It can also be observed that the signal shifts 

to higher q values with increasing temperature, most likely due to evaporation of the comprised 

water. 

The next step was to investigate the mechanical properties of the polymers. Uniaxial tensile 

tests were performed on the polymers to determine E-modulus, maximum stress, maximum 

strain and the 0.2 % yield point. First however, the reproducibility of the samples was 

examined. For this purpose, three samples of the 9.4PolF system were prepared and measured. 

The stress-strain diagrams obtained are shown in Figure 77 a). In comparison to the rheology 

study, tensile testing required larger specimens which are more prone to inhomogeneities. 

These inhomogeneities in the material vastly influence the results, as they potentially lead to 

crack formation. The triplicate differences in the tensile test are greater than those observed 

in the rheology studies. Therefore, the data should be regarded with caution. The differences 

between the FRP triplicates are larger than those observed for the ATRP systems, indicating 

a second structural influence in addition to the macroscopic inhomogeneities of the specimens, 

which further reduces the reproducibility of the tensile test results. The stress-strain diagrams 

are shown in Figure 77 b). The parameters E-modulus, σmax, εmax and Rp0.2 were determined 

from the stress-strain curves and are shown in Figure 77 c) and d). 
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Figure 77: Stress-strain curves of a) the 9.4PolF triplicates, b) the FRP polymers, as well as c) σmax and E-modulus 

and d) εmax and Rp0.2 of the polymers as a function of the polymer composition. 

While the E-modulus, σmax and Rp0.2 increase almost linearly with increasing the SMBS content 

from 0.96 N/mm2 to 6.89 N/mm2, 0.48 N/mm2 to 1.31 N/mm2 and 0.12 N/mm2 to 0.26 N/mm2 

respectively, no trend is observed for the maximum strain. The results are in good agreement 

with the obtained increase in shear modulus from the rheology tests. Since the polymers with 

lower ionic content are rather soft and thus their areas of application are quite limited, the 
9.4PolF system was used for further composite synthesis.  

It can be concluded that the polymers produced by FRP differ significantly in structure from 

ATRP systems and have a semi-crystalline character. It has also been shown that the polymer 

composition is not as easily tunable as in ATRP systems. As a result, thermal properties such 

as T95 and Tg can only be controlled within a narrower range. However, the mechanical 

properties are again tunable via the SMBS content. All polymers show a high affinity towards 

water, which significantly reduces the mechanical properties upon adsorption. Due to the most 

promising thermal and mechanical properties, 9.4PolF was chosen for the synthesis of the self-

healing nanocomposites. 
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3.5.6. Synthesis and Characterization of Ionic Nanocomposites based on the FRP 
Polymers 

To prepare the composite samples, the polymer was dissolved as well as possible in a mixture 

of water and THF. Then the respective amounts of the 0.200P@FeXOY particles were added. 

Three different particle loadings were considered: 2 wt%, 10 wt% and 20 wt%. These are 

hereafter referred to as NC2, NC10, and NC20. The samples were dried under vacuum at 

40 °C for two days and then at 80 °C for two hours. The samples were stored in a desiccator 

over phosphorus pentoxide for at least two weeks prior to use. For a second batch of samples, 

the 80 °C drying step was omitted to examine the influence of the increased temperature on 

the agglomeration process. The composite samples were first examined by FTIR 

spectroscopy. The spectra obtained are shown in Figure 78. 

 
Figure 78: FTIR spectra of 9.4PolF, NC2, NC10 and NC20. 

The FTIR spectra show the expected signals of the polymer. Mainly the signals of the 

asymmetric C=O and C-O stretching vibrations at 1723 cm-1 and 1105 cm-1, respectively, as 

well as the C-H stretching vibrations at 2819 – 2932 cm-1. In addition, the signal of the Fe-O-Fe 

vibration of the iron oxide particles appears at 558 cm-1.  

In the next step, the samples were examined by TGA to evaluate their thermal stability. Figure 

79 shows the TGA curves as well as the determined T95 values. 
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Figure 79: a) TGA curves and b) T95 values of the 9.4PolF, NC2, NC10 and NC20 composites. The samples were 

heated from room temperature to 900 °C under nitrogen atmosphere, followed by heating to 1000 °C under a 
mixture of nitrogen and oxygen (4:1) with a rate of 10 K/min. 

The TGA curves show the expected trends. The TGA curves of the composites are shaped by 

the decomposition of the poly(DEGMA) and the associated mass loss starting above 250 °C. 

Since no decomposition or sublimation of the particles is expected, the more particles included, 

the higher the char yields after the nitrogen segment. A residual mass of 17.6 % is observed 

for the NC20 system, while the polymer sample shows only a residual mass of 3.9 % at 900 °C. 

In the subsequent air segment, a further mass loss can be observed in the composites 

analogous to the polymers. However, this loss is less pronounced with increasing particle 

content. This can be explained by two aspects. First, a smaller decrease in mass is to be 

expected, as a smaller proportion of the sample is polymer, which is further decomposed in 

this step and accounts for the decrease in mass, and secondly the particles are oxidized to 

Fe2O3, which further counteracts the decrease in mass. As a result, NC20 even shows a slight 

increase in mass upon contact with oxygen. Regarding the thermal stability, again the T95 

values were considered. When 2 wt% particles are incorporated into the polymer matrix, the 

T95 values increase steeply from 212 °C to 225 °C. Thereafter, at a particle content of 10 wt%, 

the thermal stability appears to reach a plateau at about 240 °C, as further amounts of particles 

do not significantly increase the T95 values. Nonetheless, the results show that the thermal 

stability of the polymer can be significantly improved by incorporating the ionic nanoparticles. 

DSC studies were also carried out on the composites produced. The DSC curves and the Tgs 

determined from them as a function of the particle content are shown in Figure 80. 
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Figure 80: a) DSC curves of the 9.4PolF (black), NC2 (red), NC10 (green) and NC20 (purple) samples and b) 

comparison of the Tgs. 

DSC measurements revealed an increase in the Tgs from -33.7 °C to -28.0 °C upon integration 

of 2 wt% particles. This is due to the reduced chain mobility resulting from the relatively strong 

ionic interactions between the particles and the polymer matrix. A maximum Tg of -25.4 °C is 

reached at a particle content of 20 wt%. No further signals were observed in DSC. The glass 

transition temperatures are therefore all relatively low, indicating high chain mobility and thus 

good prospects for high efficiency in the healing experiments. 

Since strong agglomeration of the particles was already observed in the ATRP systems, this 

should also be checked for the FRP systems. Again, the distribution of the particles in the 

polymer was investigated with SAXS and BSE SEM. The samples dried at 40 °C and 80 °C 

were examined comparatively. In Figure 81 the SAXS curves of the composite samples are 

shown. 

 
Figure 81: SAXS measurements of the composite samples dried at a) 40 °C and b) 80 °C with particle wt% as 

indicated in the graph. Black lines are fits to the data according to eq. (12). 
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The scattering curves obtained for the samples which include nanoparticles show a broad peak 

at 0.05 – 0.1 Å-1, indicating that the nanoparticles have well-defined and short inter-distances. 

At small q-values, a strong increase in intensity is observed, which shows that the 

nanoparticles form agglomerates with sizes of at least 100 nm. Moreover, the sharp peak at 

~0.31 Å-1, resulting from the crystalline polymer parts, decreases in intensity with increasing 

nanoparticle content to a much larger extend than expected by reducing the polymer content 

in the sample. Therefore, it can be concluded that the initially crystalline areas become 

disordered due to the preferential coordination of the ionic groups of the polymers to the 

cationic functionalized particles. 

To quantify the structural properties of the nanoparticles in the polymer matrix as a function of 

the particle content and drying temperature, the data is modelled using the function: 

 𝐼𝐼(𝑞𝑞) = 𝐼𝐼𝑃𝑃(𝑞𝑞) + 𝑆𝑆𝐻𝐻𝐻𝐻(𝑞𝑞)𝑃𝑃𝑝𝑝𝐻𝐻(𝑞𝑞) + 𝐼𝐼𝐺𝐺(𝑞𝑞) + 𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏 (12) 

This is an extension of Equation (11), in which the term IG(q) was introduced. IG(q) is a 

Gaussian distribution, that accounts for the Bragg peak at ~0.31 Å-1, resulting from the 

paracrystalline structure of the polymers. In accordance with Equation (11), PpS(q) is the form 

factor of polydisperse spheres, which gives the radius R of the nanoparticles.[656] SHS(q) is 

the disordered hard sphere structure factor, accounting for the nanoparticle arrangement, 

which is used to determine the hard sphere radius RHS, and the volume fraction η.[657] The 

generalized Porod law IP(q) is again used to account for large-scale structures with the fractal 

dimension m. Ibkg is a constant background. 

m, resulting from the fits and shown in Figure 82 a) as a function of the particle content for both 

drying temperatures, adopts values of ~3 for all particle contents, which marks the transition 

from mass fractals (m < 3) to surface fractals (m > 3). Therefore, it can be concluded that 

agglomerates with a loose inner structure are present for all particle contents. RHS (Figure 82 

b) decreases from 4.3 nm at 2 wt% nanoparticle content to 3.4 nm with increasing particle 

content up to 20 wt%, while η (Figure 82 c) increases from ~25 % to ~33 % for the same 

particle contents. From these observations, it can be concluded that the agglomerates densify 

with increasing particle content for both drying temperatures. 
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Figure 82: a) Porod exponent, b) hard sphere radius, and c) hard sphere volume fraction of the composite 

samples dried at 40 °C (blue) and 80 °C (red). 

Figure 83 shows the BSE micrographs of the composite samples synthesized at 40 °C and 

80 °C respectively. The particles can be seen as lighter areas in the micrographs. Due to the 

often uneven sample surface, it is difficult to distinguish between particles and surface effects. 

Nevertheless, some information can be extracted. Consistent with the SAXS results, 

agglomerates are observed in all cases, regardless of the particle content and the drying 

temperature. Thus, especially in the composites with 2 wt%, larger areas of the polymer are 

observed where no particles are present. While smaller spherical agglomerates with a 

diameter of about 100 nm are observed at low particle concentrations, the size of the 

agglomerates continues to increase with increasing particle concentration to 10 wt% up to a 

diameter of approx. 1 µm. The samples prepared at 40 °C appear less compact. In contrast, 
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the particles appear to be sintered together after treatment at 80 °C. When the particle content 

is further increased to 20 wt%, the differences become even more pronounced. For the 

samples prepared at 40 °C, the size of the agglomerates decreases again, while for the 80 °C 

sample the agglomerate size increases even further. 

 
Figure 83: BSE SEM of the a) NC2, b) NC10, c) NC20 composites dried at 40 °C and d) NC2, e) NC10 and f) 

NC20 dried at 80 °C. 

Again, the water absorption and its influence on the mechanical properties of the composites 

was examined. Water absorption was determined by TGA studies. The dried composites were 

stored in a desiccator over water at 600 mbar for various periods of time. Figure 84 shows the 

summarized results of the water adsorption tests. Like the polymers, the composites also show 

a high affinity towards water. The water content increases to almost 50 % for a storage time of 

24 hours. The rate and amount of water absorption does not correlate with the number of 

particles in the system.  
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Figure 84: Determined water content of the composite samples after varying storage periods under increased 

humidity. 

The water absorption of the composite is higher than that of the polymer. This is surprising at 

first, since it was determined from the ATRP systems that the anionic groups are largely 

responsible for water absorption and the negative groups in the polymer would be neutralized 

by the positive charges on the particle surface. However, the fact that this is not the case is 

consistent with the observations made in the case of the FRP polymer systems, where the 

content of SMBS in the polymer could not be correlated with the amount of water adsorbed. 

Hence the cause of this effect also seems to originate from the structure of the polymers. 

Although, the temperature dependent SAXS measurements suggest that water is trapped in 

the crystalline areas, it is possible that this is less than what could coordinate to the ionic group 

in an open chain. When these crystalline areas become disordered by the addition of particles, 

some ionic groups are neutralized by the particles, but some ionic groups remain 

uncoordinated in the polymer and are now freely available for water adsorption. This 

counteracting effect results in an initial increase in the amount of water adsorbed when only a 

small number of particles are added. As more particles are added, the free ionic groups are 

gradually neutralized by the particles and the water uptake decreases again. 

Rheology measurements were performed to assess the influence of the water content on the 

shear modulus. Figure 85 a) shows the correlation of the shear modulus at 50 °C with the 

water content of the samples. For all systems the shear modulus decreases with increasing 

water absorption. The absorbed solvent acts as a plasticizer in the composites. 
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Figure 85: Shear modulus at 50 °C a) in dependency of the water content and b) the composite composition. 

As with the polymer, small differences in water content have a very strong influence on the 

shear modulus. The composite systems obtained from the synthesis show shear moduli 

between 2.5 and 5 MPa. When stored under high humidity, these moduli decrease to approx. 

0.5 MPa for all systems, again stressing the necessity for rigorous drying of the 

nanocomposites. Initially, no correlation of the shear modulus with the particle content was 

observed, though after undergoing the developed drying procedure not only significantly higher 

shear moduli were found but also a clear correlation between shear modulus and particle 

content was observed. With 5.6 MPa for the composites with 2 wt% and 7.5 MPa for the 

composites with 20 wt% particle content, the shear moduli are also significantly higher than 

that of the pristine polymer (3.7 MPa). In addition to the thermal properties, the mechanical 

properties of the composites can also be flexibly adjusted via the particle content. 

In the next step, it was tested whether the mobility of the particles in the polymer is increased 

by swelling and whether this changes the particle distribution within the matrix. SAXS 

measurements were used for this purpose. Composite samples that were stored for 2 hours 

under elevated humidity, resulting in a water content of approx. 10 wt%, were tested. The 

SAXS curves obtained are shown in Figure 86 a). The overall appearance of the scattering 

curves is similar to that of the dry systems, indicating that the nanoparticles are strongly 

agglomerated. As shown in Figure 86 b), the hard sphere radius decreases with increasing 

nanoparticle content, while the hard sphere volume fraction increases. Both parameters are in 

the same range as for the dry systems. Therefore, the agglomerates densify with increasing 

nanoparticle content, largely independent of the water content of the films. 
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Figure 86: a) SAXS measurements of the composite samples under humid conditions for 2 hours with particle 

wt% as indicated in the graph. Black lines are fits to the data according to eq. (12). b) Exponent of power law and 
volume fraction of the composite samples stored under high humidity. 

Tensile tests were also carried out on the dried composites. The results are summarized in 

Figure 87. The E-modulus initially increases from 3.0 N/mm2 to 7.4 N/mm2 upon increasing the 

particle content from 2 wt% to 10 wt%. This effect is commonly described in literature. Further 

it is described that there is also an increase in E-modulus as the particle size decreases.[679] 

As a result, the increasing agglomeration of the particles counteracts the increase in the E-

modulus, which explains its slight decrease in the later stage. Both the fracture stress and the 

fracture strain decrease almost linearly with increasing particle content from 2.5 to 1.2 N/mm2 

and 333 to 93 % respectively. The material becomes harder, but tears faster. This is in good 

agreement with the rheology studies. Jordan et al. describe in their review paper that the 

ultimate stress and strain increase with strong interactions between filler and matrix and 

decrease upon weak interactions.[679] This indicates a poor interaction between the polymers 

and particles used in this study, which is rather surprising. However, systems are also 

described where a strong interaction is expected but a reduction in yield stress and tensile 

strength is still observed.[680,681] No trends are observable for the Rp0.2.  

 
Figure 87: σmax, E-modulus, εmax and Rp0.2 of the composites NC2, NC10 and NC20 as a function of the particle 

content. 
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In summary, it has been shown that the crystalline regions of the FRP polymers become 

disordered by the introduction of the particles. Both an increase in thermal stability and an 

improvement in mechanical properties were observed. At the same time, however, the glass 

transition temperature increases due to the rigidification of the system as a result of the ionic 

interactions, potentially hampering self-healing. Therefore, the influence of the particle content 

on the self-healing of the composites was investigated.  

3.5.7. Self-Healing Studies on the Ionic Nanocomposites based on the FRP Polymers 

For the investigation of the self-healing behavior, the composites were cut to half their 

thickness and allowed to heal in an oven at 80 °C for 24 hours. Healing was observed 

phenomenologically using a microscope. To determine the efficiency of healing, the specimens 

were subjected to tensile testing after healing. The material constants were then compared 

before and after the healing process. The microscope images of the healing process for NC2 

are shown exemplarily in Figure 88. 

 
Figure 88: Microscope images of a) NC2, b) cut through half thickness, c) healed at 80 °C for 24 hours and d) 

another 24 hours at 80 °C in a Teflon mold. 

The microscope images show almost complete healing for all composite systems examined. 

Only with the NC20 composite a slight mark can still be observed after 48 hours. This is due 

to the higher rigidity associated with the increasing particle content, which hampers the healing 

process. In all cases, a slight discoloration remains at point of incision compared to the initial 

composite. Overall, rather long healing times were observed. This indicates a restricted 

cleavage and reconnection of the ionic bonds, which is a known challenge in the field of ionic 
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self-healing polymers.[505,506] Therefore, wetting, especially with salt water, is the preferred 

healing trigger for these systems. This healing effect is based on the screening of the polymer 

charges, which improves the dynamics of bond formation. However, this was not applicable 

for the system used here due to the high water affinity and the associated strong swelling and 

loss of mechanical properties of the samples. With this in mind, one approach for future work 

would be to modify the polymer system to be less water affine, for example by exchange of the 

anionic group or the matrix polymer. This approach has the potential to address two challenges 

simultaneously: the problem of changing mechanical properties upon contact with ambient 

humidity and the limited usability of wetting for self-healing.  

Tensile tests were then performed to quantify the healing efficiency. The stress-strain curves 

show a similar pattern for the initial and the healed samples. Figure 89 shows the σmax, E-

modulus, εmax and Rp0.2 values of the healed composites determined from the stress-strain 

curves in comparison with the initial composites. 

 
Figure 89: a) σmax, b) E-modulus, c) εmax and Rp0.2 of the healed composites and the composites as synthesized 

(NC2, NC10 and NC20). 
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For the maximum strain the material properties are fully recovered upon healing for all 

composite samples. This is not the case for the maximum stress, E-modulus and Rp0.2, 

primarily at low particle concentrations (2 wt%). While a recovery of 69 % and 60 % was 

observed for E-modulus and Rp0.2 respectively, σmax decreased even more, recovering only 

36 % of the initial value. At a particle content of 10 wt%, all properties were largely restored. 

For σmax 85 %, for Rp0.2 90 % and for εmax 100 % of the initial properties were retrieved. The E-

modulus was found to be even slightly higher for the healed sample. Surprisingly, this was also 

the case for all properties of the NC20 composite, where a slight incision was still visible after 

healing. While stress and strain at break for the healed specimens were very close to the initial 

values and thus in the range of the reproducibility errors of the specimens, values of up to 

180 % of the initial value were obtained for E-modulus and Rp0.2 for the healed specimens. 

Since the unhealed specimens were also subjected to the same temperature profile and 

storage conditions, differences in water content can be ruled out as the reason for the increase 

in both parameters. The cause of the observed increase has not yet been identified. However, 

it should be noted that healing efficiencies > 100 % have commonly been reported in the 

literature, though mostly, but not exclusively, in the context of capsule-based healing.[682–

684]  

Finally, the particle distribution in the polymer after tensile testing was studied to investigate 

the influence of mechanical stress on the size and shape of the agglomerates. BSE SEM 

measurements were performed for this purpose. The micrographs are shown in Figure 90. 

 
Figure 90: BSE SEM of the a) NC2, b) NC10 and c) NC20 samples after tensile testing (red = preferred orientation). 

It is noticeable that an alignment of the agglomerates takes place, especially in the NC10 and 

NC20 systems. Whether this occurs along the tensile axis could not be determined, but it 

seems likely. In addition, SAXS measurements were carried out on the composites after the 

tensile tests. No evidence of anisotropic scattering was observed in the 2D scattering images. 

Therefore, they were likewise azimuthally averaged. The results are shown in Figure 91. 
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Figure 91: a) SAXS measurements of the composite samples after tensile testing with particle vol% as indicated 

in the graph. Black lines are fits to the data according to eq.(12). b) Exponent of power law and volume fraction of 
the composite samples after tensile testing. 

The fitting parameters do not differ significantly from those of the dry samples, as is shown in 

Table 10. This indicates, that although the macroscopic orientation of the agglomerates has 

changed after tensile testing, they remain largely unchanged on length scales probed by 

SAXS. 

Table 10: Results of the SAXS measurements of the samples stored at high humidity and after tensile testing. 

Drying 
Temperature 40°C 80°C 

Parameter RHS m η [%] RHS m η [%] 

NC2 10.1 2.7 32.3 10.2 3.1 33.3 
NC10 9.0 3.1 26.4 9.4 3.2 24.6 
NC20 7.5 2.9 25.4 7.4 3.0 25.2 

  Samples with High Water content Samples After Tensile Testing 

Parameter RHS m η [%] RHS m η [%] 

NC2 10.0 3.0 26.9 10.1 3.1 26.9 
NC10 9.0 3.4 29.7 7.8 2.8 31.5 
NC20 7.4 2.9 34.3 8.0 3.0 32.6 

 

In the course of the studies, SMBS-DEGMA-based copolymers were prepared via ARGET 

ATRP and FRP. The SMBS:DEGMA ratios in the polymer composition were varied. The 

polymers were characterized by 1H NMR, CHN analysis, FTIR and DSC. This revealed that for 

the FRP polymers the incorporation of the ionic species into the polymer was lower than 

expected based on the initial monomer ratios. In contrasts the ATRP polymers reflected the 

initially used monomer ratios. As a result, the Tgs for the ATRP systems could be tuned over 

a wide range of 68 °C, while for the FRP systems, the Tgs could only be varied in a range of 

5 °C. SAXS measurements indicate different structures for the obtained polymers. In contrast 

to the ATRP polymers, the FRP polymers show signs of block-like structures, with the ionic 
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components forming paracrystalline domains that are very stable up to high temperatures. Like 

the ATRP systems, the FRP systems exhibit a high affinity towards moisture and absorb water 

from ambient air. Rheological investigations and tensile tests in combination with TGA 

revealed that even small amounts of contained water strongly deteriorate the mechanical 

properties, with the water acting as a plasticizer. As a result, a drying and storage procedure 

was developed to allow reliable studies. The mechanical properties and thermal stability of the 

polymers can be improved by incorporation of cationic functionalized iron oxide particles in the 

polymer matrix. Despite the expected attracting ionic interactions between the polymer matrix 

and the particles, the synthesized composites showed particle agglomeration in SAXS and 

BSE SEM, regardless of the polymer composition, preparation method and particle content. 

When the particles are incorporated into the FRP polymer matrix, the initially crystalline 

polymer regions become disordered. The composites showed the ability to heal scratches in 

a µm-scale in a conventional oven. Tensile tests for the FRP composites showed almost 

complete recovery of mechanical properties after healing within the measurement accuracy, 

especially at higher particle contents. The ATRP-based composites were further used to 

demonstrate, that the composites can be healed in an AMF, not only spatially resolved but 

also faster and under milder conditions.  

3.6. Synthesis of Nanocomposites via SI ATRP 

In this chapter, a second approach to self-healing nanocomposites is examined. Here, the self-

healing mechanism is completely transferred to the polymer network. The polymer is covalently 

bound to the particle surface. This approach can be done by grafting-from, grafting-to and 

grafting-through polymerization. Here the focus is on grafting-from method, as it usually allows 

higher grafting densities.[26,27] This approach also offers the advantage that the steric 

repulsion of the polymer strands growing from the particle surface should better suppress 

agglomeration of the particles. The procedure for this approach is shown in Scheme 23. SI 

ATRP was chosen as the polymerization technique in order to ensure good controllability of 

the polymerization and to avoid polymerization in solution, which inevitably occurs with free 

radical polymerization.  
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Scheme 23: SI ATRP approach to ionic self-healing nanocomposites. 

The preparatory studies for these nanocomposites are described in this section. First, an 

initiator was synthesized which both can covalently bind to the iron oxide particle surface via 

a phosphonic acid group and features an ATRP initiator group. Scheme 24 shows the initial 

synthetic approach. 

 

 
Scheme 24: Synthesis route for (2-(2-bromo-2-methylpropanamido)ethyl)phosphonic acid. 

The synthesis was carried out in four steps starting with the commercially available N-(2-

bromoethyl)phthalimide, which was converted into the corresponding phosphonic acid ester in 

a Michaelis-Arbusow reaction. This was followed by hydrazinolysis of the diethyl (2-

aminoethyl) phosphonate. Subsequently, the ATRP initiator functionality was introduced in the 

form of BIBB. The phosphonate ester was then hydrolyzed to give the initiator with an overall 

yield of 19 %. The product obtained was characterized by 1H, 13C, 31P and FTIR spectroscopy. 

Initial investigations confirmed the suitability of the system to initiate ATRP polymerization both 

in solution and from the particle surface. However, the particles showed strong agglomeration 

upon functionalization due to the short spacer length. Therefore, a second generation of 

initiators with longer spacers was prepared, which showed more promising results. To 

accustom for different monomer polarities two different initiator systems were synthesized one 
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utilizing a non-polar alkyl spacer and one using a more polar ethylene glycol-based spacer. 

The synthesis of these systems is described in more detail below. 

3.6.1. Synthesis of a Phosphonic Acid-Based ATRP Initiator with a Non-Polar Linker 

The synthesis followed known literature procedures with some modifications.[305,685] The 

synthesis route is shown in Scheme 25. 

 
Scheme 25: Synthesis route for 11-((2-bromo-2-methylpropanoyl)oxy)undecyl)phosphonic acid.[305,685] 

The synthesis was carried out in five steps. The starting material was the commercially 

available undec-10-en-1-ol. In the first step, an acetyl protection group was introduced to the 

alcohol by reaction with acetyl chloride. The successful conversion was confirmed by NMR 

spectroscopy and the disappearance of the O-H stretching vibration and appearance of the 

C=O stretching vibration in the FTIR spectrum. The synthesis was carried out in 95 % yield. In 

the next step, the phosphonic ester functionality was introduced by a radical addition of diethyl 

phosphite to the double bond. AIBN was used as the radical initiator. The product was obtained 

in 74 % yield. Subsequently, the alcohol was deprotected with potassium hydroxide. Again, 

the product was obtained in high yield (96 %). The initiator functionality was then introduced 

by a nucleophilic attack of the OH group on BIBB. The product was obtained in 20 % yield. 

Finally, the phosphonic acid ester was hydrolyzed with bromotrimethylsilane and methanol. 

The synthesis was carried out in 96 % yield, resulting in an overall yield of 13 %. The product 

was characterized by 1H, 13C, 31P, FTIR spectroscopy and CHN analysis. 

In preparation for the planned surface-initiated polymerization, an ATRP polymerization was 

first carried out in solution to investigate the suitability of the compound as an ATRP initiator. 

For this purpose, butyl methacrylate was chosen as a model monomer. The synthesis was 

carried out using CuBr/HMTETA as the redox active complex in toluene. 70 °C was chosen as 

the reaction temperature. After various reaction times (0.5 h, 1 h, 2 h, 4 h, 7 h, 24 h) samples 

were taken directly from the solution. The solvent was removed at room temperature under 
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reduced pressure. In Figure 92 the 1H crude NMR after 30 minutes and 4 hours reaction time 

are shown as an example. 

 
Figure 92: 1H crude NMR spectrum after 0.5 hours (red) and 4 hours (blue) of the polymerization of BMA using 

11-((2-bromo-2-methylpropanoyl)oxy)undecyl)phosphonic acid as initiator. 

The NMR spectra clearly show that educt is still present after 30 minutes. This can be seen in 

particular in the signals of the double bond of the BMA at 6.10 ppm and 5.54 ppm. 

Nevertheless, the emerging signals of the polymer are clearly visible. The integrals of the 

signals shows that 90 % of the monomer is already converted after 30 minutes, indicating a 

high activation rate. Control experiments without the use of the initiator showed almost no 

conversion (< 2 %). The polymer samples taken after different reaction times were purified by 

repeated precipitation in n-hexane. During this work-up, the copper complex could not be 

separated, as evidenced by the characteristic blue color of the polymer. Several approaches 

were taken to remove the copper complex. Initially the polymers were dispersed in water under 

ultrasonication. Since this was not successful, it seems likely that the phosphonic acid group 

binds directly to the copper.[686–688] Therefore, an attempt was made to add a stronger 

complexing agent by adding ethylenediaminetetraacetate to replace the phosphonic acid in 

the complex. In a similar approach, an attempt was made to prevent the interaction through 

the protonation of the phosphonic acid by lowering the pH, but no discoloration of the product 

was observed. The sample was also dissolved in DMF and sodium diethyldithiocarbamate was 

added, which is commonly used as a copper eliminator.[689] Since the corresponding copper 
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complex is soluble in DMF, the brownish complex was precipitated by adding water. However, 

the polymer obtained also precipitated when water was added. Therefore, it could not be 

successfully separated. Further attempts were made to purify the products by column 

chromatography. First, aluminum oxide (active neutral/basic) was used. Here, the copper is 

clearly retained within the first centimeter of the separation column. However, also the 

phosphonic acid group is known to strongly bind to the alumina surface.[690] As a result, the 

polymer could only be eluted under harsh conditions. A yellow-green product was obtained, 

which was significantly softer than the initial polymer. An NMR spectrum was recorded of the 

product obtained. This is shown in Figure 93. In addition to the signals of the polymer, a 

multitude of additional signals appear that could not be assigned so far. Thus, it seems that 

the phosphonic acid polymer is decomposing on the alumina column under the harsh 

conditions. Since it was not possible to measure copper-containing samples by GPC, the 

samples obtained after the column were measured. The GPC clearly shows the signals of low-

molecular decomposition products. Polymer signals appeared only in low intensities and did 

not allow a reliable evaluation. 

 
Figure 93: 1H NMR Spektrum of the polymer sample before (red) and after (blue) passing through aluminum 

oxide. 

In the next step, silica was used instead of alumina as the stationary phase, as the stability of 

the Si-O-P bond is reported to be much weaker. This is due to the lower electronegativity of 

the silicon atom and the presence of the valence 3d orbitals, which make the silicon atom more 
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susceptible to nucleophilic attack and thus bond cleavage.[691] Nevertheless, some stable 

bonds of phosphonic acids to silica particle surfaces have been described.[692–694] THF, 

ethyl acetate and water were used as the eluents. Here, the blue copper complex also 

remained at the upper edge of the column. However, neither the polymer nor any 

decomposition products were found in the mobile phase. Thus, a strong binding of the 

phosphonic acid seems to take place. The reason for this might be, that the phosphonic acid 

remains bound to the copper cation, which is bound by the Si-O functionalities of the silica gel. 

This results in a copper-bridged bond that prevents elution. The separation with a sulfonate-

based cation exchanger, which should allow a good separation since the solid phase has a 

high affinity to copper but not to the phosphonic acid, was also unsuccessful. The 1H NMR 

spectrum recorded from the product showed degradation products as after the alumina 

column, again preventing the characterization of the intact polymer. 

In summary, it can be said that the synthesized phosphonic acid is suitable as an ATRP initiator 

and shows high activity. So far, however, no precise characterization of the molecular weight 

distribution could be carried out, as the separation of the copper complex from the polymer 

could not be achieved without causing decomposition of the polymer. Since no free phosphonic 

acid is present during SI ATRP the separation of the copper complex should therefore be 

easier. For this reason, no further work-up optimization was performed at this time. 

3.6.2. Synthesis of a Phosphonic Acid-Based ATRP Initiator with a Polar Linker 

A tetraethylene glycol chain was used as a spacer for the polar initiator. The synthesis route 

used is shown in Scheme 26. The synthesis was carried out on the basis of the works of Traina 

and Schwartz.[306] 

 
Scheme 26: Synthesis route for (18-bromo-18-methyl-17-oxo-4,7,10,13,16-pentaoxanonadecyl)phosphonic 

acid.[306] 
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The synthesis of the polar initiator was analogous to the non-polar system. However, the 

3,6,9,12-tetraoxapentadec-14-en-1-ol is not commercially available and therefore had to be 

prepared from tetraethylene glycol and allyl bromide. The synthesis was carried out in 39 % 

yield. Subsequently, the alcohol protecting group was introduced under alkaline conditions. 

The introduction was carried out in 99 % yield. The radical addition to introduce the phosphonic 

acid ester was only possible in very low yields. Only 4 % product was obtained. In a further 

deviation from the non-polar system, the deprotected alcohol could not be isolated after 

deprotection under alkaline conditions. Though, a cleavage with 88 % yield could be achieved 

under acidic conditions. For this purpose, a 5 % hydrochloric acid was used, and the reaction 

mixture was heated to 60 °C for 24 hours. The introduction of the initiator group was carried 

out in 78 % yield. Finally, the phosphonic acid ester was hydrolyzed. The product was obtained 

in 83 % yield. The overall yield is therefore approx. 1 %, whereby the low yield is primarily 

determined by the step of introducing the phosphonic acid ester. The product was 

characterized by 1H, 13C, 31P, FTIR spectroscopy and CHN analysis. 

A polymerization test in solution with the polar initiator system was also performed. Acrylamide 

was used as the model monomer. The synthesis was carried out in water at 70 °C, using 

CuBr/2,2’-Bipy as the redox active complex. After one hour, a sample was taken and 

characterized by 1H NMR spectroscopy. The experiment was conducted analogously without 

initiator. Figure 94 shows the spectra obtained. 

 
Figure 94: 1H NMR spectra for the initial reaction solutions (red) and after 1 hour polymerization time (grey) of 

acrylamide a) without and b) with (18-bromo-18-methyl-17-oxo-4,7,10,13,16-pentaoxanonadecyl)phosphonic acid. 

The initial NMR spectra clearly show the signals of the double bond protons of the acrylamide 

at 5.6 and 6.2 ppm. Without the use of the initiator system, no change in the NMR signal can 

be detected after one hour, whereas with the use of 1 mol% initiator, a complete conversion is 

already observed at that time, confirming the suitability of the synthesized initiator system. Due 

to the problem of separation of the copper complex already observed with the non-polar 
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initiator system, no further processing and characterization was carried out at this point. In the 

following chapter, the iron oxide particles were functionalized with the synthesized initiator 

molecules. 

3.6.3. Synthesis of ATRP Initiator Functionalized Particles 

An exchange protocol for (11-((2-bromo-2-methylpropanoyl)oxy)undecyl)phosphonic acid and 

(18-bromo-18-methyl-17-oxo-4,7,10,13,16-pentaoxanonadecyl)phosphonic acid was 

developed to obtain the respective initiator functionalized particles. Here, too, the oleic acid 

functionalized nanoparticles obtained from the thermal decomposition were used as the 

starting point. The amount of coupling reagent used was optimized. A range of 0.003 to 

0.210 mmol phosphonic acid per 150 mg nanoparticle was investigated. The functionalization 

was carried out in ethanol, as it provides both stable particle dispersions and good solubility of 

the phosphonic acids. Functionalization was carried out within 24 hours at room temperature. 

Subsequently, the particles were magnetically decanted off and washed several times with 

ethanol to remove excess ligand. The particle systems obtained in this way are referred to in 

the following as 0.003PIP@FeXOY-0.210PIP@FeXOY and 0.003AIP@FeXOY-0.210AIP@FeXOY for the 

polar and non-polar initiator system, respectively. In Figure 95 the obtained FTIR spectra of 

the dried particle systems are shown exemplarily for the non-polar system. The spectra were 

normalized to the Fe-O-Fe vibration at 536 cm-1 for better comparability.  

 
Figure 95: FTIR spectra of the 11-((2-bromo-2-methylpropanoyl)oxy)undecyl)phosphonic acid functionalized iron 

oxide nanoparticles. 

The spectra confirm the successful functionalization. The FTIR spectra show the signal of the 

PO3 vibration at 972 cm-1 already at low concentrations of phosphonic acid. In addition, the 

intensity of the symmetric and asymmetric C-H stretching vibrations at 2844 cm-1 and 

2916 cm-1 increases with the amount of phosphonic acid added. The particle size was 

investigated by XRD, DLS and TEM. The results are shown exemplary for the sample 
0.105AIP@FeXOY in Figure 96. The DLS measurements were recorded in methanol for the polar 
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systems and in toluene for the non-polar systems. While no changes in the crystallite size and 

composition of the particles with increasing functionalization were observed in the XRD, 

samples 0.003PIP@FeXOY and 0.003AIP@FeXOY clearly show agglomerate formation in the DLS. 

These agglomerates disappear with increasing degree of functionalization. From the TEM 

images, 100 particles were measured and used to calculate the size distribution. A mean 

diameter of 6.5 ± 1.8 nm was determined. The mean particle size therefore agrees well with 

that obtained from the original particle synthesis and the crystallite sizes determined with XRD. 

Nevertheless, some larger agglomerates of approx. 1.5 µm diameter were also observed in 

the TEM, although these are probably due to drying effects. 

 
Figure 96: a) DLS measurements of OA@FeXOY (blue) , 0.003AIP@FeXOY (red), 0.052AIP@FeXOY (purple), 

0.105AIP@FeXOY (green) and 0.210AIP@FeXOY (black) in n-hexane, as well as b) XRD and c)/d) TEM images of 
0.105AIP@FeXOY. 

For the polymerizations, an accurate determination of the surface loading is necessary. This 

was first done for the polar initiator system. To calculate the amount of bound phosphonic acid, 

it was assumed that the oleic acid on the particle surface is completely replaced by the 

phosphonic acid. In addition, it was assumed that the phosphonate group remains on the 

particle surface. To calculate the number of molecules per nm2 of surface area, the mean 
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surface area per particle was determined from TEM images. Furthermore, the assumption was 

made, that the particles are completely composed of Fe3O4. The results are summarized in 

Table 11. 

Table 11: TGA and CHN results of the polar initiator-modified particles (0.003PIP@FeXOY-0.210PIP@FeXOY). 

Sample 
TGA Mass 

Loss 900°C, 
N2 [%] 

CHN [%] Surface Loading [Molecules/nm2] 

C H TGA C H 

0.003PIP@FeXOY 23.16 10.35 2.13 2.85 3.08 4.11 
0.052PIP@FeXOY 24.70 10.81 2.25 3.05 3.27 4.47 
0.105PIP@FeXOY 27.12 11.15 2.36 3.37 3.41 4.81 
0.210PIP@FeXOY 27.11 11.70 2.62 3.36 3.65 5.07 

 

When the carbon content of the sample determined by CHN analysis is used to calculate the 

surface loading, values in the range 3.55 to 3.08 molecules per nm2 are obtained. This is in 

good agreement with the particle loading determined from thermogravimetry. Surprisingly, the 

values determined by means of hydrogen content are significantly higher. In the literature, 

loadings in the range of 0.9 to 3 phosphonic acid groups per nm2 are typically described. In 

these cases, the formation of a monolayer is assumed.[296,347] Based on the typical space 

requirement of the phosphonic acid anchor group of 25 Å2 [297], a maximum loading of 4.2 

molecules per nm2 is possible for a dense monolayer. The loading observed, especially at high 

amounts of phosphonic acid used, suggest that either multilayers are formed, or that the 

exchange of oleic acid is not complete. To investigate this further, the samples were analyzed 

by ICP-MS. For this purpose, the functionalized particles were dissolved in a mixture of 37 % 

hydrochloric acid and aqua regia. The bromine content was used to calculate the surface 

loading, as it is contained only in the initiator functionality. Figure 97 shows the bromine/particle 

ratio determined by ICP-MS versus the ratio used for functionalization. 

 
Figure 97: Plot of the bromine/particle ratio determined by ICP-MS against the initial bromine/particle ratio used 

(polar initiator). 
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Initially, a strong increase of the initiator concentration at the surface can be observed with 

increasing amount of initiator used. However, a saturation of the surface at a value of 

approximately 0.06 mmol bromine per 150 mg particles is observed. Further increase in the 

initial amount of phosphonic acid added does not result in further incorporation of phosphonic 

acid. This is in contrast to the observations from CHN and TGA measurements, where an 

increase in carbon and hydrogen content as well as a mass loss in TGA was still observed at 

high initiator to particle ratios. In addition to the bromine content, the iron content of the 

samples was also determined. From these values, a loading density in molecules per nm2 

surface area was calculated. The results are shown in Table 12 in comparison to the values 

determined by CHN and TGA. 

Table 12: Summary of the calculated surface loadings of the polar initiator-modified particles based on ICP-MS, 
TGA and CHN analysis (0.003PIP@FeXOY-0.210PIP@FeXOY). 

Sample Surface Loading [Molecules/nm2] 
ICP-MS CHN (C) CHN (H) TGA 

0.003PIP@FeXOY 0.62 3.08 4.11 2.85 
0.052PIP@FeXOY 2.10 3.27 4.47 3.05 
0.105PIP@FeXOY 2.72 3.41 4.81 3.37 
0.210PIP@FeXOY 2.79 3.65 5.70 3.36 

 

Compared to the results of the CHN and TGA analyses, the surface loadings determined by 

ICP-MS are significantly lower. The surface appears to be saturated at a loading of 

approximately 2.6 molecules per nm2, which is within the range typically described in the 

literature.[296,347] Furthermore, based on the determined iron and bromine content of the 

samples, only 75 % of the total sample mass is covered by the initiator and the particles 

themselves. This indicates that, in addition to the initiator molecules, further organic matter 

remains on the surface. 

Analogous to the polar initiator system, CHN and TGA measurements were also performed on 

the non-polar functionalized systems. The results are presented in Table 13. 

Table 13: TGA and CHN results of the non-polar initiator-modified particles (0.003AIP@FeXOY-0.210AIP@FeXOY). 

Sample 
TGA Mass 

Loss 900°C, 
N2 [%] 

CHN [%] Surface Loading [Molecules/nm2] 

C H TGA C H 
0.003AIP@FeXOY 21.38 9.28 1.73 3.17 2.55 2.91 
0.052AIP@FeXOY 23.83 11.15 2.02 3.56 3.23 3.58 
0.105AIP@FeXOY 30.75 12.57 2.26 4.70 3.80 4.19 
0.210AIP@FeXOY 36.05 13.25 2.39 5.60 4.09 4.54 
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The CHN analysis yields a surface loading of 2.55 to 4.54 molecules of phosphonic acid per 

nm2 of particle surface, depending on the amount of phosphonic acid used. As with the 

particles functionalized with the polar initiator system, the loadings calculated from the specific 

hydrogen content are always higher than those calculated based on the carbon content. 

However, the differences are somewhat smaller here and seem to be constant at approx. 0.4 

molecules per nm2. In contrast to the polar system, the loadings calculated based on the TGA 

data are significantly higher in all cases. Especially when high amounts of phosphonic acid are 

used, the loading increases beyond the maximum possible loading of a monolayer. Analogous 

to the polar system, studies were also carried out here using ICP-MS. Figure 98 shows the 

amounts of bromine in mmol per 150 mg particle calculated as a function of the ratio used for 

the synthesis. 

 
Figure 98: Plot of the bromine/particle ratio determined by ICP-MS against the initial bromine/particle ratio used 

(non-polar initiator). 

Compared to the polar system, the bromine concentrations are significantly lower at low 

starting concentrations. At an applied concentration of 0.03 mmol bromine per 150 mg 

particles, the bromine concentration was even below the limit of quantification (LOQ). While in 

the polar system saturation is already reached at an initial ratio of 0.105 mmol bromine per 

150 mg particles, a significant increase in the bromine content at the surface can be observed 

here when the concentration is increased to 0.150 mmol bromine per 150 mg particles. The 

saturation concentrations of the two phosphonic acid systems coincide at 0.06 mmol per 

150 mg particles. Thus, the polarity of the spacer appears to have very little effect on the 

maximum binding. Again, the loading density in molecules per nm2 was calculated and 

compared with the results of the thermal analysis (Table 14).  
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Table 14: Summary of the calculated surface loadings of the polar initiator-modified particles based on ICP-MS, 
TGA and CHN analysis (0.003AIP@FeXOY-0.210AIP@FeXOY). 

Sample Surface Loading [Molecules/nm2] 
ICP-MS CHN (C) CHN (H) TGA 

0.003AIP@FeXOY <LOQ 2.55 2.91 3.17 
0.052AIP@FeXOY 0.79 3.23 3.58 3.56 
0.105AIP@FeXOY 1.97 3.80 4.19 4.70 
0.210AIP@FeXOY 2.49 4.09 4.54 5.60 

 

Analogous to the polar initiator, the calculated surface loading based on the CHN and TGA 

measurements is significantly higher than that determined by ICP-MS. Again, it appears that 

other organic is present on the surface in addition to the initiator. The comparison between the 

polar and non-polar initiator systems shows that the surface loading calculated from the 

thermal analysis is significantly higher in the non-polar system despite a comparable amount 

of initiator. This indicates that there is more additional organic matter on the particle surface 

here. Since this is presumably oleic acid, it is reasonable to assume that it comes from the 

interaction of the non-polar spacer of the initiator with the hydrophobic end of the oleic acid, 

promoting its additional attachment. The increased polarity of the first initiator system leads to 

stronger repulsions, leaving less oleic acid attached. The suitability of the functionalized 

particle systems for initiating SI-ATRP was then tested. 

3.6.4. SI ATRP of Model Monomers 

Since the ATRP polymerization of ionic monomers often presents its own set of challenges, 

the basic suitability of the prepared initiator particles was first tested by polymerizing nonionic 

model monomers. Butyl methacrylate and acrylamide were used for this purpose. Initiator 

functionalized particles were freshly prepared prior to use. Using ICP-MS, 0.38 mmol of 

initiator per 150 mg particles was determined for the polar system and 0.39 mmol initiator per 

150 mg particles for the non-polar system. For ease of handling, an 8.25 mmol/L concentrated 

aqueous dispersion of particles was prepared for the polar system and a toluene dispersion of 

the same concentration was prepared for the non-polar system. In both cases, the solvent 

used was degassed prior to preparation to prevent unwanted oxidation of the copper complex 

and radical deactivation during polymerization. 

The SI polymerizations were carried out analogously to the solution polymerizations described 

earlier. The polymerization was carried out at 70 °C for 24 hours. Unreacted monomer and 

other low molecular weight components were separated by dialysis. Subsequently, the 

samples were dried. Separation of the particles by magnetic decantation or centrifugation was 

unsuccessful. Since the initiator functionalized particles were readily separated in the 
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respective solvents, this suggests that the particles are stabilized in solution by the polymer 

shell. The crude product obtained could not be analyzed by NMR spectroscopy because of the 

superparamagnetic particles contained. The samples were compression molded at heating 

60 °C to specimens measuring 1 cm x 1 cm x 0.2 cm using a vice (see Figure 99). The 

composites show a uniform black coloration, indicating that no larger agglomerates are formed. 

This is confirmed by the TEM images, which despite a few smaller agglomerates (< 15 particles 

per agglomerate) visible in the BMA-based composites, showed largely well-distributed 

particles. Since no larger agglomerates of the particles were formed during drying, this at least 

indicates that the particles are less mobile, further suggesting that they are fixed in the polymer. 

In addition to the homogeneous polymer layer covering the entire TEM grid, core shell 

structures were also observed in some cases. Since it has not yet been possible to separate 

polymer and particles from each other it seems likely that surface-initiated polymerization has 

been successful and that covalent bonding of the polymer to the particle surface is present. 

However, since the TEM grids mostly show a continuous polymer film rather than a core-shell 

systems, thermal polymerization or cleavage of the initiator groups and subsequent 

polymerization in solution cannot be completely ruled out. 

 
Figure 99: Pictures of the a) BMA- and b) acrylamide-based nanocomposites obtained by SI ATRP, as well as 

c)/d) the respective TEM images of the samples. 

In summary, polymerization was successfully carried out and highly magnetic composites were 

obtained, although it could not be conclusively determined at this time whether the 

polymerization proceeds from the surface or in solution. Therefore, polymerizations have to be 

performed with shorter reaction times or larger initiator/monomer ratios to definitively confirm 

that polymerization originates from the particle surface. In this case, distinct core-shell 

structures should be observed. Furthermore, the study provides the basis for a subsequent 

transfer to ionic monomers, which can be applied for self-healing, and for comparison with self-

healing systems in which the healing mechanism is localized at the phase interface. So far, 

the well-dispersed particles in the polymer matrix obtained by the SI ATRP approach are a 
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promising result, as stress concentration points due to agglomerates are minimized, which 

might lead to better results in tensile tests compared to the previously described composites.  

3.7. Self-Healing Nanocomposites Based on Two Healing Mechanisms 

So far, two strategies for the synthesis of self-healing nanocomposites have been considered, 

both utilizing ionic interactions as the healing mechanism. First, the healing mechanism has 

been moved to the phase boundary between the polymer and the particles, and second, 

preliminary studies have been carried out to produce systems in which a covalent bond is used 

between the particles and the polymer, and healing takes place purely in the polymer. Another 

promising strategy is the use of multiple healing mechanisms, allowing healing both at the 

phase interface, as well as in the polymer matrix. These systems are often referred to as fourth-

generation self-healing materials and have been increasingly studied since their first 

description by Burattini et al. in 2010.[475] In this approach, dynamic covalent bonds are 

usually combined with supramolecular interactions, due to the orthogonality of the healing 

mechanisms. In this way a material can autonomously and instantaneously respond to damage 

via the supramolecular interactions, while the mechanical properties are improved via the 

reversible covalent crosslink, further allowing a trigger based second healing. In a recent study, 

Schäfer and Kickelbick showed that high healing efficiencies for a double self-healing network 

could be achieved by combining hydrogen bonding and DA chemistry. This was achieved by 

combining urea group-containing spherosilicates with butyl methacrylate-based polymers, 

which carry both DA moieties and self-assembling hydrogen bonds.[73] Due to the 

improvement in healing efficiency observed in the ionic systems by applying induction heating 

as a trigger, the spherosilicate based composites from Schäfer and Kickelbick were transferred 

to iron oxide particles-based ones in this work. This allows for not only homogeneous inherent 

temperature generation resulting in milder healing conditions, but also spatially resolved 

healing. Furthermore, based on the previously demonstrated suitability of the ionic interaction 

for self-healing in nanocomposites, an analogous composite system should be prepared in 

which the hydrogen bonding is replaced by the ionic interactions. 

3.7.1. Synthesis and Characterization of Double Self-Healing Polymers Based on DA 
and Hydrogen Bond Chemistry 

The polymer systems were adopted from Schäfer and Kickelbick.[73] They are composed of 

four methacrylate-based components. BMA was used as the backbone polymer, providing an 

overall low Tg. The remaining monomers are responsible for the healing mechanisms. A 

protected maleimide derivative (MIMA), a furan derivative (FMA) and hydrogen bond donor 

acceptor functionalities bearing monomers were used. Two hydrogen bonding monomers were 

investigated, a urea and an amide group bearing methacrylate. The two components are 

hereafter referred to as H1 and H2. The iron oxide nanoparticles were functionalized with (10-
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(3-propylureido)decyl)phosphonic acid allowing for hydrogen bonding between the organic and 

inorganic components. The structure of the composite systems is shown in Figure 100. 

 
Figure 100: Composition of the double self-healing nanocomposites based on DA chemistry and hydrogen 

bonding. 

The synthesis of the functional monomers used was carried out according to literature 

procedure.[73] The routes of the individual components are outlined in Scheme 27. The 

products were characterized by 1H, 13C and FTIR spectroscopy, as well as CHN analysis. 

 
Scheme 27: Synthesis routes for the monomers for the double self-healing system.[73] 
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The synthesis of the protected maleimide derivative was carried out in three steps. The starting 

point is maleic anhydride, which is protected by reaction with furan. This step is necessary to 

prevent a reaction of the double bond of the maleimide in the subsequent polymerization. The 

reaction is carried out in 95 % yield. The maleimide is then obtained by reaction with 3-

aminopropanol. The intermediate product was obtained in 31 % yield. Finally, the methacrylate 

group is introduced via reaction with freshly prepared methacryloyl chloride. With a yield of 

62 % for the last step, an overall yield of 18 % is obtained. The furan component is prepared 

from commercially available furfuryl alcohol, which is also converted into the methacrylate 

derivative by reaction with methacryloyl chloride. The step is performed out in 57 % yield. The 

monomer H1 was prepared in two steps. The first step is the ammonolysis of isopropenyl 

acetate with 3-aminopropanol. The reaction step occurs almost quantitative (95 %). Again, the 

methacrylate group is introduced by reacting the alcohol group of N-(3-

hydroxypropyl)acetamide with methacryloyl chloride. A yield of 74 % was determined for this 

reaction step, resulting in an overall yield of 70 %. The monomer H2 is synthesized by reacting 

the acetoisocyanate methacrylate with butylamine. The urea derivative is obtained in 98 % 

yield. 

The preparation and characterization of DA/rDA and hydrogen bond based self-healing 

polymer systems are described below. Scheme 28 shows the target polymer compounds. 

 
Scheme 28: Composition of the double self-healing polymers based on hydrogen bonds and DA chemistry. 

The synthesis was carried out in the form of an ARGET ATRP, based on the synthesis 

described by Schäfer and Kickelbick.[73] A monomer ratio of 1:1:1:10 (FMA:H1:MIMA:BMA) 

was used. The urea-based polymer will be referred to as PH1 and the amide-based polymer 

as PH2. Figure 101 shows the 1H NMR spectrum of PH1. 
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Figure 101: 1H NMR spectrum of PH1. 

The NMR spectrum shows the expected signals with minor impurities. The spectrum was 

normalized to the signal of CH2 next to the ester group of the BMA at 3.94 ppm. The 

comparison of the integrals of the signals of the DA components, as well as the H1 group, 

shows that the original monomer ratio of 1:10 (functional monomers:BMA) is not exactly 

reflected in the polymer. While slightly more H1 is incorporated into the polymer 

(H1:BMA= 1.5:10), slightly less is found in the polymer for the DA components 

(FMA:MIMA:BMA = 0.8:0.9:10). The FTIR spectrum shows the expected signals. In particular, 

the signals of the N-H and amide vibrations reconfirm the incorporation of the H1 component. 

DSC measurements were performed to determine the Tg, as well as to verify the DA activity of 

the polymer. The results are shown in Figure 102. 
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Figure 102: a) DSC curves of PH1 and b) Tg values determined in the three heating cycles. 

A temperature range of -20 °C to 200 °C was investigated. A total of three heating cycles were 

performed. In the first cycle, DSC shows the deprotection of the maleimide component and the 

subsequent evaporation of the furan formed as a peak in the range of 120 °C – 200 °C. The 

latter is in particularly strong endothermic, yielding a heat flow of 35 J/g. In the subsequent 

cooling segment, crosslinking of the maleimide and furan components occurs due to the DA 

reaction at about 75 °C. The maleimide and furan components undergo a rDA reaction in the 

second and third heating segments. The endothermic signal is much smaller than in the run-

in cycle, as no further furan is released. The heat flux further decreases from 5.45 J/g to 

3.49 J/g from the second to the third cycle, indicating a decrease in crosslinking with increasing 

cycle number. In the second and third heating segments, a slightly increased Tg of 66 °C is 

observed. This confirms the crosslinking by the DA reaction. 

Subsequently the PH2 system was investigated. In contrast to PH1, PH2 has a much lower 

solubility and can no longer be completely dissolved after drying. Nevertheless, a 1H NMR 

could be recorded, but since the sample was not completely dissolved, it is not guaranteed 

that the NMR is representative of the complete sample. The NMR spectrum obtained is shown 

in Figure 103. 
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Figure 103: 1H NMR spectrum of PH2. 

The spectrum of PH2 shows the expected signals and confirms the successful synthesis of the 

copolymer. The polymer composition was again examined using the integrals of the signals of 

the respective components. All functional monomers, but in particular the DA components, are 

found in significantly lower concentrations in the polymer than expected based on the initial 

monomer ratios used (FMA:H2:MIMA:BMA = 0.6 : 0.8 : 0.5 : 10). Whether this is the case for 

the whole system or whether these polymer strands are overrepresented due to better 

solubility could not be clarified so far. Subsequently the polymer was investigated by DSC. The 

results are shown in Figure 104. 
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Figure 104 a) DSC curves of PH2 and b) Tg values determined in the three heating cycles. 

For polymer PH2, the expected signals were observed. In the first cycle, the maleimide group 

is deprotected and the released furan is evaporated. On subsequent cooling, crosslinking 

occurs via the DA reaction, and on reheating, decrosslinking takes place via the rDA reaction. 

Compared to the polymer PH1, the determined heat flows are slightly higher. This is surprising, 

since according to NMR there should be fewer DA groups. The reason for this could be the 

slightly lower Tg of 56 °C. This leads to a higher chain mobility allowing more DA groups to 

come together and react. 

3.7.2. Synthesis and Characterization of the Ureylene Functionalized Iron Oxide 
Nanoparticles 

Subsequently, the synthesis of a suitable phosphonic acid was performed, which can bind to 

the iron oxide particles and exhibits hydrogen bonding donor-acceptor functionalities. A 

phosphonic acid containing a urea group was prepared, as this group has already been proven 

suitable as a good hydrogen bond donor-acceptor in previous studies. A C10 carbon chain was 

chosen as the spacer. Initially, a synthesis route was followed in which the ω- 

bromophosphonic ester was prepared from a dibromo alkane. This was converted to the 

corresponding diethyl azidoalkyl phosphonate by reaction with sodium azide. The azide was 

then reduced to the amine using palladium on activated carbon and hydrogen gas. While the 

first reaction steps were carried out in higher yields than the reaction route used later, the 

experiments showed that the hydrogenation step led to by-products that could not be 

separated in the subsequent synthesis steps, which is why the reaction route was changed 

later on. The revised synthesis route of the phosphonic acid is shown in Scheme 29. For the 

synthesis, known literature procedures were applied.[271,370] 
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Scheme 29: Synthesis route for (10-(3-propylureido)decyl)phosphonic acid. 

The synthesis consists of five steps. The starting point was 1,10-dibromodecane, which is 

brought to reaction with potassium phthalimide. The aim was to introduce an amine group in 

the form of a Gabriel synthesis. The first step was carried out in 70 % yield. Before the 

phthalimide was cleaved off, the phosphonic acid group was introduced by a Michaelis-

Arbusow reaction. The product was obtained in 89 % yield. Subsequently, hydrazinolysis was 

carried out to give the amine-terminated phosphonic acid esters. Even after long reaction times 

and excess of hydrazine, no complete conversion to the amine was achieved. The educt could 

not be completely removed. Therefore, the impure product was used without further 

processing. Separation of the impurity was possible in the final reaction step. First, however, 

the urea group was introduced by nucleophilic addition of the amine to 1-propyl isocyanate. 

The reaction was carried out with a yield of 92 %. Finally, the phosphonic acid ester was 

hydrolyzed. In this step, a yield of 56 % was obtained. This is rather low for the hydrolysis and 

is mainly due to impurities carried over from the educt. Overall, a yield of 30 % was obtained.  

The phosphonic acid was then used to functionalize iron oxide nanoparticles. A systematic 

study was conducted to determine an optimal phosphonic acid to particle ratio. A concentration 

range from 0.025 mmol phosphonic acid per 150 mg particles to 0.8 mmol per 150 mg particles 

was investigated. Functionalization was carried out in ethanol within 24 hours at room 

temperature. Since magnetic separation of the particles was not possible, they were separated 

by centrifugation. Subsequently, the particles were washed several times with ethanol to 

remove excess phosphonic acid. The particle samples are referred to below as 
0.025UP@FeXOY-0.800UP@FeXOY. Figure 105 shows the FTIR spectra obtained for the dried 

particle samples. The spectra were normalized to the Fe-O-Fe particle vibration at 573 cm-1. 

All samples show the C-H stretching vibrations at 2922 and 2852 cm-1, which increase with the 

amount of phosphonic acid used. Similarly, the N-H stretching vibration at 3325 cm-1 also 

increase, indicating the successful functionalization. The binding of the phosphonic acid is 

further confirmed by the appearance of the phosphonate vibration at 1041 cm-1. At 1626 and 

1576 cm-1, the amide I and II vibrations of the urea component are visible. Furthermore, a 
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decrease of the carbonyl vibration at 1406 cm-1 can be seen, which results from the successive 

exchange of the oleic acid. However, the vibration remains visible in all systems with low 

intensity, indicating an incomplete exchange. 

 
Figure 105: FTIR spectra of the urea functionalized particles (0.025UP@FeXOY - 0.800UP@FeXOY). 

The particle size was determined by DLS. The results are shown in Figure 106. The 

measurements were performed in methanol. 

 
Figure 106: DLS measurements of 0.025UP@FeXOY (black), 0.050UP@FeXOY (red), 0.100UP@FeXOY (blue), 

0.200UP@FeXOY (green), 0.400UP@FeXOY (purple), 0.600UP@FeXOY (yellow) and 0.800UP@FeXOY (teal) in methanol.  

The DLS measurements show large agglomerates for particles with low phosphorus content. 

For instance, a hydrodynamic radius of 780 nm and 1129 nm is obtained for samples 
0.025UP@FeXOY and 0.050UP@FeXOY, respectively. Subsequently, the observed hydrodynamic 

radius decreases until well-dispersed particles are obtained starting from sample 
0.200UP@FeXOY. This is most likely due to larger amounts of the oleic acid still present at the 

particle surface at the lower phosphonic acid concentrations. This leads to a lower polarity of 

the particles, which are therefore poorly dispersed in methanol. 
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To quantify the phosphonic acid, present on the surface, TGA and CHN measurements were 

first performed. The TGA data obtained, as well as the mass losses obtained after the N2 

segment as a function of the amount of phosphonic acid used, are shown in Figure 107.  

 
Figure 107: a) TGA curves of the urea functionalized particles, and b) the mass losses obtained after the N2 

segment as a function of the amount of phosphonic acid used. 

The mass loss in the N2 segment increases with increasing amounts of phosphonic acid. While 

initially the increase in mass increases sharply with the amount of phosphonic acid added, a 

saturation of the surface appears to take place at higher concentrations. The CHN data also 

shows an increase in the organic content with increasing amounts of phosphonic acid. The 

TGA and CHN results were used to quantify surface occupancy applying Equation (10). The 

results are shown in Table 15. 

Table 15: TGA and CHN results of the urea functionalized nanoparticles (0.025UP@FeXOY - 0.800UP@FeXOY). 

Sample 

TGA Residual 
Mass [%]  
25-900°C  

N2 

CHN [%] Surface Coverage [mmol/g] 

C H N C H N 
 

0.025PA@FeXOY 73.83 11.15 1.88 0.27 0.90 0.87 0.13  

0.050PA@FeXOY 80.82 10.61 1.82 0.46 0.78 0.77 0.20  

0.100PA@FeXOY 76.92 13.14 2.33 1.13 1.02 1.04 0.52  

0.200PA@FeXOY 69.91 14.51 2.62 1.68 1.23 1.28 0.86  

0.300PA@FeXOY 62.78 18.49 3.39 2.35 1.75 1.85 1.34  

0.400PA@FeXOY 61.82 23.25 4.08 2.56 2.24 2.26 1.48  

0.600PA@FeXOY 58.95 21.10 3.89 2.89 2.13 2.26 1.75  

0.800PA@FeXOY 57.58 22.36 4.14 3.14 2.31 2.46 1.95  

 

The surface coverage calculated based on the carbon and hydrogen content are in good 

agreement, whereas the surface coverage calculated based on the nitrogen content is always 
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significantly lower. This confirms the assumption that other organic substances besides 

phosphonic acid remain on the surface. As the amount of phosphonic acid added increases, 

the loading calculated from the nitrogen content approaches the values calculated from the 

carbon and hydrogen contents, indicating a successive replacement of the organic matter 

bound to the surface by the phosphonic acid. ICP-MS measurements were also performed. 

The phosphorus content was determined. Due to the high LOQ of phosphorus, most 

determined concentrations are below the LOQ and should therefore be viewed with caution. 

These points are highlighted in red. In addition, surface occupancies in molecules per nm2 

were calculated based on the assumption, that the particles are present entirely as Fe3O4. The 

surface area of the particles was calculated from TEM assuming a perfect spherical shape. 

The results are listed in Table 16. 

Table 16: Surface coverage of the urea functionalized nanoparticles (0.025UP@FeXOY - 0.800UP@FeXOY). 

Sample 
Surface Coverage [mmol/g] Surface Coverage 

[Molecules/nm2] 
CHN/TGA ICP-MS CHN/TGA ICP-MS 

0.025UP@FeXOY 0.13 0.05 0.62 0.25 
0.050UP@FeXOY 0.20 0.06 0.97 0.28 
0.100UP@FeXOY 0.52 0.28 2.49 1.33 
0.200UP@FeXOY 0.86 0.32 4.07 1.52 
0.300UP@FeXOY 1.34 0.41 6.35 1.93 
0.400UP@FeXOY 1.48 0.44 7.02 2.09 
0.600UP@FeXOY 1.75 0.54 8.31 2.56 
0.800UP@FeXOY 1.95 0.54 9.25 2.56 

 

As before for the initiator functionalized particles, the surface loadings calculated from the MS 

data are also significantly lower for the urea functionalized particles than those determined 

from CHN and TGA. Consideration of the CHN/TGA data suggests the formation of multi 

layers, as the calculated loading from 0.300PA@FeXOY exceeds the space requirement of the 

phosphonic acid group to form a densely packed monolayer. The MS based surface loadings, 

with a maximum occupancy of about 2.6 molecules per nm2 were still well below the 

theoretically determined maximum occupancy density of 4.2 molecules per nm2. This result is 

in good agreement with the previously determined maximum loading densities of the polar and 

non-polar initiator systems, which were at 2.8 and 2.5 molecules per nm2 respectively. The 
0.400PA@FeXOY particle system was used for the further experiments because it showed the 

best dispersibility in most solvents. 
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3.7.3. Synthesis and Characterization of the Double Self-Healing Composites Based on 
DA and Hydrogen Bond Chemistry 

For the preparation of the composite samples, a particle content of 20 wt% was used to 

achieve maximum high temperatures in the AFM, without the composites becoming too brittle. 

The goal was to reach the required temperatures for the rDA reaction (≈ 150 °C). For the 

synthesis the polymers and the corresponding amount of particles were dissolved/dispersed 

in a 1:1 mixture of methanol and n-hexane. The solvent was removed under stirring at room 

temperature under reduced pressure. The urea-based composite will be referred to as COH1 

and the amide-based system as COH2. Figure 108 shows the FTIR spectra obtained for the 

two composite samples. 

 
Figure 108: FTIR spectra of a) COH1 (red) and b) COH2 (red) in comparison with the respective polymers (black). 

The obtained FTIR spectra of the composites generally exhibit the signals of the respective 

polymers. In particular, the signals of the N-H stretching vibration at 3336 cm-1, the C-H 

vibrations at 2900 cm-1, the C=O stretching vibration at 1720 cm-1 and the C-O-C stretching 

vibration at 1149 cm-1 are prominent. The location of the N-H stretching vibration at 3300 cm-1 

rather than 3400 cm-1, which is usually observed in solution, indicates hydrogen bonding.[695–

697] In addition, the signals of the Fe-O-Fe particle vibration at 580 cm-1 and a shoulder of the 

N-H stretching vibration at 3100 cm-1 also appear. The phosphonate vibration is not detectable 

due to the superposition of the intense signals of the polymer. Furthermore, TGA and DSC 

measurements were performed on the composites, though no change in thermal stability or in 

Tg was observed compared to the polymers within the measurement accuracy.  

Subsequently, self-healing experiments were carried out. For this purpose, specimens with a 

geometry of 5 mm x 0.5 mm x 2 mm were prepared in a hot press at 70 °C. The specimens 

were then cut to half thickness and the ends were gently pressed together at approx. 40 °C. 

The specimen was then heated by induction in the TruHeat HF 5010 system. The power was 
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increased to 5400 W in four steps. The alternating field was turned on for five minutes at a 

time. The study was conducted in an open system to allow any furan that may have been 

formed in the deprotection step to escape. The macroscopic temperature of the sample was 

recorded. After each heating step, the sample was cooled to room temperature as quickly as 

possible to prevent crosslinking via DA reaction. The samples were characterized by FTIR 

spectroscopy. Crack healing was also evaluated by microscopy. The results for COH1 in 

Figure 109. 

 

Figure 109: a) Microscope images and b) FTIR spectra of COH1 before (black) and after (red) treatment in the 
alternating magnetic field (5400 W). c) Macroscopic sample temperature at different field strengths. 

Only slight healing is visible in the microscope images after treatment in the high-frequency 

furnace. The cut edges are slightly rounded, as a consequence of exceeding the Tg during 

heating (Figure 109 a). The measured macroscopic temperature shows that the temperature 

of 150 °C required for rDA was not met even with 20 wt% particle content. At maximum power, 

a temperature of 75 °C was achieved. Since no temperature plateau was reached after five 

minutes, this does not represent the maximum achievable temperature, but the required 

150 °C are not attainable. However, since induction heating results in significantly higher local 

temperatures than those determined macroscopically, the samples were still characterized by 

FTIR spectroscopy to determine if rDA can be observed. However, the spectra did not show 

the ring deformation vibration of the free maleimide ring at 696 cm-1 (Figure 109 b). 

Furthermore, DSC measurements on the sample heated in the magnetic field clearly show the 

strong endothermic signal due to the evaporation of the released furan in the first heating cycle 

at 150 °C (Figure 110). In addition, an increase in the Tg from 54 °C to 65 °C is observed 

between the first and subsequent heating cycles, indicating crosslinking exclusively after the 

run-in cycle via the DA reaction and not during induction heating. This shows that the observed 

healing is only due to hydrogen bonding effects or interflow due to the elevated temperature, 

which explains the low healing efficiency. 
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Figure 110: DSC curve of COH1 after heating in the alternating magnetic field for 5 minutes (power =5400 W). 

Since both the rDA and the DA reaction were observed in the DSC of the composites, it was 

subsequently tested whether the DA reaction can be induced by a magnetic field. For this 

purpose, samples were again prepared, incised and the ends gently pressed together at 40 °C. 

The samples were then heated in an oven at 150 °C for 20 minutes. The samples were cooled 

to room temperature as quickly as possible. The specimens were then heated in a magnetic 

field for 24 hours. A power of 5400 W was used, resulting in a macroscopic temperature of 

75 °C. After each step FTIR spectra were recorded. These are shown for both the COH1, as 

well as the COH2 system in Figure 111. 

 
Figure 111: FTIR spectra of a) COH1 and b) COH2 before (black) and after (red) heating to 150 °C, as well after 

healing in the AMF (blue). 

The rDA/DA reactions can again be traced by the signal of the oscillation of the maleimide ring 

at 696 cm-1. After oven treatment at 150 °C, the signal of the maleimide is clearly visible in both 

composites, confirming the successful deprotection. Following the subsequent heating step in 

the AMF, a significant decrease in the signal can be observed. However, even after the long 

reaction time of 24 hours, the signal of the maleimide oscillation is still recognizable, indicating 
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a low reaction rate. Microscope images were also taken after every step to observe 

macroscopic healing (Figure 112). 

 
Figure 112: Microscope images of the composites COH1/COH2 after cutting through half thickness and a)/d) 

heating to 150 °C, followed by treatment in the AFM (5400 W / 75 °C) for b)/e) 12 hours and c)/f)24 hours. 

After heating the samples to 150 °C for 30 minutes, the incisions are still clearly visible. In 

contrast to the initial experiments where no healing was observed during induction heating, 

healing was observed in the alternating magnetic field after this deprotection step. After 

12 hours, a clear narrowing of the cut occurs. In the case of COH2, the cut disappears 

completely after 24 hours. The result is consistent with the increased heat transfers observed 

in the DSC data for the COH2 system due to the DA/rDA reactions, again emphasizing the 

advantage of the lower Tg of the polymer matrix for self-healing. The series of experiments was 

then repeated on the same sample. The sample again showed no signs of the rDA reaction or 

healing in the crosslinked state in the magnetic field but efficient healing after decrosslinking 

in the conventional oven. This confirms the observations of earlier studies that the mobility of 

the polymer chains obtained by decrosslinking during the rDA reaction is necessary for 

subsequent healing.[73] In general, it seems that the interlocking by hydrogen bonds as well 

as the crosslinking by DA leads to a rigidization of the system, which hampers self-healing. 

The healing by hydrogen bonds at room temperature, as often described in literature, does not 

occur here even during induction heating. In view of this, one approach for future work could 

be to increase the BMA content in the polymer in order to further reduce the Tg. Another 

interesting point for further investigation would be to study the influence of heat dissipation 

through the polymer and its effect on the different healing mechanisms. It is plausible that in 

systems where healing takes place exclusively at the particle surface, poorer heat transfer may 

be advantageous because more energy is available at the healing site, whereas it might 
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become a disadvantage when energy has to be transported into the polymer, as in this case 

for the rDA/DA reactions.  

In summary, a phosphonic acid suitable for the functionalization of superparamagnetic iron 

oxide nanoparticles was successfully prepared. Due to the built-in urea functionality of the 

phosphonic acid, the particles can be incorporated into the polymer systems that also contain 

hydrogen bonding donor-acceptor functionalities. After embedding the particles, the 

composites were successfully heated in an alternating magnetic field. However, the AMF-

induced healing could only be applied for self-healing to a limited extent. Initially, no complete 

healing was observed. Closer examination showed that the alternating magnetic field did not 

provide sufficient energy for the rDA reaction. After deprotection in a conventional oven, a 

significant improvement in healing in the AMF was achieved. The DA could be induced by the 

alternating magnetic field, although low reaction rates were observed. Quantification of the 

healing efficiency by rheology or tensile tests was not carried out within the scope of this work. 

The materials are significantly harder than the ionic systems investigated previously. As a 

result, the systems exhibit lower chain mobility, which limits self-healing. For this reason, 

composites consisting of the earlier described soft ionic copolymers and DA groups are a 

particularly promising approach. In the following, the first attempts to synthesize these systems 

will be presented. 

3.7.4. Advances in the Synthesis of Double Self-Healing Polymers Based on DA and 
Ionic Bond Chemistry 

In analogy to the previously discussed double self-healing system, double self-healing 

nanocomposites based on DA/rDA reactions and ionic interactions should now be prepared. 

The basic structure of the systems is shown in Figure 113. 

 

Figure 113: Composition of the double self-healing nanocomposite based on DA chemistry and ionic interactions. 
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The cationic particles from section 3.2.2. can be used as the inorganic component. Therefore, 

only the polymer synthesis will be described here. Despite great efforts made in the synthesis 

of the polymers containing both DA and ionic functionalities, the synthesis remains very 

challenging due to the vastly differing polarity of the functional monomers. Since no 

reproducible synthesis of the targeted polymer systems has been achieved so far, the 

considered approaches are briefly described here. A selection of the polymerization 

experiments and their results are summarized in Table 23 in the experimental. The following 

parameters have been investigated: The polymerization technique (including ATRP, FRP and 

RAFT polymerization), the used solvent compositions and in the case of ATRP, the ligand of 

the copper complex used. Furthermore, the matrix polymer was varied and post 

functionalization strategies for the introduction of the ionic component were tested. The 

individual steps and the most important findings obtained are described in more detail below. 

Initially, BMA-based polymer systems were used. FRP was carried out using AIBN as the 

initiator. Since the copolymerization of BMA with the DA components is well known in the 

literature, the focus was laid on the copolymerization with SMBS. The polymerization in toluene 

resulted only in the BMA homopolymer, while the SMBS remained dispersed in the reaction 

medium without conversion. Therefore, the solvent composition was subsequently optimized 

to allow the complete dissolution of both components. First progress was made by using a 

solvent composition of methanol and water of 2:3. A solid precipitated during the reaction. The 

solid was insoluble in all common solvents and was therefore characterized only by FTIR 

spectroscopy and CHN analysis. The product spectrum is shown in Figure 114 in comparison 

with the FTIR spectra of poly(BMA) and poly(SMBS). 

 
Figure 114: FTIR spectra of poly(BMA) (black), poly(SMBS) (red) and poly(SMBS-co-BMA) (blue). 

The FTIR spectrum of the copolymer shows the signals of the poly(BMA). In addition, 

oscillations of the ionic component appear (e.g. 1651 cm-1), which are not present in the 

poly(BMA). The intense signal at 3378 cm-1, in the spectra of the ionic homopolymer and the 
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prepared copolymer originates from adsorbed water which could not be removed. CHN 

analysis showed a sulfur content of 1.76 %, suggesting the incorporation of the ionic group. 

Reducing the polarity of the solvent, for example by using a methanol:isopropanol:water 

mixture (1:1:1), again resulted in the BMA homopolymer. During polymerization, small 

amounts of a solid precipitated, which showed trace amounts of sulfur. When the methanol-

water mixture was used, an analogous result was also obtained by ATRP, both when 2,2'-Bipy 

and when HMTETA was used as a ligand for the copper complex. Subsequently, 

copolymerization of BMA, SMBS, FMA and MIMA was attempted under the same reaction 

conditions. Regardless of the polymerization technique (ARGET ATRP, FRP or RAFT), only 

poly(BMA) was obtained as the product, while the remaining components were not present in 

the polymer according to CHN analysis. As a result, two post functionalization strategies were 

applied. These are shown in Scheme 30. 

 
Scheme 30: Post modification strategies for the synthesis of poly(SMBS-co-BMA). 

On the one hand, methacrylic acid was used as a precursor monomer, and on the other hand, 

2-(acetylthio)ethyl methacrylate was used. Both enable the subsequent introduction of the 

sulfonate group. 2-(acetylthio)ethyl methacrylate was synthesized according to literature 

procedure in two steps.[698] In the first step, S-(2-hydroxyethyl) ethanethioate was prepared 

by reacting 2-bromoethanol with potassium thioacetate, followed by the introduction of the 

methacrylate group by reaction with methacryloyl chloride. The resulting monomer was 

successfully copolymerized with BMA. This was possible both via FRP and ATRP. In Figure 

115, the 1H NMR spectrum of the polymer prepared by FRP is shown.  



Results and Discussion 

- 186 - 
 

 
Figure 115: 1H NMR spectrum of poly(2-(acetylthio)ethyl methacrylate-co-BMA). 

Subsequently, the thioester was cleaved to yield the thiol. Four reaction conditions were used 

for this purpose: 

1. Reaction under alkaline conditions with hydrazine [698] 

2. Reaction under acidic conditions with hydrochloric acid [698] 

3. Reaction under alkaline conditions with sodium methoxide [699] 

4. Reaction under alkaline conditions with potassium hydroxide 

In all four approaches, the solvent was removed to record an NMR spectrum of the crude 

product. However, all samples were insoluble in the common NMR solvents. An accurate 

characterization by FTIR spectroscopy was also not possible due to the superposition of the 

intense signals of the BMA and since the S-H vibration is hardly detectable in FTIR 

spectroscopy. Due to the changing properties (solubility and odor), which occur during the 

deprotection, it can be assumed that this step proceeds at least partially. Therefore, an attempt 

was made to oxidize the thiol groups with hydrogen peroxide to sulfonic acid and thus achieve 

better solubility by increasing the polarity. Indeed, a soluble polymer was obtained after this 

reaction. The 1H NMR spectrum of the oxidized polymer previously obtained by deprotection 

with sodium methoxide is shown in Figure 116. 



Results and Discussion 

- 187 - 
 

 
Figure 116: 1H NMR spectrum of poly(2-(acetylthio)ethyl methacrylate-co-BMA) after treatment with sodium 

methoxide and H2O2. 

The NMR spectrum shows neither the expected signals of the CH2-S (2.8 - 2.9 ppm) nor the 

CH2-O (3.9-4.0 ppm) protons of the SMBS. In addition to the expected signal of the CH2-O 

group of the BMA at 3.96 ppm, another high intensity signal appears at 4.60 ppm, indicating a 

partial decomposition of the polymer. As a result, the synthesis route was not pursued any 

further.  

The copolymerization of MA and BMA was also carried out successfully. Subsequently, the 

copolymer was reacted with 1,4-butane sultone to obtain the sulfonic acid copolymer by ring 

opening. An NMR spectrum of the product was recorded, which is shown in Figure 117. 
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Figure 117: 1H NMR spectrum von poly(SMBS-co-BMA) via post modification of poly(MA-co-BMA). 

The NMR spectrum shows the signal of the S-CH2 group at 2.83 ppm. The signal of the O-CH2 

group of the SMBS is completely superimposed by the signal of the BMA. Moreover, the signal 

at 4.6 ppm, which was already observed in the first post modification pathway, indicates a 

partial decomposition. Nevertheless, a first important step towards the copolymerization of the 

anionic groups with the DA monomers was achieved, although a synthesis of poly(FMA-co-

MIMA-co-SMBS-co-BMA) has not been carried out successfully yet. 

DEGMA-based copolymers have also been studied. The polarity of poly(DEGMA) lies in 

between the DA and ionic components. Since the copolymerization with SMBS has already 

been successfully demonstrated in the previous studies, the initial focus was on the DA 

components. ARGET ATRP was performed, using 2,2'-Bipy as the complex ligand. The FMA-

co-DEGMA polymer was synthesized in high yield in a solvent mixture of MEK and methanol 

(3:1). In the same solvent, copolymerization of MIMA and DEGMA was not possible. When 

non-polar solvents were used (e.g. toluene), the desired copolymer was obtained at least in 

low yield (< 10 %). The 1H NMR of the most promising result of the synthesis of a polymer 

containing both DA components as well as the anionic component is shown in Figure 118. 
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Figure 118: 1H NMR spectrum of poly(FMA-co-MA-co-MIMA-co-DEGMA). 

A solvent ratio of 10: 3:1 of MEK, water and ethanol was used. The NMR spectrum shows the 

expected signals of both the DA groups and the ionic component. The used monomer ratio of 

1:1:1:10 (FMA:MIMA:SMBS:DEGMA) is not fully reflected in the polymer. Instead, a 

composition of 0.5 : 0.6 : 0.8 : 10 was determined. Despite this promising result, the synthesis 

shows very poor reproducibility, so that the systems could not be prepared reliably so far. The 

main problem is that the polymer often precipitates during polymerization and in most cases 

cannot be redissolved. In addition, the integration of the MIMA component is often not 

successful. Therefore, the synthesis of poly(FMA-co-SMBS-co-DEGMA) was carried out in a 

final approach, which showed a much better reproducibility. Here too, the synthesis was 

carried out in the solvent mixture of MEK, water and ethanol. The NMR spectrum of the product 

obtained is shown in Figure 119. 
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Figure 119: 1H NMR spectrum of poly(FMA-co-SMBS-co-DEGMA). 

Using the signal integrals, the ratio of the components in the polymer was determined to be 

0.6 : 3.7 : 10 (FMA:SMBS:DEGMA). Thus, a significantly higher proportion of ionic groups was 

found in the polymer than in the monomer ratio used. In contrast to the four-component system 

approach, the syntheses showed good reproducibility on the gram scale. The polymer 

prepared in this way could potentially serve as a basis for self-healing materials by combination 

with dendrimer-like maleimide linkers. 

The investigations have laid the groundwork for the preparation of double self-healing 

materials based on ionic interactions and DA chemistry. Despite the challenging synthesis of 

the copolymers, synthesis strategies were developed for both BMA and DEGMA based 

copolymers. In the case of BMA based synthesis, post-functionalization approaches seem to 

be the means of choice to bridge the polarity differences of the functional groups in the 

polymer. The copolymerization of the DA monomer and the BMA matrix with MA and the 

subsequent introduction of the sulfonate group by reaction with 1,4-butanesultone in a ring 

opening seems most promising. The use of poly(DEGMA) as a polymer matrix, which serves 

as a mediator between the functional monomers also appears to be an adequate approach. 

For the first time, a copolymer of all four components has been prepared in this way, although 

the reproducibility is poor so far and further attention needs to be paid to optimizing the reaction 

conditions. Furthermore, systems containing only the furan component, SMBS and DEGMA 
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are more accessible, so that the use of dendrimer like maleimide crosslinkers can possibly 

lead to access to two component self-healing materials. In addition, previous studies have also 

shown that the use of a mixture of three separate polymers, each containing one functional 

component, exhibits similar healing properties as systems in which all functional groups are 

statistically contained in one polymer.[73,548] Since the two component polymers were also 

prepared successfully, the polymer blends poly(SMBS-co-DEGMA)/poly(FMA-co-

DEGMA)/poly(MIMA-co-DEGMA) and poly(SMBS-co-BMA)/ poly(FMA-co-BMA)/poly(MIMA-

co-BMA) are interesting candidates for the double self-healing materials. 
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4. Conclusion and Perspective 

In this work, several nanocomposites were prepared. For this purpose, methacrylate-based 

copolymers were synthesized and combined with iron oxide nanoparticles specifically tailored 

for these respective matrices. Their physical and chemical properties were investigated. The 

focus of this work is the phenomenon of self-healing and the possibility of triggering it by 

magnetic field induced heating of the integrated particles. 

In the first part of the work, the nanoparticle system was selected and synthesized. A series of 

mixed iron oxides, namely FeXOY, as well as Mn1-XFe2+XO4 and Co1-YFe2+YO4 were investigated. 

Oleic acid functionalized particles were synthesized by thermal decomposition of 

acetylacetonate precursors, yielding nanoparticles in the 10 nm size range. While the cobalt 

and manganese mixed oxides showed ferrimagnetic behavior the iron oxide nanoparticles are 

superparamagnetic at room temperature. All three systems showed the ability to be heated in 

an alternating magnetic field. In addition to the advantageous magnetic properties the FeXOY 

particles exhibited a high heating rate, with a SAR value of 63.5 W/g and were therefore used 

as nano heaters in the further steps. 

The next chapter focused on the synthesis of self-healing nanocomposites based on ionic 

interactions. Here, self-healing was achieved by electrostatic interactions between the particles 

and the polymer matrix. For this purpose, ionic functionalized nanoparticles were prepared by 

ligand exchange of the oleic acid by either N,N,N-trimethyl-6-phosphonohexan-1-ammonium 

bromide or 6-phosphono-hexylsulfonic acid to obtain positively and negatively charged particle 

surfaces, respectively. The cationic functionalized particles showed stable surface charges up 

to pH 10.6 at which point a desorption of the phosphonic acid occurs. The anionic particles 

showed strong agglomeration due to the binding of both the sulfonate and phosphonic acid 

groups to the particle surface. Since agglomerates often act as stress concentration points and 

thus centers for damage in composites, the focus in the following was on the cationic particle 

systems. Further, it was also possible to generate switchable surface charges via DA/rDA 

chemistry, although cyclability is rather restricted. A set of polymer matrices was obtained by 

ARGET ATRP of SMBS and DEGMA. The polymers carry negative charges over a wide pH 

range due to the sulfonic acid groups of the SMBS. The mechanical and thermal stability, as 

well as the Tgs can be adjusted by the polymer composition. This allows to obtain low Tgs, 

which is necessary for sufficient self-healing. Highly magnetic and thermally more stable 

composites were obtained by integrating the cationic iron oxide particles. SAXS and BSE SEM 

revealed particle agglomeration within the polymer matrix independent of the particle content. 

Nevertheless, an increase in mechanical strength was observed upon particle addition. The 

systems showed excellent healing of cuts on a µm scale at 80 °C. Further spatially resolved 
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healing at macroscopically lower temperatures was possible in an alternating electromagnetic 

field, allowing a material-friendly self-healing.  

The ionic systems showed a high affinity towards moisture, which is readily adsorbed from the 

ambient air. The water acts as a plasticizer and even slight differences in the water content 

significantly alter the material’s properties. As a result, a comprehensive storage and drying 

procedure was developed. In this, FRP was used as the polymerization technique due to the 

better scalability. Despite the comparable compositions, the obtained polymers exhibited a 

divergent polymer structure. In the case of FRP semi-crystalline polymers were obtained, 

indicated by a sharp signal at q0 = 0.31 Å-1 in the SAXS measurements. A second peak at 2·q0, 

indicates the presence of a lamellar structure with a repeat distance of 2.1 nm. In contrast to 

the previous systems only a small dependence of the Tg on the polymer composition is 

observed. Combined with the fact that no glass transition is observed in the expected range of 

the SMBS homopolymer, this strongly suggests, that the ionic components form the 

paracrystalline structures, which are remarkably stable even at temperatures up to 300 °C. 

When iron oxide nanoparticles are added, an improvement in mechanical properties is again 

observed. Furthermore, the crystalline regions become disordered. The FRP composites also 

showed good healing ability and almost completely recovered the original properties in tensile 

tests, especially at high particle contents. Despite the good healing efficiency, long healing 

times were necessary. For forthcoming studies, it would be beneficial to modify the polymer to 

exhibit a reduced water affinity, such as by replacing the sulfonate group with other anionic 

groups. This adjustment could potentially enable wetting based healing, which is the favorable 

healing trigger for ionic polymers. So far, a contact with water was not possible without 

compromising the positive mechanical properties.  

In the next section, preparatory studies were carried out for synthesis of ionic self-healing 

nanocomposites in which the healing is completely transferred to the polymer matrix. A 

grafting-from approach was chosen to allow high loading densities. Two ATRP initiators were 

prepared, one with a non-polar alkyl linker and the other with a more polar ethylene glycol 

linker. This allows polymerization in both organic and aqueous media. Again, a phosphonic 

acid was used for functionalization. α-Bromoisbutyrate functionalities were implemented as the 

ATRP initiator group. In solution both initiators showed high activity for the polymerization of 

the model monomers butyl methacrylate and acrylamide. Moreover, the initiators were 

successfully immobilized on the surface of iron oxide particles. Initial polymerization 

experiments showed promising results for the SI ATRP, yielding well-dispersed particles in the 

polymer matrix. This forms the basis for the synthesis of self-healing nanocomposites by 

transferring the SI ATRP protocol to ionic monomers. 
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Based on the promising results of magnetic field-induced healing, steps were taken to transfer 

induction-based healing to fourth-generation self-healing materials, which exhibit two healing 

mechanisms. For this purpose, two BMA based literature-known polymer systems featuring 

both maleimide and furan functionalities as the DA/rDA components and either urea or amide 

functionalities as hydrogen bond donors/acceptors were combined with ureylene 

functionalized iron oxide particles. In this way, self-healing materials were obtained, which 

could be healed based on two orthogonal healing mechanisms. It was confirmed that only after 

decrosslinking of the polymer strands healing could be performed successfully by combination 

of DA reactions and hydrogen bonding. However, rDA had to be carried out thermally, whereas 

the subsequent magnetic field-induced healing via DA was possible. In comparison to the ionic 

systems investigated previously, the healing efficiency appears to be inferior. The reason for 

this is that these materials are significantly more rigid and therefore exhibit lower chain mobility. 

In order to improve the healing efficiency, the Tg could be lowered in future studies by 

increasing the BMA content. In addition, the optimization of the particles regarding their heating 

efficiency could avoid the need to perform rDA in the oven. In addition, especially for the fourth-

generation self-healing materials investigations into heat transfer and its impact on the two 

differently localized healing mechanisms hold significant importance and are interesting for 

further investigation. 

Finally, preparatory studies were carried out on the production of nanocomposites featuring 

both ionic- and DA-based healing. The synthesis of the polymers represents a central 

challenge, due to the strongly deviating polarity of the SMBS and MIMA component in 

particular. To date, BMA-based systems containing both groups have not been directly 

prepared. A post polymerization introduction of the ionic group via copolymerization of the DA 

monomers with BMA and MA followed by a ring-opening reaction with 1,4-butanesultone 

showed promising results to circumvent the polarity problem during polymerization. DEGMA 

based polymers, that feature both DA as well as ionic components were also synthesized, 

although the results remained poorly reproducible. To overcome this, copolymers of SMBS, 

FMA, and DEGMA were synthesized, potentially allowing the use of maleimide dendrimers as 

crosslinkers to obtain a self-healing two-component polymer. The use of different polymer 

blends containing the polymer backbone and only one functional monomer are also promising 

candidates for new self-healing materials. In particular, BMA-based systems might be 

interesting, as the non-polar backbone could reduce the water affinity while maintaining 

excellent healing ability. 
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5. Experimental 

5.1. Materials 

Fe(acac)3 (97 %), Mn(acac)2 (98 %), Co(acac)2 (97 %), 1,2-dodecandiol (90 %), oleic acid 

(≥ 99 %), CuBr2 (99 %), di(ethylene glycol) methyl ether methacrylate (95 %), 

1,6-dibromhexane (96 %), triethyl phosphite (98 %), trimethylamine solution in ethanol (31-

35 %), bromtrimethylsilane (97 %), triethylamine (≥ 99.5 %), acetylchloride (98 %), furan 

(98 %), 1,10-dibromdecane (97 %), 1,4-dibrombutane (99 %), 10-undecen-1-ol (98 %), 

sodium hydride (90 %, dry), dimethyl phosphite (98 %), N-(3-bromopropyl)phthalimide (98 %), 

phthalimide potassium salt (98 %), maleic anhydride (99 %), p-toluenesulfonic acid 

monohydrate (≥ 98.5 %), Diethylene glycol (99 %), tetraethylene glycol (99 %), 

α-bromoisobutyryl bromide (98 %), isopropenyl acetate (99 %), butyl methacrylate (99 %), 

sodium sulfite (> 97 %), propyl isocyanate (99 %), potassium thioacetate (98 %) and 

n-butyllithium (2.5 M in n-hexane, the exact concentration was determined by titration prior to 

use) were purchased from Sigma-Aldrich. Methacrylic acid (≥ 99 %) and potassium hydroxide 

(≥ 85 %) were purchased from Merck. Aluminium oxide 90 active neutral (70-230 mesh 

ASTM), DBPO (72-77 %, 25 % water), AIBN (≥ 99.5 %) and 2-bromoethanol (≥ 96 %) were 

purchased from Merck Millipore. 2,2’-Bipyridine (> 99 %), 2-Isocyanotoethyl methacrylate 

(≥ 99 %), hydroquinone (> 99 %) and (98 %) and hydrazine monohydrate (98 %) were 

purchased from Alfa Aesar. Sodium bicarbonate (> 99 %) was purchased from Fluka. 

Hydrochloric acid (37 %) and NH4OH (32 %) were purchased from Bernd Kraft GmbH. Dry 

dichloromethane (99.8 %) and methanol (99.8 %) were purchased from Acros Organics. 

Sodium sulfate (99%, dry), 4-methoxyphenol (99 %), pyridine (99 %), 3-aminopropanol (99 %), 

furfuryl alcohol (98 %), N-butylamine (> 99 %), CuBr2 (99 %) and pre-wetted cellulose 

regenerated tubing membranes with a 3500 D MWCO were purchased from Fisher Scientific. 

Natrium chloride (> 99 %), Ammonium chloride (> 99 %), sodium acetate (99 %) and 

magnesium sulfate (99 %, dry) were purchased from Grüssing GmbH Analytica. Sodium 

carbonate (97 %) was bought from VWR International GmbH. Acetic anhydride (≥ 99 %) and 

thionylchloride (≥ 98%) were obtained from Carl Roth GmbH.  

CuBr was synthesized by reduction of CuBr2 with equimolar amounts of NaSO3 in distilled 

water at room temperature. The precipitating colorless solid was stirred for 30 minutes in 

glacial acetic acid and then washed three times with methanol and subsequently three times 

with diethyl ether. The obtained solid was dried under vacuum and stored under argon 

atmosphere. AIBN was recrystallized from methanol prior to use. The stabilizers of DEGMA 

and BMA were removed by passing it through active neutral alumina. The monomers were 

distilled afterwards for purification. All other chemicals were used without further purification. 
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5.2. Characterization 

Fourier transform infrared (FTIR) spectra were recorded with a Bruker Vertex 70 spectrometer 

(Bruker Karlsruhe, Germany) under ambient air (16 scans at a resolution of 4 cm-1) in 

attenuated total reflectance (ATR) mode.  

Differential scanning calorimetry (DSC) measurements were performed using a Netzsch DSC 

204 F1 Phoenix (NETZSCH-Gerätebau GmbH, Selb, Germany). Samples were prepared in 

aluminum crucibles with pierced lids and heated under nitrogen at a rate of 5 K/min, 10 K/min 

or 20 K/min.  

Solution nuclear magnetic resonance spectra (NMR) were recorded with a Bruker Advance III 

HD 300/400 spectrometer (Bruker, Billerica, USA) at 25 °C using CDCl3, D2O and the residual 

protons of solvent and carbon as reference (1H at 300/400 MHz, 13C at 75/ 101 MHz, 31P at 

121/162 MHz).  

Elemental analysis (CHN) was performed with a Vario Micro Cube (Elementar 

Analysensysteme GmbH, Langenselbold, Germany).  

Thermogravimetric analysis (TGA) was performed with a Netzsch Iris TG 209C (NETZSCH-

Gerätebau GmbH, Selb, Germany). Measurements were conducted in aluminum oxide 

crucibles, heating from room temperature to 880 °C under nitrogen atmosphere, followed by 

heating to 1000 °C under a mixture of nitrogen and oxygen (4:1) with a rate of 10 K/min.  

Thermogravimetric analysis - mass spectrometry (TGA-MS) experiments were performed 

using a Mettler-Toledo TGA/DSC Star System 1 (Mettler-Toledo, Greifensee, Switzerland) 

applying a heating rate of 10 K/min from 30 to 400 °C and a nitrogen gas flow of 40 ml/min. 

The TGA was coupled with a ThermoStar GSD 300 T2 to a quadrupole mass spectrometer 

(QMS 200, PrismaTM), both from Pfeiffer Vacuum (Pfeiffer Vacuum GmbH, Aßlar, Germany). 

Measurements were performed in multiple ion detection mode with a channel electron 

multiplier detector using a dwell time of 0.2 s and an applied SEM voltage of 1150 V. 

ICP-MS measurements were conducted either with an Agilent 8900 Triple Quad or an Agilent 

7500cx ICP-MS system (Agilent Technologies, Santa Clara, USA). The detector dwell time for 

the first one was 100 µs and for the second one 300 ms. The repetition was 3 times. Between 

2 and 7 mg particles were dissolved in ultra-pure hydrochloric acid/nitric acid and diluted with 

ultra-pure water. Additionally, 10 μg/L internal standard (scandium) and HNO3 were added to 

reach an acid concentration of 3 to 5 % for the measurement. Single element ICP-MS 

standards of iron, manganese, cobalt, phosphorous and bromine with a concentration of 1 g/L 

each were used for calibration. The measured isotopes were 55Mn, 56Fe, 59Co, 31P and 79Br, 

using He or H2 as collision gas. 45Sc was used as internal standard. 
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Tensile testing: The samples were tested displacement controlled with a uniaxial testing 

device. Measurements were performed in a heat chamber at 20 °C. Samples were preheated 

in the unstrained state for at least 15 minutes to guarantee a uniform temperature. Samples 

were prepared in a hot press at 80 °C using Teflon molds. Samples with an initial sample, 

width and thickness of 27 mm, 3 mm and 2 mm respectively were used. A waisted sample 

geometry (R60) was used whereby a smallest cross-section area in the center of the specimen 

with highest stresses obtained which generates a replicable predetermined breaking point. 

Measurements were performed with a displacement rate of 0.2 mm/s.[700] 

Transmission electron micrographs (TEM) were measured with a JEOL JEM-2010 (JEOL 

Germany GmbH, Freising, Germany) with 200 kV used for electron acceleration. Samples 

were prepared on Plano S160−3 copper grids with carbon film.  

Powder X-ray diffraction (PXRD) patterns were recorded with a Bruker D8 Advance 

diffractometer (Bruker, Karlsruhe, Germany) in a Bragg-Brentano θ-θ-geometry (goniometer 

radius 280 mm). A 2θ range from 7 to 120° (step size 0.013°) was recorded in 1 hour scan 

time. Cu-Kα radiation (λ = 154.0596 pm, 40 kV, 40 mA) was used with a 12 μm Ni foil to reduce 

Kβ radiation. A variable divergence slit was mounted at the primary beam side (irradiated 

sample area: 10 × 7 mm). A LYNXEYE 1D detector was used at the secondary beam side. 

Background caused by white radiation and sample fluorescence was reduced by limiting the 

energy range of the detection. Interpretation of the XRD data was performed via Rietveld 

analysis using TOPAS 5. Crystallographic structure and micro-structure were refined, while 

instrumental line broadening was included in a fundamental parameters approach. The mean 

crystallite size <L> was calculated at the mean volume weighted column height derived from 

the integral breadth. The background of standard measurements was fitted by a Chebyshev 

polynomial function of 15th degree. 

X-ray crystallography: The data set was collected using a Bruker D8 Venture diffractometer 

(Bruker, Karlsruhe, Germany) with a microfocus sealed tube and a Photon II detector. 

Monochromated Mo-Kα radiation (λ = 0.71073 Å) was used. Data were collected at 273(2) K 

and corrected for absorption effects using the multi-scan method. The structure was solved by 

direct methods using SHELXT [701] and was refined by full matrix least squares calculations 

on F2 (SHELXL2018 [702]) in the graphical user interface Shelxle [703]. All non H-atoms were 

located on the electron density maps and refined anisotropically. C-bound H atoms were 

placed in positions of optimized geometry and treated as riding atoms. Their isotropic 

displacement parameters were coupled to the corresponding carrier atoms by a factor of 1.2 

(CH, CH2) or 1.5 (CH3).  

Small-angle X-ray scattering (SAXS) experiments were performed on a Xeuss 2.0 system 

(Xenocs SA., Grenoble, France). A collimated X-ray beam from a Cu-Kα source (λ = 1.54 Å) 
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was used to irradiate the sample, focused on a split size of 0.25 mm2. 2D scattering intensity 

patterns were recorded using a Pilatus 300 K detector from Dectris (Baden, Switzerland) with 

pixel sizes of 172 × 172 µm2, at a sample-to-detector distance of ~1050 mm, calibrated using 

a silver behenate standard. All samples scattered purely isotropic. Therefore, the 2D scattering 

patterns were azimuthally averaged to obtain the q-dependent scattered intensity, I(q), where 

q is the absolute value of the momentum transfer, given by q = 4π × sin(θ/2)/λ, and θ the 

scattering angle. All samples were measured for 1800 s. 

Zeta potential measurements were performed with a Malvern Panalytical Zetasizer Nano ZSP 

(Malvern Panalytical, Nürnberg, Germany). For the measurement, the solid particle sample 

was dispersed in deionized water under ultra-sonication for 15 minutes. Sample concentration 

was ~0.05 wt%. Titration was performed from the initial pH, once to alkaline and once to acidic 

conditions. At every pH value three measure points were taken each consisting of 20 separate 

measurements. 

Dynamic light scattering (DLS) studies were performed on an ALV/CGS-3 compact goniometer 

system with an ALV/LSE-5003 correlator (ALV-Laser Vertriebsgesellschaft mbH., Langen, 

Germany) at a 90° goniometer angle, using noninvasive backscattering (λ = 632.8 nm). 

Samples from reaction solution were diluted, homogenized in an ultrasound bath, and 

equilibrated for about five minutes before measurement. 

Microscope images were recorded under polarized light using an Olympus BX60 microscope 

equipped with a Sony CCD-Iris color camera. 

Inductive heating experiments: To generate the external alternating magnetic fields either a 

TRUMPF Hüttinger high frequency generator 1997 1G 5/3000 or a TruHeat HF 5010 (TRUMPF 

Hüttinger Elektronik GmbH + Co. KG, Freiburg, Germany) were used. Measurements were 

carried out with a 3-winded copper coil (d = 50 mm) with water cooling at a constant frequency 

of 1.95 MHz and 3000 W generator power for the first system. For the TruHeat system a 5-

winded copper coil (d = 40 mm) with water cooling at a constant frequency of 313 kHz and 

generator power of 5000 W were used. Temperatures in the high frequency oven were 

measured with a Weidmann Optocon Fotemp1 (Weidmann Technologies Deutschland GmbH, 

Dresden, Germany) with a TS2 fiber optic temperature sensor. For temperature measurements 

the samples are pricked with a needle. The tip of the sensor is placed into the resulting hole 

and the polymer is pressed together at slightly elevated temperature to assure best possible 

contact. The whole sample is placed into the induction coil. 

Mößbauer spectroscopy: A 57Co/Rh source was used for the 57Fe Mößbauer spectroscopic 

investigations. The measurements were conducted in usual transmission geometry. The 

samples were mixed with glucose (anhydrous) to ensure an even distribution of the samples 
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within the thin-walled PMMA containers at a thickness of about 10 mg Sn cm−2. For the 293 K 

measurements the samples and the source were kept at room temperature. For the 

measurements at 78 K the samples were placed inside a liquid nitrogen-bath cryostat during 

the experiments. Data was fitted using the WinNormos for Igor6 program package.[704] 

Rheology measurements were performed with an Anton Paar MCR 301 modular compact 

rheometer (Anton Paar Germany GmbH, Ostfildern-Scharnhausen, Germany). Oscillation 

measurements with an amplitude of 0.05 % and a frequency of 1 Hz were carried out. The 

specimens were held under tension with a force of 1 N. The samples were heated to 52.5 °C 

and then cooled back to room temperature. 

5.3. Synthetic Procedures 

The NMR and FTIR spectra of the synthesized compounds are presented in a separate 

appendix. 

Synthesis and Characterization of the Metal Oxide Nanoparticles 

The synthesis was performed according to literature procedure.[261] The particles are 

synthesized by thermal decomposition of Fe(acac)3. Therefore 3.53 g (10 mmol) Fe(acac)3, 

10.12 g (10 mmol) dodecane diol, 10 mL oleic acid and 10 mL oleyl amine were dissolved in 

100 mL benzyl ether. The reaction mixture was heated to 200 °C for 30 minutes, followed by 

a second heating step at 300 °C for another 30 minutes. After cooling to room temperature, 

the particles were decanted of magnetically and washed several times with ethanol 

(4 x 100 mL). The obtained black solid was then redispersed in 96 mL ethanol for storage. An 

aliquot of 2 mL was withdrawn, dried under vacuum, and weighted to estimate the 

concentration and reaction yield (19.0 mg / 2 mL ≙ 912 mg total mass, TGA: 78.04 % after N2 

Segment).  

Yield: 711 mg, 3.1 mmol, 92 %, black solid. 

For the cobalt mixed oxide 0.86 g (3.3 mmol) Co(acac)2 and 2.35 g (6.6 mmol) Fe(acac)3 were 

used. 

Yield: 644 mg, 2.7 mmol, 83 %, black solid. 

For the manganese mixed oxide 0.85 g (3.3 mmol) Mn(acac)2 and 2.35 g (6.6 mmol) Fe(acac)3 

were used. 

Yield: 567 mg, 2.4 mmol, 72 %, black solid. 
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Synthesis of Permanent Ionic Functionalized Nanoparticles 

The synthesis of the two phosphonic acids was performed according to literature 

procedure.[269]  

Diethyl(6-bromohexyl) phosphonate: 24.40 g (100 mmol) 1,6-dibromohexane was heated to 

150 °C. Within one hour 16.60 g (100 mmol) triethyl phosphite was added. The reaction 

mixture was kept at 150 °C for a further 5 hours and then cooled to room temperature. The 

crude product was fractionally distilled at reduced pressure (Bpt0.08 mbar: 123 °C).  

Yield: 19.97 g, 66 mmol, 66 %, colorless oil.  

1H NMR δ (CDCl3): 3.99-4.12 (4H, O-CH2-CH3), 3.34-3.43 (2H, CH2-Br), 1.34-1.92 (10H, CH2), 

1.24-1.33 (6H, O-CH2-CH3) ppm.  

13C NMR δ (CDCl3): 61.25 d (O-CH2), 33.60 (CH2-Br), 32.28 (CH2-CH2), 29.50 d, 27.47, 25.41 

d (CH2-P), 22.13 (CH2-CH2), 32.68 (O-CH2-CH3) ppm.  

31P NMR δ (CDCl3): 32.14 ppm.  

FTIR: 2982 (νas C-H2), 2933 (νs C-H2), 2864 (νs C-H2), 1439 (δ C-H2), 1394, 1242 (ν P=O), 

1167, 1101, 1024, 955 (ν P-OH), 787, 644 cm−1. 

 

6-(Diethoxyphosphoryl)-N,N,N-trimethylhexan-1-ammonium bromide: 4.20 g (14 mmol) of 

diethyl- (6-bromohexyl) phosphonate and 10 mL (42 mmol) of trimethylamine (33 % in ethanol) 

was stirred for 24 hours at room temperature. The crude product was filtered, and the filtrate 

was freed from the solvent with a rotary evaporator.  

Yield: 3.82 g, 11 mmol, 76 %, white solid.  

1H NMR δ (CDCl3) = 4.00-4.12 m (4H, O-CH2-CH3), 3.59-3.71 m (2H, CH2-Br), 3.45 s (9H, 

CH3), 1.36-1.82 m (10H, CH2), 1.27-1.33 t (6H, O-CH2) ppm.  

13C NMR δ (CDCl3): 66.61 (N-CH3, 61.45 d (O-CH2), 53.32 (N-CH3), 29.84 d (CH2-P), 25.61, 

25.27 d (CH2P), 22.84, 22.14 (CH2-CH2), 16.43 (O-CH2-CH3) ppm.  

31P NMR δ (CDCl3): 32.14 ppm.  

FTIR: 2983 (νas C-H2), 2941 (νas C-H2), 2858 (νs C-H2), 1488, 1394 (δ C-H2), 1389, 1246 (ν 

P=O), 1163, 1095, 1026, 953 (ν P-OH), 792, 521 cm−1. 
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N,N,N-Trimethyl-6-phosphonhexan-1-ammonium bromide: 2.35 g (6 mmol) of 6- 

(diethoxyphosphoryl)-N,N,N-trimethylhexan-1-ammonium bromide was dissolved in 10 mL dry 

dichloromethane at room temperature under argon atmosphere. 1.5 mL (12 mmol) of 

bromotrimethylsilane was added dropwise over an hour. The mixture was stirred at room 

temperature for further 24 hours until the conversion to the silyl ester was completed (verified 

by 1H NMR spectroscopy). The solvent was then removed. Subsequently 10 mL of a 

methanol:water mixture (3:2) was added and the solution was stirred at room temperature for 

another for 24 hours. Methanol was removed with a rotary evaporator and the product was 

dried in vacuo. The resulting solid was recrystallized from 2-propanol.  

Yield: 1.60 g, 5 mmol, 88 %, white solid. 

1H NMR δ (D2O) = 3.24-3.31 m (2H, N-CH2), 3.07 s (9H, N(CH3)3), 1.28-1.83 m (10H, CH2) 

ppm.  

13C NMR δ (D2O): 66.61 (N-CH2), 52.71 (N-CH3), 29.13 d (CH2-P), 27.18, 25.84, 24.86, 21.97 

(CH2-CH2) ppm.  

31P NMR δ (D2O): 30.04 ppm.  

FTIR: 2943 (νas C-H2), 2933 (νas C-H2), 2858 (νs C-H2), 2156, 1637 (H2O) 1481 (δ C-H2), 1217 

(ν P=O), 1105, 1055 (ν C-N), 989, 970, 933 (ν P-OH), 914, 768, 717, 660 cm−1.  

CHNtheo (C9H23BrNO3P): C: 35.54; H: 7.62; N: 4.61, CHNexp: C: 33.90, H: 7.07, N: 4.48 

 

6-Bromohexylphosphonic acid: 13.68 g (45 mmol) of diethyl (ω-bromoethyl) phosphonate was 

dissolved in 40 mL of dry dichloromethane under argon atmosphere and 11.9 mL (91 mmol) 

of bromotrimethylsilane was slowly added. Stirring was carried out for 24 hours at room 

temperature. The highly volatile by-products and solvent were removed under vacuum. Then 

40 mL of a mixture of methanol and water (3:2) was added and the reaction mixture was stirred 

over two days. The solvent was removed and the remaining solid was dried in vacuo. 

Yield: 10.14 g, 44 mmol, 98 %, pale yellow solid. 

1H NMR δ (CDCl3) = 9.15 s (2H, OH), 3.39–3.42 m (2H, CH2-Br), 1.36-1.91 m (10H, CH2) ppm.  

13C NMR δ (CDCl3): 33.77 (CH2-Br), 32.43, 29.45 d, 27.61 (CH2-CH2), 25.00 d (CH2-P), d 21.86 

(CH2-CH2) ppm.  

31P NMR δ (CDCl3): 37.36 ppm. 

FTIR: 2939 (νas C-H2), 2859 (νs C-H2), 2705, 2269, 1624 (H2O/PO-H) 1467 (δ C-H2), 1220 (ν 

P=O), 1186, 1046, 1012, 940 (ν P-OH), 799, 715, 647, 533 cm−1. 



Experimental 

- 202 - 
 

6-Mercaptohexyl phosphonic acid: 2.7 g (11 mmol) 6-bromohexylphosphonic acid was 

dissolved in 25 mL ethanol. 3.7 g (49 mmol) thiourea was dissolved in 25 mL dist. water and 

added. The reaction mixture was stirred for 18 hours under reflux. Subsequently, the ethanol 

was removed, 40 mL NH4OH (32 %) was added, and the reaction mixture was heated to 75 °C 

for another 2 hours. After cooling to room temperature, the pH was adjusted to 1 using half-

conc. HCl. The now acidic solution was extracted three times with 40 mL diethyl ether. The 

combined organic phase was washed with 40 mL 1 N HCl and dried over magnesium sulfate. 

The solvent was removed with a rotary evaporator and the remaining waxy solid was dried in 

vacuo. 

Yield: 1.0 g, 6 mmol, 51 %, colorless oil. 

1H NMR δ (CDCl3) = 8.70 s (2H, OH), 2.50-2.55 m (2H, CH2-SH), 1.39-1.84 m (10H, CH2) ppm.  

13C NMR δ (CDCl3): 33.79 (CH2-SH), d 29.90, 28.99, 27.89, 24.65, 21.98 d (CH2-CH2) ppm.  

31P NMR δ (CDCl3): 37.60 ppm. 

FTIR: 2926 (νas C-H2), 2851 (νs C-H2), 2741, 2308 (vs S-H), 2220, 1576 (H2O/PO-H) 1452 (δ 

C-H2), 1251 (ν P=O), 1146, 1098, 993 (ν P-OH), 940, 782, 712, 541 cm−1. 

 

6-Phosphonohexylsulfonic acid: 1.71 g of 6-mercaptohexylphosphonic acid (8.6 mmol) was 

dissolved in 40 mL of acetonitrile. In a second flask, 8.60 g of an aqueous H2O2 solution 

(35 wt% ≙ 88 mmol) was diluted in 40 mL acetonitrile and then added to the reaction flask in 

portions. Stirring was carried out overnight. The solvent was removed and the solid obtained 

was dried in vacuo.  

Yield: 1.51 g, 6 mmol, 71 %, white solid.  

1H NMR δ (CD3OD) = 2.75-2.84 m (2H, CH2-SO3H), 1.38-1.84 m (10H, CH2). 

13C NMR δ (CD3OD): 52.55 (CH2-SO3), 31.19 d, 29.21, 27.70 d, 25.73, 23.58 d (CH2-CH2) 

ppm.  

31P NMR δ (CD3OD) = 31.32 ppm.  

FTIR: 2947 (νas C-H2), 2864 (νs C-H2), 2658, 2193, 1681 (H2O/PO-H) 1470 (δ C-H2), 1141 (ν 

P=O/S=O), 975 (ν P-OH/S-OH), 800, 725, 602, 502, 467 cm−1. 

CHNtheo (C9H23BrNO3P): C: 29.27; H: 6.14; N: 0.00, CHNexp: C: 29.04, H: 6.05, N: 0.00 
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Diethyl (6-mercaptohexyl)phosphonate: 7.49 g (24.8 mmol) diethyl 6-bromohexyl 

phosphonate was dissolved in 56 mL ethanol. Under gentle heating, 8.37 g (109.9 mmol) of 

thiourea was dissolved in 56 mL of water and added to the phosphonic acid solution. It was 

heated under reflux for 18 hours. Then 90 mL of a 32 % NH4OH solution was added and 

heated for another 2 hours under reflux. The pH was adjusted to 7 with a half-concentrated 

HCl. The aqueous phase was extracted twice with 250 mL of diethyl ether. The combined 

organic phase was washed with a 1 N HCl solution and dried over sodium sulfate. 

Yield: 5.78 g, 23 mmol, 92 %, pale yellow liquid. 

1H NMR δ (CDCl3) = 4.05-4.11 m (4H, O-CH2-CH3), 2.48-2.53 m (2H, CH2-SH), 1.48-1.75 m 

(10H, CH2), 1.26-1.46 m (7H, S-H, O-CH2-CH3) ppm. 

13C NMR δ (CDCl3) = 61.51 d (CH2-O), 33.76, 30.07 (CH2-P), 27.88, 26.35, 24.95, 22.50, 16.56 

(CH3) ppm. 

31P NMR δ (CDCl3) = 32.37 ppm.  

 

S-(6-(diethoxyphosphoryl)hexyl) ethanethioate: 5.78 g (23 mmol) diethyl (6-mercaptohexyl) 

phosphonate was dissolved in 12 mL DCM. At 0°C, 4.1 mL (30 mmol) of triethylamine was 

added. The reaction mixture was stirred for a further 20 minutes. Then 2.8 mL (39 mmol) acetyl 

chloride in 14 mL DCM was added dropwise. Stirring was carried out for one hour at 0 °C and 

one hour at room temperature. The reaction mixture was then stirred overnight at 40 °C. The 

precipitating ClNEt3 was filtered off. The crude product was washed with a 5 % sodium 

bicarbonate and then several times with water until pH 4 is reached for the aqueous phase. 

The organic phase was dried over sodium sulfate, and the solvent was removed under vacuum.  

Yield: 3.03 g, 10 mmol, 44 %, yellow liquid. 

1H NMR δ (CDCl3): 4.12-4.03 m (4H, O-CH2-CH3), 2.86-2.83 m (2H, CH2-S), 2.31 s (C-CH3), 

1.75-1.36 m (10H, CH2), 1.33-1.29 (6H, O-CH2-CH3) ppm.  

13C NMR δ (CDCl3): 196.12 (C=O), 61.53 d (O-CH2), 30.77 30.17 d, 29.21 d, 28.34, 26.43, 

25.00, 22.38 d (CH2), 16.60 d (O-CH2-CH3) ppm.  

31P NMR δ (CDCl3): 32.37 ppm.  
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(6-(acetylthio)hexyl)phosphonic acid: 3.03 g (11 mmol) diethyl (6-mercaptohexyl) phosphonate 

was dissolved in 10 mL DCM. Then 2.9 mL (22 mmol) bromotrimethylsilane in 5 mL DCM was 

added dropwise. Stirring was carried out for 24 hours at room temperature. After removing the 

solvent, 10 mL of a water methanol mixture (3:2, v:v) was added and the mixture was stirred 

for another 24 hours at room temperature. The product obtained was dried in vacuo and 

recrystallized from 2-propanol. As the side product could not be removed, the yield was 

estimated from the NMR spectrum. 

Yield: 815 mg, 3 mmol, 31 %, pale yellow solid. 

1H NMR δ (CDCl3): 2.86-2.83 m (2H, CH2-S), 2.31 s (C-CH3), 1.76-1.36 m (24H, CH2) ppm. 

The signal at 2.50 ppm and the increased signal intensity at 1.76-1.36 ppm originate from an 

impurity that could not be removed. 

 

6-Phosphonohexylsulfonic acid via (6-(acetylthio)hexyl)phosphonic acid: For the initial 

hydrolysis procedure the 0.50 g (2 mmol) (6-(acetylthio)hexyl)phosphonic was stirred 

overnight at 40 °C in 50 mL of a saturated KOH solution (1:1 mixture of water and methanol). 

The pH of the reaction mixture was adjusted to 1 with conc. HCl. The now acidic solution was 

extracted with diethyl ether, the combined organic phases washed with 1 N HCl and dried over 

magnesium sulfate. The solvent was removed with a rotary evaporator. The obtained solid was 

dissolved in 40 mL acetonitrile and 8.6 g of an aqueous H2O2 solution (35 wt% ≙ 88 mmol) 

was added to the reaction flask in portions. Stirring was carried out overnight. The solvent was 

removed and the solid obtained was dried in vacuo. 

Yield: 0.11 g, 0.5 mmol, 22 %, white solid.  

For characterization, see above. 

 

6-Phosphonohexylsulfonic acid via 6-bromohexylphosphonic acid: 

The synthesis was carried out according to literature procedure.[635] 0.57 g (2.3 mmol) (6-

bromohexyl)phosphonic acid and 0.87 g (6.9 mmol) Na2SO3 was dissolved in 5 mL water. The 

reaction mixture was heated for 72 hours under reflux. The pH of the solution was adjusted to 

1.5 and the solution was extracted with DCM. The organic phase was dried over magnesium 

sulfate. The solvent was removed. 

Yield: 0.07 g, 0.30 mmol, 13 %, white solid. 

For characterization, see above.  
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Synthesis of Functionalized Nanoparticles with Switchable Surface Polarity 

Approach 1: 

The synthesis of the furane decyl phosphonic acid was carried out according to literature 

procedure.[271] 

2-(10-Bromodecyl)furan: 180 mL of absolute THF was cooled to 0 °C under argon atmosphere. 

To the cooled solvent 44 mL (96 mmol) of n-butyllithium and then 6.8 mL (100 mmol) of furan 

was added under stirring. The reaction mixture was stirred at 0 °C for 30 minutes and then 

again at room temperature for an additional 30 minutes. Subsequently, 24.06 g (80 mmol) of 

1,10- dibromodecane, dissolved in a little THF, was quickly added to the reaction mixture 

at -20 – 0 °C under vigorous stirring. After addition, the mixture was stirred overnight at room 

temperature. The reaction was quenched by adding 80 mL of saturated ammonium chloride 

solution and then extracted three times with 80 mL of ethyl acetate. The combined organic 

phase was dried using magnesium sulfate and the solvent was removed using a rotary 

evaporator. The residue obtained was purified by column chromatography. 

Yield: 14.64 g, 51 mmol, 64 %, pale yellow solid. 

1H NMR δ (CDCl3) = 7.30-7.29 m (1H, CH-O), 6.30-6.27 m (1H, C-H), 5.98-5.97 m (1H, C-H), 

3.43-3.39 t (2H, CH2-Br), 2.64-2.60 t (2H, CH2), 1.90-1.82 m (2H, CH2), 1.64-1.61 m (2H, CH2), 

1.37-1.24 m (12H, CH2) ppm. 

13C NMR δ (CDCl3) = 156.71 (C-O), 140.72 (CH-O), 110.13 (C-H), 104.62 (C-H), 34.16, 32.95, 

29.61. 29.51 29.42, 29.26, 28.86, 28.83, 28.28, 28.14 (CH2) ppm. 

FTIR: 2923 (νas C-H2), 2849 (νs C-H2), 1594 (v C=C), 1508 (v C=C), 1252, 1135, 1012, 920, 

890, 791, 724 (δ Furane), 645, 602, 559 (v C-Br) cm−1. 

 

Dimethyl (10-(furan-2-yl)decyl)phosphonate: Under argon athmosphere, 0.43 g (18 mmol) of 

sodium hydride was suspended in 50 mL of absolute THF. To this suspension 1.5 mL 

(16 mmol) of dimethyl phosphite was added dropwise at 0 °C. The reaction mixture was stirred 

at 0 °C for 1.5 hours to obtain sodium dimethyl phosphonate. H2 evolution was observed during 

this step. The obtained solution was then added dropwise to a solution of 5.85 g (15 mmol) 2-

(10-bromodecyl)furan in130 mL absolute THF. The resulting reaction mixture was stirred 

overnight at room temperature. The next day, the success of the reaction was checked by 1H 

NMR. Low conversion was observed. Therefore, a suspension of 0.43 g sodium hydride in 

50 mL THF was prepared again. To this suspension 1.46 mL (15.8 mmol) of dimethyl 

phosphite was slowly added at 0 °C and the mixture was stirred at 0 °C for 1.5 hours. The 
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reaction mixture was added dropwise to the initial reaction solution and again stirred overnight 

at room temperature. The precipitated solid was filtered off and the solvent was completely 

removed. The resulting residue was cleaned up by silica column chromatography. A solvent 

gradient of n-hexane/THF from 1:10 to 1:1 was used. 

Yield: 1.80 g, 6 mmol, 38 %, pale yellow oil. 

1H NMR δ (CDCl3) = 7.23-7.22 m (1H, CH-O), 6.17-6.18 m (1H, C-H), 5.89-5.88 m (1H, C-H), 

3.65-3.63 d (6H, CH3), 2.53-2.49 m (2H, CH2), 1.75-1.67 (2H, CH2), 1.57-1.42 (4H, CH2), 1.35-

1.22 m (12H, CH2) ppm. 

13C NMR δ (CDCl3) = 156.75 (C-O), 140.77 (CH-O), 110.17 (C-H), 104.66 (C-H), 52.39 d (O-

CH3), 30.84, 30.62, 29.58, 29.45, 29.29, 29.21, 28.14 d, 25.77, 23.92, 22.45 d (CH2) ppm. 

31P NMR δ (CDCl3) = 36.38 ppm. 

FTIR: 2917 (νas C-H2), 2853 (νs C-H2), 1598 (v C=C), 1504 (v C=C), 1257, 1239 (v P=O), 1048, 

1022 (v P-O-C) 929, 895, 822 (δ P-O-C), 724 (δ Furane), 597, 546, 494 cm−1. 

 

(10-(Furan-2-yl)decyl)phosphonic acid: 1.02 g (3.2 mmol) dimethyl (10-(furan-2-yl)decyl) 

phosphonate was dissolved in 35 mL DCM at 0 °C. Subsequently 0.98 mL (7.4 mmol) 

bromotrimethylsilane was added dropwise. The reaction mixture was stirred for 16 hours at 

room temperature. The solvent was removed, and the obtained pale-yellow oil was stirred in 

40 mL methanol overnight. The product was precipitated by addition of n-hexane and cooling 

the solution to -25 °C. The product was filtered off and washed with n-hexane. 

Yield: 1.80 g, 5.7 mmol, 38 %, pale yellow oil. 

1H NMR δ (CDCl3) = 7.32-7.31 m (1H, CH-O), 6.27-6.26 m (1H, C-H), 6.98-5.99 m (1H, C-H), 

2.53-2.49 m (2H, CH2), 1.72-1.29 m (18 H, CH2) ppm. 

13C NMR δ (CDCl3) = 156.54 (C-O), 140.88 (CH-O), 110.53 (C-H), 104.88 (C-H), 31.01, 30.04, 

29.96, 29.42, 29.27, 29.15, 28.64, 28.35, 27.13, 23.21 ppm. 

31P NMR δ (CDCl3) = 30.13 ppm. 

 

3-(1,3-dioxoisoindolin-2-yl)-N,N,N-trimethylpropan-1-ammonium bromide: 7.51 g (28 mmol) of 

N-(3-bromopropyl)phthalimide was dissolved in 10 mL of dichloromethane and combined with 

20 mL (84 mmol) of trimethylamine (31-35 % in ethanol). The reaction mixture was stirred for 

24 hours at room temperature. The white solid formed during the reaction was filtered off and 

the filtrate was washed with dichloromethane. The product was dried in vacuo. 
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Yield: 8.95 g, 27 mmol, 98 %, white solid. 

1H NMR δ (CDCl3) = 7.93-7.87 m (2H, C-H), 7.86-7.81 m (2H, C-H), 3.82 m (2H, N-CH2), 3.52-

3.44 m (2H, N-CH2), 3.13 s (9H, N-CH3), 2.23-2.16 m (2H, CH2) ppm. 

13C NMR δ (CDCl3) = 169.80 (C=O), 135.50, 133.41, 124.26 (arom.), 65.42 (CH2-N), 53.58 

(CH3-N), 35.72 (CH2-N), 23.70 (CH2) ppm. 

FTIR: 3004 (νas C-H2), 2953 (νs C-H2), 1763 (v C=O), 1708 (v C=O), 1472, 1395 (phthalimide 

ring vibration), 1348, 1163, 1117, 1027, 933, 890, 787, 715, 603, 530, 505 cm-1. 

 

3-Amino-N,N,N-trimethylpropan-1-ammonium bromide: 4.26 g (13 mmol) 3-(1,3-

dioxoisoindolin-2-yl)-N,N,N-trimethylpropan-1-ammonium bromide was added to 500 mL 

absolute ethanol. To the reaction mixture 1.78 g (37 mmol) of hydrazine monohydrate was 

added under stirring at 0 °C. The reaction mixture was then stirred for 30 minutes at room 

temperature and then refluxed for 10 hours. After cooling to room temperature, the precipitated 

solid phthalhytrazide was filtered off. The solvent was removed, and the residue obtained was 

taken up again in warm ethanol to just dissolve the residue. After slow cooling, the precipitated 

solid phthalhytrazide was filtered off and the solvent was completely removed. 

Yield: 1.73 g, 5 mmol, 39 %, green sticky solid. 

1H NMR δ (CDCl3) = 3.59-3.55 m (2H, N-CH2), 3.31 s (9H, N-CH3), 2.96-2.93 m (2H, N-CH2), 

2.16-2.09 m (2H, CH2) 

13C NMR δ = 66.65 (N-CH2), 53.67(N-CH3), 39.05 (N-CH2), 26.22 (CH2) ppm.  

FTIR: 3389 (N-H), 2925 (νas C-H2), 2855 (νs C-H2), 1763 (v C=O), 1645, 1572, 1480 (v C-N), 

1248, 1053, 956, 909 (δ N-H), 775, 692, 506 cm-1. 

 

3-(1,3-Dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyisoindol-2-yl)-N,N,N-trimethylpropan-1-

ammonium bromide: 1.44 g (8.7 mmol) of a protected maleic anhydride in 30 mL of absolute 

methanol under argon atmosphere. 1.70 g (8.7 mmol) of 3- amino-N,N,N-trimethylpropan-1-

ammonium bromide was then dissolved in 5 mL absolute methanol and added dropwise. The 

reaction mixture was stirred at room temperature until all components were dissolved and then 

refluxed overnight. The solvent was removed, and the residue obtained was recrystallized from 

methanol. The white crystals obtained were filtered off and washed with small amounts of cold 

methanol. The product was dried in vacuo. 

Yield: 1.08 g, 5.5 mmol, 63 %, white solid. 
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1H NMR δ (CDCl3) = 6.57 s (2H, C=CH), 5.20 s (2H, O-CH), 3.62-3.59 m (2H, N-CH2), 3.10 s 

(9H, CH3), 2.98 s (2H, N-CH2), 2.12-2.04 m (2H, CH2) ppm. 

13C NMR δ (CDCl3) = 178.49 (C=O), 137.59 (C=C), 82.48 (C-O), 65.21 (N-CH2), 65.18 (C-H), 

53.60 (N-CH3), 36.21 (N-CH2), 22.67 (CH2) ppm. 

FTIR: 3010 (νas C-H2), 2957 (νs C-H2), 1766 (C=O), 1695 (C=O), 1436, 1392, 1360, 1188 

(v C-N), 1135, 1077, 1024, 881, 848, 805, 719 (δ C-O), 651 (ring vibration), 585 cm-1. 

 

Approach 2: 

The synthesis of the maleimide decylphosphonic acid was carried out according to the 

literature procedure.[271] 

N-(10-Bromodecyl)phtalimide: 54.84 g (183 mmol) 1,10-dibromodecane was dissolved in 

80 mL DMF under argon atmosphere. 7.79 g (42 mmol) potassium phthalimide was added. 

The reaction mixture was stirred at 160 °C overnight. Then 155 mL petroleum ether, 155 mL 

diethyl ether and 155 mL saturated sodium chloride solution was added. The organic phase 

was separated and washed twice with 155 mL saturated sodium chloride solution. The organic 

phase was dried over sodium sulfate. The solvent was removed and the crude product was 

purified by column chromatography with a solvent gradient (n-hexane:ethyl acetate from 1:0 

to 7:3). The product was dried under vacuum. 

Yield: 8.51 g, 23 mmol, 55 %, colorless solid. 

1H NMR δ (CDCl3) = 7.85-7.83 m (2H, C-H), 7.72-7.70 m (2H, C-H), 3.69-3.65 t (2H, N-CH2), 

3.42-3.38 t (2H, Br-CH2), 1.87-1.80 m (2H, CH2), 1.42-1.28 m (12H, CH2) ppm. 

13C NMR δ (CDCl3) = 168.65 (C=O), 134.00, 132.31, 123.31 (arom.), 38.19 (N-CH2), 34.24 

(Br-CH2), 32.96, 29.48, 29.47, 29.26, 28.85, 28.72, 28.29, 26.96 (CH2) ppm. 

FTIR: 2915 (νas C-H2), 2847 (νs C-H2), 1767, 1691 (C=O), 1468, 1443, 1401(phthalimide ring 

vibration), 1375 (v C-N), 1228, 1778, 1077, 1047, 1005, 955, 901, 799, 720, 660, 534 cm-1. 

 

N-(10-Phtalimidodecyl)diethyl phosphonate: 3.26 g (9 mmol) N-(bromodecyl)phthalimide and 

6.2 mL (36 mmol) triethylphosphite was stirred for 18 hours at 150 °C under argon. Excess 

triethyl phosphite and other by-products were distilled off under reduced pressure. 

Yield: 3.78 g, 9 mmol, 100 %, colorless oil. 
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1H NMR δ (CDCl3) = 7.83-7.81 m (2H, C-H), 7.70-7.68 m (2H, C-H), 4.09-4.04 m (4H, O-CH2), 

3.67-3.63 t (2H, N-CH2), 2.01-1.54 m (6H, CH2), 1.31-1.24 m (18H, CH2/CH3) ppm. 

13C NMR δ (CDCl3) = 168.56 (C=O), 133.93, 132.25, 123.23 (arom.), 61.47 d (O-CH2-CH3), 

38.13 (N-CH2), 30.68 d, 29.43 d, 29.22, 29.13, 28.67, 26.92, 26.45, 25.05, 22.49 d, 16.56 d 

(O-CH2-CH3) ppm. 

31P NMR δ (CDCl3) = 32.66 ppm. 

FTIR: 2987 (νas C-H3), 2927 (νas C-H2), 2854 (νs C-H2), 1770, 1701 (C=O), 1474, 1441, 1393 

(phthalimide ring vibration), 1364 (C-N), 1241 (P=O), 1026 (P-OC), 956, 794, 720, 534 cm-1. 

 

N-(10-Aminoalkyl)diethylphosphonate: 7.42 g (17.5 mmol) N-(10-phtalimidodecyl)diethyl 

phosphonate was dissolved in 700 mL ethanol and cooled to 0 °C. Dropwise 2.4 mL of 

hydrazine monohydrate was added. The reaction was stirred for 30 minutes at 0 °C, 

30 minutes at room temperature and then refluxed overnight. The solvent was removed. The 

sample was collected with DCM and extracted with an aqueous sodium carbonate solution. 

The organic phase was dried over sodium sulfate. The product was obtained after removal of 

the solvent. 

Yield: 2.43 g, 8 mmol, 47 %, colorless oil. 

1H NMR δ (CDCl3) = 4.11-3.97 m (4H, O-CH2), 2.65-3.62 t (2H, N-CH2), 1.71-1.63 m (2H, 

P-CH2), 1.61-1.35 m (6H, CH2), 1.35-1.22 m (18H, CH2/CH3) ppm. 

13C NMR δ (CDCl3) = 61.41 d (O-CH2-CH3), 42.23 (N-CH2), 33.71, 30.65 d, 29.49, 29.47 d, 

29.12, 26.91, 26.42, 25.03, 22.45 d, 16.54d (O-CH2-CH3) ppm.  

31P NMR δ (CDCl3) = 32.62 ppm. 

FTIR: 3495 (v N-H2), 2980 (νas C-H3), 2924 (νas C-H2), 2854 (νs C-H2), 1609 (δ C-H), 1462 (v 

C-N), 1396, 1241 (P=O), 1025 (P-OC), 955, 796, 621, 543 cm-1. 

 

4-((10-(diethoxyphosphoryl)decyl)amino)-4-oxobut-2-enoic acid: 1.25 g (12 mmol) maleic 

anhydride was dissolved in 55 mL DCM. 3.75 g (12 mmol) N-(10-

aminoalkyl)diethylphosphonate was dissolved in 55 mL DCM and added dropwise. Stirring 

was continued for 1 hour at room temperature. The solvent was removed. The reaction yielded 

the opened maleimide. 

Yield: 4.99 g, 12 mmol, 100 %, colorless oil. 
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1H NMR δ (CDCl3) = 6.54 d (1H, =C-H), 6.27 d (1H, =C-H), 4.13-3.99 m (4H, O-CH2), 3.34-

3.29 m (2H, N-CH2), 1.76-1.55 m (6H, CH2), 1.38-1.26 m (18H, CH2/CH3) ppm. 

13C NMR δ = 166.30 (HOC=O), 166.26 (NC=O), 135.21 (C=C), 132.54 (C=C), 61.75 d (O-

CH2-CH3), 40.47 (N-CH2), 30.40, 29.13 d, 29.07, 28.62, 26.83, 26.05, 24.66, 22.28, 16.53 d 

(O-CH2-CH3) ppm.  

31P NMR δ (CDCl3) = 32.56 ppm. 

FTIR: 3459, 3239 (NH/OH), 2986 (νas C-H3), 2927 (νas C-H2), 2853 (νs C-H2), 1719 (C=O), 

1637, 1572, 1402, 1305, 1218 (P=O), 1025 (PO-C), 962 (P-OC), 855, 787, 727, 631, 594, 

543 cm-1. 

 

N-(10-Maleimide decyl)phosphonic acid: 2.55 g (6.5 mmol) 4-((10-(diethoxyphosphoryl) 

decyl)amino)-4-oxobut-2-enoic acid was dissolved in 43 mL acetic anhydride and 0.52 g 

sodium acetate was added. The mixture was heated overnight. After cooling to room 

temperature, 45 mL ethyl acetate and 50 mL water were added. The organic phase was 

separated and extracted with a saturated sodium chloride solution. The solvent was separated 

by distillation. The subsequent step was carried out under argon atmosphere. The intermediate 

was dissolved in 20 mL dry acetonitrile and 1.7 mL (13.5 mmol) bromotrimethylsilane was 

added dropwise. The reaction mixture was stirred overnight. Then 20 mL of methanol was 

added and stirred again overnight. The reaction mixture was concentrated, and the product 

precipitated after addition of 20 mL cold n-hexane. The product was recrystallized from a 

mixture of n-hexane and ethanol. 

Yield: 1.86 g, 5.9 mmol, 90 %, colorless solid. 

1H NMR δ (CD3OD) = 6.77 s (=C-H), 3.47-3.44 t (2H, N-CH2), 1.69-1.50 m (6H, CH2), 1.40-

1.23 m (14H, CH2) ppm. 

13C NMR δ = 172.60 (C=O), 135.33 (C=C), 38.52 (N-CH2), 31.81 d, 30.49 d, 30.27, 30.15, 

29.48, 28.89, 27.75, 27.53 ppm.  

31P NMR δ (CDCl3) = 29.95 ppm. 

 

2-(4-bromobutyl)furan: 1.7 mL (23 mmol) furan was dissolved 40 mL dry THF under argon 

atmosphere. 10 mL of a 2.5 M n-butyllithium solution was added dropwise at 0 °C. The sample 

was stirred 30 minutes at 0 °C then 30 minutes at RT followed for 30 minutes at 40 °C. The 

mixture was then cooled to -20 °C and 17.27 g (80 mmol) of 1,4-dibromobutane was added 

dropwise. The mixture was stirred at 0 °C for 30 minutes. The mixture was stirred overnight at 
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room temperature. The reaction mixture was quenched with 80 mL of a saturated ammonium 

chloride solution. The aqueous phase was extracted three times with 80 mL ethyl acetate. The 

combined organic phase was dried over sodium sulfate and freed from solvent. The product 

was purified by silica column chromatography using n-hexane as the solvent. 

Yield: 2.40 g, 12 mmol, 51 %, colorless solid. 

1H NMR δ (CD3OD) = 7.31-7.30 m (1H, C-H), 6.30-6.28 m (1H, C-H), 6.01-5.98 m (1H, CH), 

3.44-3.41 m (2H, Br-CH2), 2.67-2.65 m (2H, OC-CH2) 2.04-1.70 m (4H, CH2) ppm. 

13C NMR δ = 156.15, 141.03, 110.21, 105.18 (arom.), 33.53, 32.17, 27.70, 26.92 (CH2) ppm. 

FTIR: 2944 (νas C-H2), 2860 (νs C-H2), 1602 (C=C), 1505, 1434, 1253, 1207, 1148 (δ C-H), 

1072, 1004, 925, 883, 975, 926, 728 (δ furane), 648, 598, 560 cm-1. 

 

4-(furan-2-yl)-N,N,N-trimethylbutan-1-ammonium bromide: 8.81 g (43 mmol) 2-(4-

bromobutyl)furan was stirred in 15.5 mL of a 4.2 M trimethylamine solution in ethanol 

overnight. The solvent was removed, and the white solid was taken up with n-hexane and 

extracted with water. After removal of the water under reduced pressure, the product was 

recrystallized from 2-propanol. 

Yield: 9.18 g, 35 mmol, 81 %, colorless solid. 

1H NMR δ (CD3OD) = 7.36-7.35 m (1H, C-H), 6.30-6.29 m (1H, C-H), 6.09-6.08 m (1H, CH), 

3.38-3.34 m (2H, N-CH2), 2.75-2.71 m (2H, OC-CH2), 1.88-1.81 m (2H, CH2), 1.75-1.67 m (2H, 

CH2) ppm. 

13C NMR δ = 156.23, 142.38, 111.20, 106.47 (arom.), 67.42 (N-CH2), 53.54 (CH3) 28.05 25.94 

23.31 (CH2) ppm. 

FTIR: 3106 (NC-H3), 3013 (NC-H3), 2920 (νas C-H2), 2864 (νs C-H2), 1589 (C=C), 1483 (NC), 

1407, 1390, 1333, 1230, 1170, 1143 (δ C-H), 1066, 1004, 996, 965, 917, 875, 776, 748 (δ 

furane), 605, 529 cm-1. 

 

After re-crystallization of the product, colorless crystals could be obtained, which allowed the 

determination of a single crystal structure. Due to crystal twinning, not all reflections could be 

assigned. Furthermore, the measurement was performed at 0°C, which affects the quality of 

the determinability of the atomic spacings. 
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Table 17: Crystal data and structure refinement for 4-(furan-2-yl)-N,N,N-trimethylbutan-1-ammonium bromide 
(4761_a). 

Identification code  4761_a  
Empirical formula  C11 H20 Br N O  
Formula weight  262.19  
Temperature  273(2) K  
Wavelength  0.71073 Å  
Crystal system  Monoclinic  
Space group  P21/m  
Unit cell dimensions a = 5.5709(10) Å α= 90°. 

 b = 7.3592(12) Å β= 90.160(6)°. 

 c = 15.460(3) Å γ = 90°. 
Volume 633.80(19) Å3 

 
Z 2  
Density (calculated) 1.374 g/cm3 

 
Absorption coefficient 3.216 mm-1  
F(000) 272  
Crystal size 0.425 x 0.415 x 0.094 mm3  
Theta range for data collection 2.635 to 26.371°.  
Index ranges -5 ≤ h ≤ 6, -9 ≤ k ≤ 9, -19 ≤ l ≤ 19  
Reflections collected 4486  
Independent reflections 1163 [Rint = 0.0383]  
Completeness to theta = 25.242° 81.7 %   
Absorption correction Semi-empirical from equivalents  
Max. and min. transmission 0.7456 and 0.6069  
Refinement method Full-matrix least-squares on F2  
Data / restraints / parameters 1163 / 0 / 83  
Goodness-of-fit on F2 1.099  
Final R indices [I>2sigma(I)] R1 = 0.0383, wR2 = 0.0903  
R indices (all data) R1 = 0.0448, wR2 = 0.0928  
Extinction coefficient n/a  
Largest diff. peak and hole 0.512 and -0.377 e/Å-3  
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Table 18: Atomic coordinates (x108) and equivalent isotropic displacement parameters (Å2x105) for 4761_a. U(eq) 
is defined as one third of the trace of the orthogonalized Uij tensor. 

        x    y      z  U(eq) 
Br(1) 0.1390(1) 0.7500 0.1177(1) 0.42(1) 
O(1) 0.5457(10) 0.2500 0.6111(3) 0.70(1) 
N(1) 0.5180(7) 0.2500 0.1315(2) 0.35(1) 
C(1) 0.3966(19) 0.2500 0.6809(4) 0.77(2) 
C(2) 0.1735(19) 0.2500 0.6575(5) 0.84(2) 
C(3) 0.1741(14) 0.2500 0.5631(4) 0.68(2) 
C(4) 0.4003(14) 0.2500 0.5395(4) 0.60(2) 
C(8) 0.3783(10) 0.2500 0.2145(3) 0.46(1) 
C(9) 0.3422(10) 0.2500 0.588(3) 0.44(1) 
C(10) 0.6737(7) 0.4160(4) 0.1234(2) 0.44(1) 
C(7) 0.5302(11) 0.2500 0.2955(3) 0.55(1) 
C(6) 0.3670(12) 0.2500 0.3772(3) 0.61(2) 
C(5) 0.5304(12) 0.2500 0.4556(3) 0.60(2) 

 

Table 19: Bond lengths [Å] and angles [°] for 4761_a. 

O(1)-C(1)  1.364(9)  C(1)-O(1)-C(4) 106.2(6) 
O(1)-C(4)  1.370(7)  C(9)-N(1)-C(8) 107.7(4) 
N(1)-C(9)  1.490(6)  C(9)-N(1)-C(10)#1 108.3(2) 
N(1)-C(8)  1.502(6)  C(8)-N(1)-C(10)#1 111.9(2) 
N(1)-C(10)#1  1.504(4)  C(9)-N(1)-C(10) 108.3(2) 
N(1)-C(10)  1.504(4)  C(8)-N(1)-C(10) 111.9(2) 
C(1)-C(2)  1.294(12)  C(10)#1-N(1)-C(10) 108.6(4) 
C(2)-C(3)  1.459(10)  C(2)-C(1)-O(1) 111.4(7) 
C(3)-C(4)  1.313(10)  C(1)-C(2)-C(3) 106.0(7) 
C(4)-C(5)  1.488(8)  C(4)-C(3)-C(2) 106.4(7) 
C(8)-C(7)  1.509(7)  C(3)-C(4)-O(1) 110.0(6) 
C(7)-C(6)  1.559(8)  C(3)-C(4)-C(5) 135.5(6) 
C(6)-C(5)  1.513(8)  O(1)-C(4)-C(5) 114.6(6) 
 

  N(1)-C(8)-C(7) 114.7(4) 

   C(8)-C(7)-C(6) 110.2(5) 

   C(5)-C(6)-C(7) 107.3(5) 

   C(4)-C(5)-C(6) 113.9(6) 

     
Symmetry transformations used to generate equivalent atoms:  
#1 x,-y+1/2,z    
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Table 20: Anisotropic displacement parameters (Å2x 103) for 4761_a. The anisotropic displacement factor 
exponent takes the form: -2·π2[h2·a*2·U11+ ... +2·h·k·a*·b*·U12]. 

  U11  U22   U33 U23  U13 U12 
Br(1) 35(1)  42(1) 50(1)  0 7(1)  0 
O(1) 84(4)  76(3) 49(2)  0 -8(2)  0 
N(1) 29(2)  35(2) 40(2)  0 5(2)  0 
C(1) 117(8)  70(4) 44(3)  0 2(4)  0 
C(2) 112(8)  89(5) 52(4)  0 33(4)  0 
C(3) 63(5)  97(5) 45(3)  0 7(3)  0 
C(4) 79(5)  54(3) 47(3)  0 1(3)  0 
C(8) 39(3)  57(3) 43(3)  0 13(2)  0 
C(9) 38(3)  51(3) 44(3)  0 -2(2)  0 
C(10) 39(2)  43(2) 50(2)  2(1) 5(2)  -7(1) 
C(7) 55(4)  64(3) 46(3)  0 4(3)  0 
C(6) 68(5)  70(4) 45(3)  0 9(3)  0 
C(5) 73(5)  67(4) 42(3)  0 11(3)  0 

 

Table 21: Hydrogen coordinates (x108) and isotropic displacement parameters (Å2x105) for 4761_a. 

 x  y  z  U(eq) 
H(1) 0.4487 0.2500 0.7381 0.93 
H(2) 0.0399 0.2500 0.6935 1. 01 
H(3) 0.0406 0.2500 0.5269 0.82 
H(8A) 0.2755 0.1437 0.2154 0.55 
H(8B) 0.2755 0.3563 0.2154 0.55 
H(9A) 0.4268 0.2500 0.0048 0.67 
H(9B) 0.2432 0.1435 0.0623 0.67 
H(9C) 0.2432 0.3565 0.0623 0.67 
H(9D) 0.1820 0.2500 0.0815 0.67 
H(9E) 0.3656 0.3565 0.0240 0.67 
H(9F) 0.3656 0.1435 0.0240 0.67 
H(10A) 0.7887 0.4179 0.1697 0.66 
H(10B) 0.5755 0.5230 0.1261 0.66 
H(10C) 0.7564 0.4129 0.0690 0.66 
H(7A) 0.6324 0.3567 0.2961 0.66 
H(7B) 0.6324 0.1433 0.2961 0.66 
H(6A) 0.2653 0.3570 0.3775 0.73 
H(6B) 0.2653 0.1430 0.3775 0.73 
H(5A) 0.6330 0.1436 0.4532 0.72 
H(5B) 0.6330 0.3564 0.4532 0.72 
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Table 22: Torsion angles [°] for 4761_a. 

C(4)-O(1)-C(1)-C(2) 0.000(4) 
O(1)-C(1)-C(2)-C(3) 0.000(4) 
C(1)-C(2)-C(3)-C(4) 0.000(4) 
C(2)-C(3)-C(4)-O(1) 0.000(3) 
C(2)-C(3)-C(4)-C(5) 180.000(3) 
C(1)-O(1)-C(4)-C(3) 0.000(3) 
C(1)-O(1)-C(4)-C(5) 180.000(2) 
C(9)-N(1)-C(8)-C(7) 180.000(1) 
C(10)#1-N(1)-C(8)-C(7) 61.1(3) 
C(10)-N(1)-C(8)-C(7) -61.1(3) 
N(1)-C(8)-C(7)-C(6) 180.000(1) 
C(8)-C(7)-C(6)-C(5) 180.000(1) 
C(3)-C(4)-C(5)-C(6) 0.000(3) 
O(1)-C(4)-C(5)-C(6) 180.000(2) 
C(7)-C(6)-C(5)-C(4) 180.000(2) 

  
Symmetry transformations used to generate equivalent atoms:  
#1 x,-y+1/2,z 

 

 

Synthesis of Ionic Self-Healing Nanocomposites 

The synthesis of the ionic monomer was carried out according to Niederhauser with minor 

changes.[644] 

Sodium 4-(methacryloyloxy)butan-1-sulfonate: Sodium methacrylate was prepared freshly 

before synthesis by stirring 10.20 g (119 mmol) methacrylic acid and 9.9 g (118 mmol) sodium 

bicarbonate at room temperature. Completion of the reaction was determined with 1H NMR 

spectroscopy. The obtained white solid was dried under vacuum and used without further 

purification. 3.60 g (33 mmol) sodium methacrylate was dissolved in 35 mL ethanol and heated 

to reflux. Subsequently 5.00 g (37 mmol) 1,4-butane sultone was added dropwise. Heating 

was continued for 8 hours. After cooling to room temperature, the solvent was removed under 

vacuum. The obtained white solid was washed with small amounts of xylene (3x) and ethanol 

(3x) and dried under vacuum.  

Yield: 5.43 g, 22 mmol, 67 %, white solid. 

1H NMR δ (D2O) = 6.08 s (1H, =C-H), 5.63-5.67 m (1H, =C-H), 4.14-4.21 m (2H, O-CH2), 2.88-

2.95 m (2H, S-CH2), 1.88 s (3H, CH3), 1.78-1.82 m (4H, CH2) ppm.  

13C NMR δ (D2O): 170.06 (C=O), 136.07 (C=CH2), 126.50 (CH2=C), 64.95 (C-O), 50.51 (C-S), 

26.68, 20.89, 17.34 (CH2-CH2, CH3), ppm.  
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FTIR: 3535 (νas C=O), 3493 (νas C=O), 2956 (νas C-H2), 2931 (νas C-H3), 2860 (νas C-H3), 1716 

(νas C=O), 1630, 1570 (νas C=C), 1450, 1416 (δ C=C), 1348, 1327, 1296, 1165 (νas C-O), 1049, 

906 (δ =CH2), 779 cm−1.  

CHNtheo (C8H13NaO5S): C: 39.34; H: 5.37, CHNexp: C: 37.24; H: 5.65. 

 

2-(2-Hydroxyethoxy)ethyl methacrylate: 380 mg (2 mmol) p-toluenesulfonic acid monohydrate 

and 7.67 mL (80 mmol) diethylene glycol was dissolved in 130 mL toluene and placed in a two-

neck flask with water separator. Furthermore, 5 mg (0.2 mol%) of 4-methoxyphenol was added 

as a stabilizer. The reaction mixture was heated for 1 hour under reflux to remove water. Then, 

1.7 mL (20 mmol) of methacrylic acid was added and heated for another 1.5 hours. The solvent 

was then removed and the crude product obtained was purified by column chromatography 

over silica (n-hexane:EE, 3:2). Before removal of the solvent, a few crystals 4-methoxyphenol 

were added for stabilization. 

Yield: 2.67 g, 15 mmol, 76%, colorless liquid. 

1H NMR δ (CDCl3) = 6.13 s (1H, =CH), 5.58 s (1H, =CH), 4.29–4.34 m (2H, CO2-CH2), 3.71-

3.78 m (4H, CH2), 3.59-3.64 m (2H, CH2), 1.95 s (3H, CH3) ppm. 

13C NMR δ (CDCl3): 167.51 (C=O), 136.16 (C=CH2), 126.04 (CH2=C), 72.46, 69.22, 63.87, 

61.81 (CH2), 18.43 (CH3) ppm. 

 

ATRP based Systems: 

Synthesis of the poly(SMBS-co-DEGMA): Various amounts of sodium 4- 

(methacryloyloxy)butan-1-sulfonate (1.02-3.41 mmol) and 1.93 g (10.24 mmol) DEGMA were 

dissolved in 18 mL water. The pH was adjusted to 9 with a 1 M NaOH solution. The solution 

was degassed with 3 freeze-pump-thaw cycles. In a second flask, 6.5 mL methanol was also 

degassed with 3 freeze pump thaw cycles. Then 14.86 mg (0.102 mmol) CuBr and 32.00 mg 

(0.205 mmol) 2,2'-bipyridine was added. The solutions were combined and 15.03 µL degassed 

EBriB (0.1024 mmol) was added. The reaction solution was stirred at 70 °C for 12 hours. Then 

32.00 mg of 2,2'-bipyridine and 23 μL of hydrazine monohydrate was added and the mixture 

was heated for a further 12 hours. The crude product obtained was concentrated and dialyzed 

against water for 3 days. Like the homopolymer, the sample was not completely decolorized, 

and the copper was removed by dialyzing against diluted HCl. The product was freed from the 

solvent. Mean yield 70 % (±7 %). 
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1H NMR δ (D2O) = 4.13 s (20H, COOCH2/DEGMA), 3.99 s (2H, COOCH2/anionic), 3.59-3.73 

m (66H, CH2-CH2/DEGMA), 3.36 s (34H, O-CH3), 2.85 s (2H, S-CH2), 1.75-1.99 m (24H, CH2), 

0.84-1.09 m (34H, CH3) ppm.  

FTIR: 3595 (νas C=O), 3440 (νas C=O), 2990 (νas C-H2), 2934 (νas C-H3), 2871, 2821 (νas C-H3), 

1725 (νas C=O), 1458, 1402, 1353, 1233, 1099 (νas C-O), 1043, 952, 861, 741, 601, 530 cm−1.  

 

Synthesis of the composite materials: 0.5 g of the polymer is dissolved in 14 mL of a mixture 

of THF and H2O (1:1) under ultrasonication. The appropriate amount of functionalized 

nanoparticles (2 wt%, 5 wt%, 10 wt% and 20 wt%) is added. The solvent is slowly removed 

under stirring. 

Sample preparation: Polymer and composite films were prepared by compression molding at 

80 °C for 24 hours in a Teflon form which was held using a vice. 

Self-healing tests: Self-healing experiments were performed by cutting the samples through 

half thickness. Afterwards the edges were gently pressed together at room temperature. Then 

the samples were heated to 80 °C for 24 hours. Afterwards the samples were put back into the 

Teflon molds and heated to 80 °C for another 24 hours. For the self-healing by induction 

heating the generator power was adjusted to obtain a macroscopic temperature of 58 °C. 

Healing was performed for two segments of 24 hours duration. 

FTIR: 3580 (νas C=O), 3433 (νas C=O), 2998 (νas C-H2), 2934 (νas C-H3), 2885, 2821 (νas C-H3), 

1725 (νas C=O), 1458, 1395, 1353, 1240, 1107 (νas C-O), 1043, 966, 861, 587 (Fe-O-Fe) cm−1. 

 

FRP based systems: 

Optimization of polymerization conditions: 

Polymerization with AIBN: Initially kinetic studies were performed to evaluate the ideal reaction 

time. SMBS and DEGMA (nges = 32.7 mmol) were placed in a 100 mL two-necked flask in the 

desired ratio and dissolved in 43 mL water and 9 mL methanol. 1 mL pyridine was added as a 

tracer. The reaction mixture was flushed with argon for 10 minutes. 1 mol% AIBN was added. 

The reaction mixture was flushed with argon for a further 10 minutes before heating to 70 °C. 

After 30 min, 1 h, 2 h, 3 h, 4 h and 5 h of heating, a sample was taken each time and analyzed 

with 1H NMR spectroscopy. Studies on the initiator concentration were performed under the 

same conditions. 

Polymerization with DBPO: SMBS and DEGMA were placed in a 100 mL two-necked flask in 

the desired ratio (nges = 32.7 mmol) and dissolved in 43 mL water and 9 mL methanol. 1 mL 
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pyridine was added as a tracer. The reaction mixture was flushed with argon for 10 minutes. 

1 mol% DBPO was added. The reaction mixture was flushed with argon for a further 10 

minutes before heating to 85 °C. After 30 min, 1 h, 2 h, 3 h, 4 h and 5 h of heating, a sample 

was taken each time and analyzed with 1H NMR spectroscopy. Temperature studies were 

performed under the same conditions.  

Optimized Polymerization procedure: SMBS and DEGMA (nges = 65.4 mmol) were placed in a 

250 mL two-necked flask in the desired ratio and dissolved in 86 mL water and 18 mL 

methanol. The reaction mixture was flushed with argon for 20 minutes. 1 mol% DBPO was 

added. The reaction mixture was flushed with argon for a further 20 minutes before heating to 

60 °C for 5 hours. All polymer samples were dried in vacuo at 40 °C for two days, then 5 hours 

at 80 °C and were then stored in a desiccator over phosphorus pentoxide for at least two 

weeks. 

Studies on water uptake: The storage under increased humidity took place in a desiccator over 

water. To further increase the humidity, the pressure is initially reduced to 600 mbar. The water 

content of the samples was determined after 1 h, 2 h, 4 h, 8 h, 16 h, 32 h and 64 h with TGA. 

Studies on water removal: The samples were placed in an oven at 80 °C for 2 h, 5 h, 8 h and 

24 hours. After that the samples were immediately placed in closed, cold-welded aluminum 

crucibles, which were pierced right before TGA to avoid reuptake of water. 

Composite synthesis, sample preparation and self-healing tests were performed as described 

earlier for the ATRP systems. 

 

Synthesis of Phosphonic Acid Based Initiators for SI ATRP 

Non-polar initiator: 

Undec-10-en-1-yl acetate: The synthesis was carried out under inert gas. To introduce the 

acetyl protecting group, 17.03 g (100 mmol) of undec-10-en-1-ol was dissolved in 45 mL of 

DCM. Then 18 mL (130 mmol) of triethylamine was added and the reaction mixture was cooled 

to 0°C. Subsequently, 10 mL (140 mol) of acetyl chloride in 22 mL of DCM was added dropwise 

and stirred for another 2 hours. Subsequently, heating was carried out overnight under reflux. 

The precipitating white solid was filtered off and the filtrate was washed twice with 100 mL of 

a 5 wt% sodium bicarbonate solution and with 100 mL of water. The organic phase was dried 

over sodium sulfate. The remaining solvent was then removed. 

Yield: 20.13 g, 95 mmol, 95 %, colorless liquid. 
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1H NMR δ (CDCl3) = 5.79-5.86 m (1H, C=CH), 4.92-5.01 m (2H, C=CH2), 4.03-4.07 m (2H, O-

CH2), 2.04-2.06 m (5H, C=C-CH2), 1.60-1.63 m (2H, CH2), 1.26-1.38 m (12H, CH2) ppm.  

13C NMR δ (CDCl3) = 171.23 (C=O), 139.16 (C=C-H), 114.10 (C=CH2), 64.62 (O-CH2), 33.76, 

29.41, 29.35, 29.19, 29.05, 25.86, 21.00 (CH2/CH3) ppm. 

FTIR: 2926 (νas C-H2), 2855 (νs C-H2), 1741 (C=O), 1640, 1468, 1367, 1232, 1035 (C-O), 909 

(C=C), 732, 639, 606 cm-1. 

 

11-(Diethoxyphosphoryl)undecyl acetate: The synthesis was carried out under inert gas. 

47.68 g diethyl phosphite (345 mmol) was introduced and heated to 120 °C. 0.81 g (4.9 mmol) 

AIBN and 19.86 g (94 mmol) of the synthesized undec-10-en-1-yl acetate were dissolved in 

13.48 g (98 mmol) diethyl phosphite and added dropwise. Stirring was continued for 2 hours 

at 120 °C. Excess diethyl phosphite was distilled off. 

Yield: 24.14 g, 69 mmol, 74 %, yellow oil. 

13C NMR δ (CDCl3) = 171.24 (C=O), 64.60 (O=C-O-CH2) 61.44, 61.38 (O=P-O-CH2), 30.64, 

30.47, 29.42, 29.29, 29.19, 29.04, 29.02, 28.53, 26.30, 25.85, 24.09, 22.35, 22.30, 21.00 

(CH2/CH3), 16.47, 16.41 (P-O-CH2-CH3) ppm. 

31P NMR δ (CDCl3) = 32.69 ppm. 

FTIR: 2926 (νas C-H2), 2852 (νs C-H2), 1732 (C=O), 1640, 1450, 1363, 1240, 1035 (C-O), 950, 

(P-O), 795, 610, 547 cm-1. 

 

Diethyl (11-hydroxyundecyl) phosphonate: A mixture of 22.17 g (63 mmol) 11-

(diethoxyphosphoryl)undecyl acetate, 0.69 g (12 mmol) KOH and 86 mL dry methanol was 

heated at reflux for three days. The solvent was removed, and the obtained pale-yellow oil was 

taken up with 75 mL of a 5 wt% sodium bicarbonate solution. The aqueous phase was 

extracted three times with 40 mL of DCM. The combined organic phase was washed with 

20 mL of water and dried over sodium sulfate. The remaining DCM was removed. 

Yield: 18.74 g, 61 mmol, 96 %, pale yellow oil. 

1H NMR δ (CDCl3) = 4.00-4.13 m (4H, P-O-CH2), 3.59-3.68 m (2H, HO-CH2), 2.25 s (1H, OH), 

1.53-1.78 m (6H, CH2), 1.22-1.37 m (20H, CH2, O-CH2-CH3) ppm.  

13C NMR δ (CDCl3) = 62.89 (H-O-CH2) 61.41, 61.35 (O=P-O-CH2), 32.71, 30.60, 30.42, 29.46, 

29.33, 29.24, 28.99, 26.27, 25.67, 24.88, 22.32, 22.27 (CH2/CH3), 16.45, 16.39 (P-O-CH2-CH3) 

ppm. 
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31P NMR δ (CDCl3) = 32.76 ppm. 

FTIR: 3410 (OH), 2923 (νas C-H2), 2852 (νs C-H2), 1456, 1396, 1222, 1026 (C-O), 958, (P-O), 

787, 719, 543 cm-1. 

 

11-(Diethoxyphosphoryl)undecyl 2-bromo-2-methylpropanoate: The synthesis was carried out 

under inert gas. 17.06 g (55 mmol) diethyl (11-hydroxyundecyl) phosphonate and 6.16 g 

(61 mmol) triethylamine were dissolved in 250 mL dry DCM. The reaction mixture was cooled 

with a water bath. Then 6.8 mL of α-bromoisobutyryl bromide was added dropwise and stirred 

overnight at room temperature. The solvent was then removed (T < 30 °C). The purification 

was carried out by column chromatography. For this, a solvent gradient from n-hexane:EE 

(96:4) to n-hexane:EE (80:20) was used. To remove residual α-bromoisobutyryl bromide, the 

product was taken up with 50 mL DCM and washed three times each with 5 wt% sodium 

bicarbonate and with 15 mL water. The organic phase was dried over sodium sulfate and the 

solvent was removed. 

Yield: 5.06 g, 11 mmol, 20 %, yellow oil. 

1H NMR δ (CDCl3) = 4.00-4.17 m (6H, O=C-O-CH2, P-O-CH2), 1.92 s (6H, Br-C-(CH3)2), 1.53-

1.76 m (6H, CH2), 1.22-1.37 m (20H, CH2, O-CH2-CH3) ppm.  

13C NMR δ (CDCl3) = 171.71, 66.11 (H-O-CH2) 61.45, 61.39 (O=P-O-CH2), 55.97 (Br-C), 32.71 

(Br-C-(CH3)2) , 30.73, 30.47, 29.40, 29.37, 29.28, 29.10, 29.02, 28.27, 26.27, 25.71, 24.88, 

22.33, 22.28 (CH2/CH3), 16.46, 16.40 (P-O-CH2-CH3) ppm. 

31P NMR δ (CDCl3) = 32.76 ppm. 

FTIR: 2927 (νas C-H2), 2855 (νs C-H2), 1733 (C=O), 1463, 1388, 1232, 1164, 1126, 1022 (C-O), 

955, (P-O), 787, 723, 639, 538, 484 cm-1. 

 

(11-((2-Bromo-2-methylpropanoyl)oxy)undecyl)phosphonic acid: The synthesis was carried 

out under inert gas. 7.21 g (16 mmol) 11-(diethoxyphosphoryl)undecyl 2-bromo-2-

methylpropanoate was dissolved in 27 mL dry dichloromethane. 4.2 mL (32 mmol) of 

bromotrimethylsilane was added slowly over the period of 30 minutes. The reaction mixture 

was stirred overnight at room temperature. The solvent was removed and the residue was 

taken up with a mixture of methanol and water (30 mL, methanol:water = 3:2). Again, stirring 

was carried out overnight at room temperature. Subsequently, the solvent was removed under 

reduced pressure. 

Yield: 6.07 g, 15 mmol, 96 %, yellow solid. 
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1H NMR δ (CDCl3) = 8.09 (2H, OH), 4.15-4.19 m (2H, O=CO-CH2), 1.94 s (6H, CH3-C-Br), 

1.19-1.83 m (20H, CH2) ppm.  

13C NMR δ (CDCl3) = 171.75 (C=O), 66.15, 56.00, 30.77, 29.45, 29.43, 29.34, 29.15, 29.05, 

28.32, 25.77 ppm. 

31P NMR δ (CDCl3) = 37.88 ppm. 

FTIR: 2916 (νas C-H2), 2847 (νs C-H2), 2778 (νas PO-H), 2286 (νs PO-H), 1729 (C=O), 1461, 

1381, 1281, 1217, 1167, 1108, 1073, 1048 (C-O), 989, (P-O), 944, 785, 715, 637, 527, 

482 cm-1. 

CHNtheo (C9H23BrNO3P): C: 44.90; H: 7.54; CHNexp: C: 46.67, H: 7.77 

 

 

Polar initiator: 

3,6,9,12-Tetraoxapentadec-14-en-1-ol: The synthesis was carried out under inert gas. 20 g 

(103 mmol) of tetraethylene glycol and 5.33 g (133 mmol) of sodium hydroxide were placed in 

67 mL of dry THF. Dropwise, 8.8 mL of allyl bromide (102 mmol) in 33 mL of THF was added. 

The reaction mixture was then heated for 3 hours to reflux. The precipitating solid was 

separated, and the filtrate was concentrated. The crude product was taken up with 50 mL of 

water and washed twice with 50 mL toluene followed by eight extractions with 40 mL of DCM. 

The combined organic phase, was washed two more times with 25 mL of water. The product 

was dried over sodium sulfate and residual DCM was removed. 

Yield: 9.20 g, 39 mmol, 39 %, colorless oil. 

1H NMR δ (CDCl3) = 5.82-5.91 m (1H, C=CH), 5.12-5.25 m (2H, C=CH2), 3.97-3.98 d (2H,CH-

CH2), 3.53-3.70 m (16H, CH2, O-CH2-CH3), 2.93 s (1H, OH) ppm.  

13C NMR δ (CDCl3) = 134.57 (C-H), 116.93 (C=CH2), 72.35, 72.04, 70.43, 70.38, 70.16, 69.22, 

69.17 (CH2), 61.49 (HO-CH2) ppm. 

FTIR: 3453 (O-H), 3078 (v =C-H), 2863 (νas/vs C-H2), 1455, 1350, 1291, 1250, 1093 (C-O), 

993, 925, 880, 845, 563, 522 cm-1. 

 

3,6,9,12-Tetraoxapentadec-14-en-1-yl acetate: 8.7346 g of 3,6,9,12-tetraoxapentadec-14-en-

1-ol and 6.72 mL (48 mmol) of triethylamine were dissolved in 20 mL of dry DCM. The reaction 

mixture was cooled to 0 °C and 3.7 mL (52 mmol) of acetyl chloride was added dropwise to 

10 mL of DCM. Stirring was continued for one hour at 0 °C and two hours at room temperature. 
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The precipitating solid was removed, and the filtrate was washed twice each time with 33 mL 

of a 5 wt% sodium bicarbonate solution and water. The product was dried over sodium sulfate 

and the remaining solvent was removed. 

Yield: 10.25 g, 37 mmol, 99.5 %, colorless oil. 

1H NMR δ (CDCl3) = 5.82-5.96 m (1H, C=CH), 5.14-5.29 m (2H, C=CH2), 4.19-4.22 m (2H, 

O=C-O-CH2), 4.02-3.98 d (2H, CH-CH2), 3.55-3.73 m (14H, CH2, O-CH2-CH3), 2.06 s (3H, 

CH3) ppm.  

13C NMR δ (CDCl3) = 170.98 (C=O), 134.62 (C=C-H), 117.03 (C=CH2), 72.12, 70.55, 70.50, 

70.45, 69.29, 69.00 (CH2), 63.50 (O=C-O-CH2) 20.87 (CH3) ppm. 

FTIR: 3078 (v =C-H), 2863 (νas/vs C-H2), 1737 (C=O), 1451, 1371, 1236, 1102 (C-O), 1056, 

997, 926, 850, 639, 606, 555, 509 cm-1. 

 

15-(Diethoxyphosphoryl)-3,6,9,12-tetraoxapentadecyl acetate: The synthesis was carried out 

under inert gas. 19.87 g diethylphosphite (144 mmol) was heated to 120 °C. 0.34 g (2.0 mmol) 

AIBN and 9.14 g (39 mmol) of the synthesized 3,6,9,12-tetraoxapentadec-14-en-1-yl acetate 

were dissolved in 5.62 g (41 mmol) diethylphosphite and added dropwise. Stirring was 

continued for an additional 2 hours at 120 °C. Excess diethyl phosphite was distilled off. The 

product was purified by column chromatography (solvent gradient: ethyl acetate:methanol, 

100:0 to 50:50). 

Yield: 0.75 g, 1.8 mmol, 4.5 %, pale yellow oil. 

1H NMR δ (CDCl3) = 4.19-4.23 m (2H, O=C=CH2), 4.05-4.08 m (4H, P-(O-CH2)2), 3.44-3.74 m 

(16H, CH2), 2.08 s (3H, O=C-CH3), 1.75-1.90 m (4H, CH2, P-CH2-CH2), 1.28-1.32 m (6H, P-

(O-CH2-CH3)2) ppm.  

13C NMR δ (CDCl3) = 170.03 (C=O), 70.82 d, 70.53, 70.49, 70.03, 69.06 (CH2), 63.54 (O=C-

O-CH2), 61.48 d (P-O-(CH2)2), 22.94, 22.72, 22.67, 21.52 (CH2), 20.92 (O=C-CH3), 16.36 d (P-

O-(CH2-CH3)2) ppm. 

31P NMR δ (CDCl3) = 32.35 ppm. 

FTIR: 2865 (νas/vs C-H2), 1457, 1347, 1289, 1248, 1096 (C-O/P-O), 991, 923, 885, 844, 561, 

519 cm-1. 

 

 



Experimental 

- 223 - 
 

Diethyl(1-hydroxy-3,6,9,12-tetraoxapentadecan-15-yl)phosphonate: 12.32 g (30 mmol) of 15-

(diethoxyphosphoryl)-3,6,9,12-tetraoxapentadecyl acetate was added to 42.5 mL of a 5 % HCl 

solution. The reaction mixture was heated to 60 °C. A sample was taken after 30 minutes, 

150 minutes, and 24 hours, and checked for complete conversion. Solvent and volatile by-

products were distilled off via a U-tube. The product was dried under high vacuum. 

Yield: 9.77 g, 26 mmol, 88 %, pale yellow oil. 

1H NMR δ (D2O) = 4.08-4.15 m (4H, PO-CH2), 3.55-3.72 m (18H, CH2), 1.79-1.97 m (4H, P-

CH2-CH2), 1.30-1.33 t (6H, CH3) ppm.  

13C NMR δ (D2O) = 71.83, 70.27 d, 69.78, 69.69, 69.57, 69.29, 63.20 d (P-O-(CH2)2), 60.45, 

21.75 d, 21.37, 19.97, 15.76 d (P-O-(CH2-CH3)2) ppm. 

31P NMR δ (D2O) = 35.62 ppm. 

FTIR: 3456 (O-H), 2868 (νas/vs C-H2), 1459, 1346, 1296, 1250, 1094 (C-O/P-O), 997, 925, 883, 

844, 555, 526 cm-1. 

 

15-(Diethoxyphosphoryl)-3,6,9,12-tetraoxapentadecyl-2-bromo-2-methylpropanoat: The 

synthesis was carried out under inert gas. 6.86 g (18 mmol) of diethyl (1-hydroxy-3,6,9,12-

tetraoxapentadecan-15-yl) phosphonate and 2.23 g (22 mmol) of triethylamine were dissolved 

in 40 mL of dry THF. Subsequently, 4.24 g (18 mmol) α-bromoisobutyryl bromide in 8 mL THF 

was added. The reaction mixture was stirred for 48 hours at room temperature. The resulting 

triethylammonium bromide was filtered off and the solvent was removed under high vacuum. 

The crude product was taken up with 60 mL of dichloromethane and washed three times with 

30 mL of a 5 % sodium bicarbonate solution, and three times with 30 mL of water. The organic 

phase was dried over sodium sulfate and the solvent was removed. 

Yield: 7.49 g, 14 mmol, 78 %, pale yellow liquid. 

1H NMR δ (CDCl3) = 4.30-4.33 m (2H, O=CO-CH2), 4.20-4.08 m (4H, P-O-CH2), 3.46-3.75 m 

(14H, CH2), 1.93 s (6H, CH3-C-Br), 1.73-1.85 m (4H, CH2), 1.28-1.33 t (6H, O-CH2-CH3) ppm.  

13C NMR δ (CDCl3) = 171.54, 70.79 d, 70.62, 70.55, 70.52, 70.48, 68.65, 65.05, 61.44, 61.37, 

55.64, 30.67, 22.78 d, 22.67, 21.52, 16.39 d (O-CH2-CH3) ppm. 

31P NMR δ (CDCl3) = 32.33 ppm. 

FTIR: 2868 (νas/vs C-H2), 1733 (C=O), 1459, 1388, 1275, 1240, 1098, 1022, 955, 820, 644, 

539, 476 cm-1. 
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(18-Bromo-18-methyl-17-oxo-4,7,10,13,16-pentaoxanonadecyl)phosphonic acid: The 

synthesis was carried out under inert gas. 6.28 g (12 mmol) 15-(diethoxyphosphoryl)-3,6,9,12-

tetraoxapentadecyl 2-bromo-2-methylpropanoate was dissolved in 26 mL dry 

dichloromethane. 3.69 g (24 mmol) of bromotrimethylsilane was added slowly over the period 

of 30 minutes. The reaction mixture was stirred overnight at room temperature. The solvent 

was removed and the residue was taken up with a mixture of methanol and water (30 mL, 

methanol:water = 3:2). Again, stirring was carried out overnight at room temperature. 

Subsequently, the solvent was removed in vacuo. 

Yield: 4.64 g, 10 mmol, 83 %, pale yellow oil. 

1H NMR δ (CD3OD) = 4.27-4.29 m (2H, O=CO-CH2), 3.49-3.73 m (14H, CH2), 1.89 s (6H, CH3-

C-Br), 1.73-1.81 m (4H, CH2) ppm.  

13C NMR δ (CD3OD) = 173.29 (C=O), 72.11 d, 71.64, 71.49, 71.45, 69.83, 66.44, 57.24, 54.99, 

49.99, 31.22, 25.51, 24.25 d, 24.13 (CH2/CH3) ppm. 

31P NMR δ (CD3OD) = 29.89 ppm. 

FTIR: 3421 (O-H), 2933 (νas C-H2), 2875 (νs C-H2), 2737 (νas PO-H), 2290 (νs PO-H), 1737 

(C=O), 1456, 1351, 1278, 1099 (C-O), 986, (P-O), 937, 859, 762, 721, 643, 522 cm-1. 

CHNtheo (C15H30BrNO9P): C: 38.72, H: 6.50; CHNexp: C: 39.34; H: 6.70 

 

Self-Healing Nanocomposites Based on Hydrogen Bonding and DA Chemistry 

Monomer Synthesis: 

The syntheses was performed according to literature procedure with minor changes.[73] 

3a,4,7,7a-Tetrahydro-4,7-epoxyisobenzofuran-1,3-dion: A solution of 48.08 g maleic 

anhydride (447 mmol) in 250 mL furan was stirred for 24 hours at room temperature. The 

precipitated solid was filtered off and washed with cold diethyl ether. 

Yield: 76.93 g, 472 mmol, 95 %, white solid. 

1H NMR δ (CDCl3) = 6.58 s (2H, =C-H), 5.46 s (2H, H-C-O), 3.18 s (2H, CHCO) ppm. 

13C NMR δ (CDCl3) = 169.88 (C=O), 136.96 (C=C), 82.16 (C-O), 48.68 (C-H) ppm. 

FTIR: 3088-3195 (ν C-H), 2854-3162 (ν =C-H, ν C=O), 1778 (ν C=O) cm-1. 
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2-(2-Hydroxyethyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindol-1,3(2H)-dion: 30.00 g 

3a,4,7,7a-tetrahydro-4,7-epoxyisobenzofuran-1,3-dione (180 mmol) was dissolved in 80 mL 

dry methanol. Then, 50 mL of 3-aminopropanol (659 mmol) in 12 mL of methanol was added 

dropwise and stirred at room temperature until complete dissolution. The reaction mixture was 

then heated for 4 hours to reflux. The solvent was removed in vacuo and the residue was 

stored overnight at -25 °C. The precipitating solid was separated and washed with small 

amounts of cold methanol. 

Yield: 12.62 g, 56 mmol, 31 %, white solid. 

1H NMR δ (CDCl3) = 6.52 s (2H, =C-H), 5.28 s (2H, H-C-O), 3.65 t (2H, CH2OH), 3.52 t (2H, 

CH2OH) 2.88 s (2H, CHCO), 1.77 m (2H, CH2) ppm. 

13C NMR δ (CDCl3) = 176.98 (C=O), 136.51 (HC=CH), 80.96 (HC-O), 58.58 (C-OH) , 47.48 

(C-H), 35.11 (C-N), 30.29 (CH2) ppm. 

FTIR: 3510 (ν O-H), 3010 (ν =C-H), 2835-2962 (ν C-H), 1687 (ν C=O) cm-1. 

 

2-(1,3-Dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyixoindol-2-yl)ethylmethacrylat: The 

synthesis was carried out under argon atmosphere. The methacryloyl chloride used was 

freshly prepared. For this purpose, 16.9 mL of methacrylic acid (200 mmol) and a few drops of 

DMF were placed in a three-neck flask equipped with a reflux condenser and dropping funnel. 

Then, 15.3 mL of thionyl chloride (210 mmol) was added dropwise. The reaction mixture was 

heated to 50 °C for 2 hours. After cooling to room temperature, the crude product was 

fractionally distilled. (Bpt100 mbar: 35 °C). 

14.05 g of 2-(2-hydroxyethyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione 

(63 mmol) was dissolved in 100 mL of dry DCM and cooled to 0°C. 6.6 mL of distilled 

methacryloyl chloride (68 mmol) was slowly added. Then, 13 mL (94 mmol) of triethylamine 

was added. The reaction mixture was stirred overnight at room temperature. The precipitated 

solid was filtered off and the filtrate was washed three times with 75 mL of a saturated sodium 

bicarbonate solution and three times with water. The crude product was dried over magnesium 

sulfate and purified by column chromatography (ethyl acetate:dichloromethane = 1:1). 

Yield: 11.37 g, 39 mmol, 62 %, pale yellow solid. 

1H NMR δ (CDCl3) = 6.51 s (2H, =C-H Maleimide), 6.13 m (1H, =C-H methacryl), 5.57 m (1H, 

=C-H methacryl), 5.26 m (2H, H-C-O), 4.12 t (2H, CH2OH), 3.61 t (2H, CH2OH) 2.84 s (2H, 

CHCO), 1.95-2.01 m (5H, CH2) ppm. 
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13C NMR δ (CDCl3) = 176.14 (N-C=O), 167.26 (O-C=O), 136.54, 136.54 (C=CH2/HC=CH), 

125.68 (H2C=C), 80.96 (HC-O), 61.56 (H2C-O), 47.42 (C-H), 35.82 (C-N), 26.73 (CH2), 18.35 

(CH3) ppm. 

FTIR: 3510 (ν O-H), 3010 (ν =C-H), 2835-2962 (ν C-H), 1687 (ν C=O) cm-1. 

CHNtheo (C15H17NO5): C: 61.85, H: 5.88, N: 4.81; CHNexp: C: 61.82; H: 5.87, N: 4.80 

 

Furan-2-ylmethyl methacrylate:  

14.9 mL furfuryl alcohol (172 mmol) was dissolved in 150 mL dry DCM and cooled to 0 °C. 

After 10 minutes, 18 mL of freshly destilled methacryloyl chloride (187 mmol) in 20 mL DCM 

was slowly added. Then 35 mL of triethylamine (252 mmol) was added. The reaction mixture 

is stirred overnight at room temperature. The resulting trimethylammonium chloride is filtered 

off and the filtrate is removed from the solvent. The liquid obtained is fractionally distilled on 

vacuum (Bpt2 mbar: 85 °C). 

Yield: 16.42 g, 99 mmol, 57%, colorless oil. 

1H NMR δ (CDCl3) = 7.42 m (1H, furan), 6.35-6.43 m (2H, furan), 6.36 m (1H, furan), 6.13 m 

(1H, =CH2), 5.57-5.58 m (1H, C=H2), 5.13 s (2H, -CH2), 1.94 m (3H, -CH3) ppm. 

13C NMR δ (CDCl3) = 167.06 (C=O), 149.60 (HC=C), 143.23 (HC-O), 136.00 (C=CH2), 126.10 

(CH2=C) , 110.63 (C-H), 110.55 (C-H), 58.29 (CH2), 18.34 (CH3) ppm. 

FTIR: 3186-3097 (ν =C-H), 2902-3012 (ν C-H), 1716 (ν C=O), 1155 (ν C-O) cm-1. 

CHNtheo (C9H10O3): C: 65.05, H: 6.07; CHNexp: C: 64.61; H: 6.01 

 

3-Acetylaminopropanol: 85.7 mL (778 mmol) of isopropenyl acetate and 15 g of 3-

aminopropanol were placed in a Schlenk flask and heated to 60 °C for 3 hours. Excess 

isopropenyl acetate and acetone formed were distilled off. The crude product obtained was 

fractionally distilled. (Bpt0.007 mbar: 170 °C) 

Yield: 22.23 g, 190 mmol, 95 %, yellow oil. 

1H NMR δ (CDCl3) = 6.67 s (1H, N-H), 3.84 s (1H, O-H), 3.60 t (2H, CH2-OH), 3.34 td (2H, 

CH2-N), 1.98 s (3H, CH3), 1.66 m (2H, CH2) ppm. 

13C NMR δ (CDCl3) = 171.71 (C=O), 59.36 (C-O), 36.53 (C-N), 32.09 (CH2), 23.12 (CH3) ppm. 

FTIR: 3043-3635 (ν O-H/N-H), 2809-2990 (ν C-H), 1631 (Amid I, ν C=O), 1551 (Amid II, ν C-

N) cm-1. 
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3-Acetamidopropyl methacrylate (H2): 16.86 g (143 mmol) 3-acetylaminopropanol and 

23.9 mL (173 mmol) triethylamine were dissolved in 300 mL DCM and cooled to 0 °C. 16.6 mL 

(173 mmol) freshly prepared methacryloyl chloride in 40 mL DCM was added dropwise. The 

reaction mixture was stirred overnight at room temperature. The reaction solution was 

concentrated to 50 % and stored at -25 °C overnight. The precipitated solid was filtered off and 

the filtrate was washed twice with 50 mL of water. The organic phase was dried over 

magnesium sulfate. The crude product was fractionally distilled (Bpt0.003 mbar: 100 °C). To 

remove final impurities, the product was purified by column chromatography (ethyl acetate). 

Yield: 23.79 g, 128 mmol, 74 %, colorless oil. 

1H NMR δ (CDCl3) = 6.37 s (1H, N-H), 6.05 m (1H, H2C=C), 5.53 m (1H, H2C=C), 4.16 t (2H, 

H2C-O), 3.28 m (2H, H2C-N), 1.92 s (3H, CH3), 1.81-1.93 m (5H, CH3/CH2) ppm. 

13C NMR δ (CDCl3) = 170.23 (N-C=O), 167.40 (O-C=O), 136.96 (C=CH2), 125.63 (CH2=C), 

62.05 (H2C-O), 36.21 (H2C-N), 28.50 (CH2), 23.04, 18.14 (CH3) ppm. 

FTIR: 3492-3062 (ν N-H), 2809-2990 (ν C-H/ν =C-H), 1716 (ν C=O), 1631 (Amid I, ν C=O), 

1551 (Amid II, ν C-N) cm-1. 

CHNtheo (C9H15NO3): C: 58.36, H: 8.16, N: 7.56; CHNexp: C: 57.55; H: 8.08, N: 8.09 

 

2-(3-Butylureido)ethyl methacrylate (H1): The synthesis was carried out under inert gas. 10 g 

(64 mmol) acetoisocyanate methacrylate was dissolved in 250 mL DCM. Then 6.4 mL 

(65 mmol) of butylamine was added dropwise. Stirring was carried out for 1.5 hours at room 

temperature. The reaction solution was concentrated to 50 mL and cooled to -25 °C. The 

precipitating solid was filtered off and dried under vacuum. 

Yield: 14.34 g, 63 mmol, 98 %, white solid. 

1H NMR δ (CDCl3) = 6.11 m (1H, H2C=C), 5.58 m (1H, H2C=C), 4.72 brs (2H, N-H), 4.22 t (2H, 

H2C-O), 3.49 t (2H, H2C-N), 3.14 t (2H, H2C-N), 1.94 m (3H, CH3) 1.29-1.50 m (4H, CH2), 0.91 

t (3H, CH3) ppm. 

13C NMR δ (CDCl3) = 167.60 (O-C=O), 158.24 (N-C=O), 136.03 (C=CH2), 126.07 (CH2=C), 

64.16 (H2C-O), 40.39, 39.67 (H2C-N), 32.20, 10.02, 18.32 (CH2), 13.77 (CH3) ppm. 

FTIR: 3116-3462 (ν N-H), 2833-3006 (ν C-H/ν =C-H), 1709 (ν C=O), 1618 (Amid I, ν C=O), 

1574 (Amid II, ν C-N) cm-1. 

CHNtheo (C11H20N2O3): C: 57.87, H: 8.83, N: 12.27; CHNexp: C: 57.92; H: 8.72, N: 12.05 
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Synthesis of the double self-healing polymers: 

PH1: The ARGET ATRP was carried out under inert gas atmosphere. For this purpose, 

13.9 mL of BMA (87 mmol), 1.96 g of H1 (8.6 mmol), 1.34 g of FMA (8.1 mmol), and 2.49 g of 

MIMA (8.5 mmol) were dissolved in 54 mL of toluene and 3 mL of methanol. The solution was 

degassed with 3 freeze-pump-thaw cycles. Subsequently, 124 mg CuBr (0.86 mmol) and 

224 µL HMTETA (0.82 mmol) were added. The solution was degassed with two more cycles 

and 126 µL of degassed EBriB (0.86 mmol) was added. The reaction solution was stirred for 

15 hours at 70 °C. Then, 224 µL of HMTETA and 200 µL of hydrazine were added again and 

heating was continued for another 12 hours. The copper complex was removed by column 

chromatography (alumina active basic, solvent: toluene). To remove unreacted monomer, the 

polymer was taken up several times with a little THF and precipitated in cold n-hexane. 

PH2: The ARGET ATRP was carried out under inert gas atmosphere. For this purpose, 

13.9 mL BMA (87 mmol), 1.59 g H1 (8.6 mmol), 1.34 g FMA (8.1 mmol), and 2.49 g MIMA 

(8.5 mmol) were dissolved in 54 mL toluene and 3 mL methanol. The solution was degassed 

with 3 freeze-pump-thaw cycles. Then, 124 mg of CuBr (0.86 mmol) and 224 µL of HMTETA 

(0.82 mmol) were added. The solution was degassed with two more cycles and 126 µL of 

degassed EBriB (0.86 mmol) was added. The reaction solution was stirred for 15 hours at 

70 °C. Then, 224 µL of HMTETA and 200 µL of hydrazine were added again and heating was 

continued for another 12 hours. The copper complex was removed by column chromatography 

(alumina active basic, solvent: toluene). To remove unreacted monomer, the polymer was 

taken up several times with a little THF and precipitated in cold n-hexane. 

 

 

Synthesis of the hydrogen bond-forming phosphonic acid: 

N-(10-Bromodecyl) phthalimide: The synthesis was carried out under inert gas. 42.06 g of 

1,10-dibromodecane (140 mmol) was dissolved in 59 mL of previously dried DMF. Then, 

5.97 g of potassium phthalimide (32 mmol) was added. The reaction mixture was heated under 

reflux for 8 hours and then stirred overnight at room temperature. The precipitating solid was 

filtered off and 240 mL of a 1:1:1 mixture of petroleum ether, diethyl ether and a saturated 

sodium chloride solution was added to the filtrate. The organic phase was separated and 

concentrated. The crude product obtained was purified by column chromatography (silica, 

PE:Et2O = 4:1). 

Yield: 8.25 g, 22.52 mmol, 70 %, white solid. 
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1H NMR δ (CDCl3) = 7.83-7.85 m (2H, Ar-H), 7.69-7.71 m (2H, Ar-H), 3.67 t (2H, N-CH2), 3.40 

t (2H, Br-CH2), 1.27-1.87 m (16H, CH2) ppm. 

13C NMR δ (CDCl3) = 168.64 (C=O), 134.00 (Ar), 132.31 (Ar), 123.30 (Ar), 38.19 (C-N), 34.23 

(C-Br), 32.96, 29.48, 29.47, 29.26, 28.85, 28.73, 28.29, 26.96 (CH2) ppm. 

FTIR = 2908 (s, CH2), 2848 (s, CH2), 1695 (s, C=O), 1375 (m, C−N) cm−1. 

FTIR: 2908 (νas C-H2), 2848 (νs C-H2), 1763, 1695 (C=O), 1472, 1440, 1375 (C-N), 1193, 1067, 

896, 789, 720, 644, 618, 529 cm-1. 

 

N-(10-Phthalimidoalkyl)diethyl phosphonate: 6.62 g of N-(10-bromodecyl) phthalimide 

(18 mmol) was dissolved in 14 mL of triethyl phosphite (80 mmol) and heated at 150 °C for 

24 hours. Subsequently, excess triethyl phosphite and the volatile by-products were distilled 

off. The product was used without further workup. 

Yield: 6.77 g, 16 mmol, 89 %, pale yellow oil. 

1H NMR δ (CDCl3) = 7.77-7.82 m (2H, Ar-H), 7.65-7.69 m (2H, Ar-H), 3.98-4.12 m (4H, O-CH2) 

3.63 t (2H, N-CH2), 1.19-1.35 m (18H, CH2) ppm. 

13C NMR δ (CDCl3) = 168.51 (C=O), 133.90 (Ar), 132.22 (Ar), 123.20 (Ar), 61.45, 61.39 (O-

CH2), 38.09 (N-CH2), 30.72, 30.55, 29.44, 29.33, 29.18, 29.10, 28.63, 26.88, 26.41, 25.02, 

22.48, 22.42, 16.58, 16.52 (CH3) ppm. 

31P NMR δ (CDCl3) = 32.62 ppm. 

FTIR: 2928 (νas C-H2), 2854 (νs C-H2), 1772, 1709 (C=O), 1474, 1440, 1399 (C-N), 1237 (P=O), 

1021 (C-O), 951, (P-O), 789, 719, 623, 528 cm-1. 

 

Diethyl (10-aminodecyl) phosphonate: The synthesis was carried out under inert gas. 3.85 g 

N-(10-phthalimidoalkyl) diethyl phosphonate (9 mmol) was dissolved in 394 mL ethanol. The 

reaction mixture was cooled to 0 °C and then 1.2 mL of hydrazine monohydrate was added 

dropwise. After an additional 30 minutes at 0 °C, the mixture was refluxed overnight. The 

precipitating solid was filtered off and washed with small amounts of DCM. The 1H and 13C 

NMR still showed minor signals of the educt. These were also observed after another 24 hours 

reaction time with fresh hydrazine. Due to the similar polarity and the very high boiling points 

of both substances, they could not be separated by column chromatography or distillation. 

Yield: 2.57 g, 8.74 mmol, 89 %, yellow oil. 
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1H NMR δ (CDCl3) = 3.99-4.13 m (4H, O-CH2), 3.55 brs (2H, NH2), 2.70 t (2H, N-CH2), 1.24-

1.73 m (24H, N-CH2) ppm. 

13C NMR δ (CDCl3) = 61.51, 61.44 (O-CH2), 41.84 (N-CH2), 32.77, 30.78, 30.61, 29.59, 29.46, 

29.39, 29.16, 26.92, 26.46, 25.07, 22.51, 22.46, 16.62, 16.56 (CH3) ppm. 

31P NMR δ (CDCl3) = 32.65 ppm. 

FTIR: 3575-3259 (ν N-H), 2926 (νas C-H2), 2855 (νs C-H2), 1646, 1572, 1452, 1243 (P=O), 

1025 (C-O), 955, (P-O), 782, 700, 544, 490 cm-1. 

 

Diethyl (10-(3-propylureido) decyl) phosphonate: The synthesis was carried out under inert 

gas. 1.36 g diethyl (10-aminodecyl) phosphonate (4.6 mmol) was dissolved in 10 mL dry DCM. 

The reaction mixture was cooled to 0 °C and 0.4 mL of propyl isocyanate was added dropwise. 

Stirring was then continued for another hour at room temperature. The solvent was removed. 

Here, too, the product still contains the impurity from the precursor. 

Yield: 1.61 g, 4.26 mmol, 92 %, yellow oil.  

1H NMR δ (CDCl3) = 4.01-4.15 m (4H, O-CH2), 3.10-3.16 m (4H, N-CH2), 0.94-1.76 m (26H, 

CH2/O-CH2-CH3 ), 0.92 t (3H, CH3) ppm. 

13C NMR δ (CDCl3) = 158.69 (C=O), 61.63, 61.56 (O-CH2), 42.50 (N-CH2), 40.75 (N-CH2), 

30.58, 30.42, 30.21, 29.34, 29.22, 29.08, 28.96, 26.85, 26.38, 24.98, 23.53, 22.39, 22.34, 

16.65 (O-CH2-CH3), 16.59 (O-CH2-CH3), 11.51(CH3) ppm. 

31P NMR δ (CDCl3) = 32.65 ppm. 

FTIR: 3323 (N-H), 2927 (νas C-H2), 2854 (νs C-H2), 1620 (Amid I, ν C=O), 1577 (Amid II, ν C-

N) (C=O), 1474, 1380, 1233 (P=O), 1030 (C-O), 965, (P-O), 811, 615, 537, 490 cm-1. 

 

(10-(3-Propylureido) decyl) phosphonic acid: The synthesis was carried out under inert gas. 

1.59 g diethyl (10-(3-propylureido) decyl) phosphonate (4.2 mmol) was dissolved in 10 mL 

dichloromethane. Then, 1.1 mL of bromotrimethylsilane was added dropwise (8.4 mmol). The 

reaction mixture was stirred for 6 hours at room temperature. The solvent was removed and 

10 mL of a methanol/water mixture was added (6:4). The mixture was stirred overnight at room 

temperature. The precipitating solid was filtered off washed with a little cold dichloromethane 

and dried. The product shows a small impurity in the 31P NMR spectrum. 

Yield: 0.75 g, 2.33 mmol, 56 %, pale yellow solid. 



Experimental 

- 231 - 
 

1H NMR δ (MeOH-d4) = 3.10-3.08 m (4H, N-CH2), 1.26-1.71 m (22H, CH2), 0.88 t (3H, CH3) 

ppm. 

13C NMR δ (MeOH-d4) = 161.40 (C=O), 42.80 (N-CH2), 41.00 (N-CH2), 31.84, 31.68, 31.35, 

30.65, 30.45, 30.27, 28.78, 27.92, 27.41, 24.51, 23.94, 23.90 (CH2), 11.61 (CH3) ppm. 

31P NMR δ (MeOH-d4) = 30.23 ppm. 

FTIR: 3325 (N-H), 2922 (νas C-H2), 2849 (νs C-H2), 2771 (νas PO-H), 2265 (νs PO-H), 1616 

(Amid I, ν C=O), 1577 (Amid II, ν C-N) (C=O), 1469, 1326, 1261, 1223, 1101, 1053, 993, 941, 

781, 730, 625, 534, 500 cm-1. 

Self-Healing Nanocomposites Based on Ionic Interactions and DA Chemistry 

S-(2-Hydroxyethyl) ethanethioat: The synthesis was carried out according to Kröger.[698] 4 g 

of potassium thioacetate (35 mmol) was dissolved in 55 mL of acetone. Then 2.4 mL of 2-

bromoethanol (34 mmol) in 15 mL of acetone was added dropwise. Stirring was carried out 

overnight at room temperature. The resulting solid was filtered off and the filtrate was freed 

from the solvent. The product obtained was taken up with dichloromethane and washed with 

water. The organic phase was dried over sodium sulfate and the solvent was removed.  

Yield: 2.41 g, 20 mmol, 59 %, yellow liquid. 

1H NMR δ (CDCl3) = 3.77 t (2H, CH2O), 3.08 t (2H, CH2S), 2.36 s (3H, CH3) ppm. 

 

2-(Acetylthio)ethyl methacrylate: The synthesis was carried out according to Kröger.[698] 

2.39 g S-(2-hydroxyethyl) ethanethioat (20 mmol) was dissolved in 24 mL dry 

dichloromethane. Then, 3.5 mL of triethylamine was injected directly into the solution via a 

syringe and the solution was cooled to 0 °C. Then, 2.7 mL of freshly prepared methacryloyl 

chloride in 10 mL of dry dichloromethane was added dropwise. Stirring was performed for one 

hour at 0 °C and overnight at room temperature. The reaction mixture was extracted twice with 

45 mL of water and 0.5 M HCl. The still highly contaminated product was purified by vacuum 

distillation in the presence of hydroquinone as a radical scavenger.  

Yield: 2.11 g, 11 mmol, 56 %, yellow liquid. 

1H NMR δ (CDCl3) = 6.11 m (1H, =CH2), 5.58 m (1H, =CH2), 4.25 t (2H, CH2S), 3.18 t (2H, 

CH2O) 2.35 s (3H, CH3), 1.93 s (3H, CH3) ppm.  
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Table 23: Approaches towards ionic /DA-double self-healing systems. 

 

  

Polym. 
Technique Monomer Initiator Cu-Ligand/CTA Solvent Result 

ATRP SMBS co BMA EBriB HMTETA Toluene Main Product: poly(BMA), no reaction of SMBS 
was observed 

ATRP SMBS co BMA EBriB 2,2'-Bipyridine Methanol:Water 
(2:3) 

Insoluble solid, FTIR shows signals of both 
components 

ATRP SMBS co BMA EBriB HMTETA Methanol:Water 
(2:3) 

Insoluble solid, FTIR shows signals of both 
components 

      

FRP SMBS co BMA AIBN - Toluene Main Product: poly(BMA), no reaction of SMBS 
was observed 

FRP SMBS co BMA AIBN - Methanol:Water 
(2:3) 

Insoluble solid, FTIR shows signals of both 
components 

FRP SMBS co BMA AIBN - 
Methanol:2-

Propanol:Water 
(1:1:1) 

poly(BMA), second insoluble phase shows signals 
of both components 

      

ARGET 
ATRP 

FMA co MIMA 
co SMBS co 

BMA 
EBriB HMTETA Toluene Main product: poly(BMA); no copolymer was 

observed 

FRP 
FMA co MIMA 

co SMBS co 
BMA 

AIBN - Methanol:Water 
(2:3) 

Main product: poly(BMA) (in solution); Traces of 
poly(FMA-co-MIMA-co-SMBS-co-BMA) were 

obtained as precipitate 

RAFT 
FMA co MIMA 

co SMBS co 
BMA 

AIBN 2-Cyanoprop-2-
yldithiobenzoat 

Methanol:Water 
(2:3) 

Main product: poly(BMA); no copolymer was 
observed 

      

ARGET 
ATRP MA co BMA EBriB HMTETA Toluene:Methanol 

(1:1) 

Successful copolymerization; Successful synthesis 
of poly(SMBS-co-BMA) after reaction wit 1,4-

butanesultone 

FRP MA co BMA AIBN - Toluene:Methanol 
(1:2) 

Successful copolymerization; Successful synthesis 
of poly(SMBS-co-BMA) after reaction wit 1,4-

butanesultone 

ATRP 
2-(Acetylthio) 
ethylmetha-

crylat co BMA 
EBriB HMTETA Toluene:Methanol 

(1:1) 

Successful polymerization; Product insoluble 
after deprotection; oxidation yields a soluble 

product but not the desired copolymer 
(decomposition) 

FRP 
2-(Acetylthio) 
ethylmethacry

lat co BMA 
EBriB HMTETA Toluene:Methanol 

(1:1) 

Successful polymerization; Product insoluble 
after deprotection; oxidation yields a soluble 

product but not the desired copolymer 
(decomposition) 

      

ARGET 
ATRP 

FMA co 
DEGMA EBriB 2,2'-Bipyridine MEK:Methanol (3:1) Successful synthesis of the copolymer 

ARGET 
ATRP 

MIMA co 
DEGMA EBriB 2,2'-Bipyridine MEK:Methanol (3:1) No copolymer obtained 

ARGET 
ATRP 

MIMA co 
DEGMA EBriB 2,2'-Bipyridine Toluene Successful synthesis of the copolymer, yield 

< 10 % 

ARGET 
ATRP 

FMA co MIMA 
co SMBS co 

DEGMA 
EBriB 2,2'-Bipyridine MEK:Water:Ethanol 

(10:3:1) 
Successful synthesis des copolymer, but poor 

reproducibility 

ARGET 
ATRP 

FMA co SMBS 
co DEGMA EBriB 2,2'-Bipyridine MEK:Water:Ethanol 

(10:3:1) Successful synthesis of the copolymer 
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