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Zusammenfassung 

In dieser Doktorarbeit wird die Herstellung von funktionellen Materialien durch Kombinationen 

von organischen und anorganischen Bauteilen beschrieben. Ziel ist die Erforschung und 

Entwicklung nachhaltiger Prozesse. Mittels Funktionalisierung von organischen oder 

anorganischen Oberflächen können komplexe Systeme hergestellt werden, welche in der 

chemischen Industrie Anwendung finden, um beispielsweise chemischen Abfall oder 

Kohlenstoffdioxidemissionen zu vermindern. 

Kapitel 1 fasst die Entwicklung der organisch-anorganischen Hybriden in den letzten Jahrzehnten 

zusammen. Es werden verschiedene chemische Möglichkeiten, Hybrid-Materialien zu 

synthetisieren, untersucht. Das Hauptaugenmerk liegt auf dem gezielten Modifizieren von 

Materialen für nachhaltige Prozesse. Als spezifisches Beispiel wird die magnetische Separation 

diskutiert und es wird gezeigt, wie diese Technik genutzt werden kann, um industrielle 

Aufarbeitungsprozesse nachhaltiger zu gestalten. 

In Kapitel 2 wird ein magnetischer Nanokatalysator für die Knoevenagel-Kondensation 

eingeführt, welcher die chemische Aufbereitung − eine zeit- und lösungmittelintensive Prozedur 

in der organischen Chemie − vereinfachen soll. Vor allem Reaktionen, welche organische Basen 

benötigen, profitieren stark von einer vereinfachten Separation, da sie schwierig vom Produkt zu 

trennen sind. Darum wurde ein Derivat des superbasischen Protonenschwamms synthethisiert und 

kovalent mit den stärksten kommerziell erhältlichen magnetischen Nanopartikeln verbunden, 

welche auf Kohlenstoff-beschichteten Kobalt-Metall-Nanopartikeln basieren. Die immobilisierte 

magnetische Superbase wurde in der Knoevenagel- und der Claisen-Schmidt-Kondensation 

getestet und zeigte eine hohe Aktivität. Auch hohe Ausbeuten (bis zu 97 %) vom isolierten Produkt 

konnten erreicht werden, da für ein reines Produkt nur einmal rekristallisiert werden musste und 

keine Säulenchromatographie nötig war. 

Kapitel 3 beschreibt einen neuen Katalysator für die Knoevenagel-Kondensation: Kupfer. 

Preisgünstiges Kupferpulver wurde verwendet, um eine breite Palette von verschiedenen 

Knoevenagel-Produkten zu synthetisieren. Dabei konnte das Kupferpulver, wie bei der 

heterogenen Katalyse üblich, einfach mit einem Filter abgetrennt werden und womit die Separation 

stark vereinfacht und Lösungmittel konnte eingespart werden. Um eine mögliche Anwendung in 

der Industrie zu zeigen, wurde ein grosser Ansatz von Benzaldehyd und Cyanessigsäureethylester 
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mit Kupfer reagiert, was in dem gewünschten Katalyse-Produkt resultierte. Eine grosstechnische 

Anwendung kann somit möglich sein. 

In Kapitel 4 wird ein in Wasser dispergierbares, auf magnetischen Nanopartikeln basierendes 

«Klick und Spalt»-System präsentiert.  Der spaltbare Linker wurde mit einem spannungs-

getriggerten, kupferfreien Klick-Reagenz kombiniert, um eine spezifische Verbindung zu 

erschaffen. Gleichzeitig wurde eine Silaneinheit eingebaut, die mittels Fluorid unter milden 

Bedinungen gekappt werden kann. Organische Moleküle, azid-funktionalisierte Farben und 

funktionalisierte Enzyme können so an die magnetischen Partikel gebunden und bioorthogonal 

wieder gelöst werden. 

In Kapitel 5 wird die erste erfolgreiche Silika-Beschichtung von Polymilchsäure-Nanopartikeln 

beschrieben, welche zu vollständig Glas-(Silika)-beschichteten Polymilchsäure-Nanopartikeln 

führt. Die nachfolgende Auflösungsprozedur in Dichlormethan löste das Polymilchsäuretemplat 

heraus, was zu hohlen Silika-Kugeln führte. Die gelöste Polymilchsäure konnte danach direkt 

rezykliert und wieder zu Nanopartikeln verarbeitet werden, um einen neuen Ansatz von hohlen 

Silika-Kugeln zu synthetisieren. Somit wurde ein nachhaltiger Prozess entwickelt, welcher im 

Vergleich zur Standardprozedur viel weniger Kohlendioxidemissionen zur Folge hat. Hohle Silika-

Kugeln sind von grossem Interesse in der Industrie, sowohl für die nächste Generation von 

Isoliermaterialien, als auch als leichtes Füllmaterial in Polymeren für Treibstoff-effiziente 

Mobilität. 

Zum Schluss wird in Kapitel 6 eine Zusammenfassung aller präsentierten nachhaltigen Reagenzen, 

Katalysatoren und Prozesse präsentiert. Ausserdem werden zukünftige, mögliche Anwendungen 

für die Industrie aufgelistet und die potenziellen Probleme diskutiert. 
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Summary 

It is described how the combination of the advantageous properties of organic and inorganic 

building blocks leads to functional materials applicable in sustainable chemical engineering. The 

chemical functionalization of surfaces of organic or inorganic origin leads to complex yet 

functional structures and reagents that can be applied to reduce waste or carbon dioxide emission 

in chemical industry. 

Chapter 1 summarizes the development of organic and inorganic hybrids over the last decades. 

Different chemical approaches to synthesize hybrids are examined and reviewed. A special 

emphasis is placed on the engineering of materials suitable for sustainable processes. Magnetic 

separation is discussed as a specific example of how to make separation procedures more 

sustainable. 

In chapter 2, a magnetic nano-catalyst for the Knoevenagel condensation is introduced to facilitate 

work-up in organic synthesis, which can be quite solvent and time intensive. In this respect, 

reactions involving organic bases would strongly profit from a tremendously simplified separation. 

Therefore, a derivative of the superbasic proton sponge was synthesized and covalently linked to 

the strongest currently available nanomagnets based on carbon-coated cobalt metal nanoparticles. 

The immobilized magnetic superbase reagent was tested in Knoevenagel and Claisen-Schmidt type 

condensations and showed conversions up to 99%. High yields up to 97% of isolated product could 

be obtained by a simple recrystallization without using column chromatography.  

Chapter 3 describes the catalysis of the Knoevenagel condensation using heterogeneous copper 

materials. Inexpensive, widely available copper powder was used to catalyze the Knoevenagel 

condensation of ethyl cyanoacetate and benzaldehyde under mild conditions, resulting in 

quantitative yield after 30 minutes. Separation could be done by using a simple filtration protocol, 

thus reducing considerably the amount of solvent needed. To ensure general applicability, a wide 

variety of different substrates was successfully reacted and a scale up to a 100 g batch was 

accomplished.  

In chapter 4, a water dispersible, magnetic nanoparticle supported “click and release” system is 

presented. The cleavable linker was synthesized by using a strain-promoted copper-free “click” 

reagent to establish the specific link and a fluoride cleavable silane moiety for mild cleavage. Small 
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organic molecules, dyes and enzymes, which were functionalized with azide groups, were bound 

to the magnetic particle and released in a bioorthogonal way. 

In chapter 5, the first successful silica coating of polylactic acid nanoparticles, resulting in fully 

coated polylactic acid-silica core-shell nanoparticles, is introduced. Subsequent dissolution 

treatment efficiently dissolved the polylactic acid core template and yielded exclusively hollow 

silica spheres. The collected polylactic acid could then be recycled directly from the template 

removal solution and re-used to synthesize polylactic acid nanoparticles for a next batch of hollow 

silica nanospheres. Such hollow particles are of interest in next generation insulation materials and 

as light weight fillers in polymers for fuel efficient mobility. 

To conclude, chapter 6 includes a summary of all presented sustainable reagents, catalysts and 

processes. Possible applications in industry are listed and the potential pitfalls are discussed. 
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1.1  Sustainable process engineering using hybrid functional materials 

The main task of process engineering is to develop the best industrial production possible. 

However, if we look at chemical processes or desired properties of functional materials over the 

last decades, we find that the focus has shifted from inexpensive production cost, efficiency or 

synthesis time to sustainability. During the industrialization, which started in the eighteenth century 

in England, sustainability as well as energy efficiency were mostly irrelevant.1 Charcoal and later 

atomic energy made energy readily available and, thus, there was no incentive to save energy. The 

same is true for fossil-fuel derived base chemicals (i.e. from non-renewable resources), which were 

the starting point for most industrial chemistry processes. Additionally, there was little awareness 

of the environmental and toxicological damages that chemical industries generate.  

Today, this has changed remarkably. Never in history has there been a time when the impact of the 

human race on this planet was more substantial than now, never has the earth been that densely 

populated (see Table 1-1). More people need more industrial products − which translates to an 

increased demand of resources in general. 

 

Table 1-1. Population numbers of earth and doubling time thereof (0 AD to 2000 AD)2 

Year AD 0 1750 1950 2000 

Population (millions) 252 771 2529 6115 

Annual growth (%) 0.037 0.064 0.594 1.766 

Doubling time of the population (years)a 1854 1083 116 40 

a. Doubling time is the time it takes for a population to double in size at a constant growth rate. 

 

This fact demands new and radically innovative concepts of how to preserve and maintain our 

planet in a functioning state for the future generations. If we truly want to achieve a sustainable 

process, we have to take into account the source of the reactants (e.g. bio-derived), the solvent 

waste (e.g. recycling) and the energy consumption (e.g. catalysts, shorter synthesis paths). 

Furthermore, the optimization of production processes might be achieved by the integration of 

green technologies (materials management).3 The idea behind it is that waste from one process 

might be an appropriate resource for another process (e.g. biorefineries). These hybrid processes 
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are a possibility to eliminate waste as such in chemical industry altogether. Therefore, the term 

clean technologies has been coined and defined by the European Commission Directorate-General 

for Environment.4 The following nine main points are the core of what a clean technology should 

consist of: 

1. Conservation of raw materials   

2. Optimization of production processes   

3. Rational use of raw materials   

4. Rational use of energy   

5. Rational use of water   

6. Disposal or recycling of unavoidable waste   

7. Accident prevention   

8. Risk management to prevent major pollution   

9. Restoring sites 

These are general requirements that cannot be fulfilled immediately, but they give a good overview 

on where to start. One way is through process-intensification, a strategy that aims towards dramatic 

reductions in the size of a chemical plant and, thus, decreasing greenhouse gas emissions and 

energy consumption. Other possible methods include hybrid separations, integration of reaction 

and separation, techniques using alternative energy sources and new process-control methods.5  

Hybrid materials, combining sustainable features of organic and inorganic chemistry, play a big 

role in achieving these goals. With all the knowledge gathered in these fields over the past century, 

many problems can now be tackled using this hybrid approach. Exciting examples for thriving 

research in this area are hybrid membranes used for solvent waste treatment, gas separation, 

catalysis and fuel cells.6, 7 Another interesting field that uses hybrid materials for the benefit of 

sustainable process engineering is catalysis, more specifically nanoparticle-mediated catalysis.8 

Nanoparticles enable quasi-homogeneous catalysis while still retaining the advantages of 

heterogeneous catalysis, such as simple separation from the reaction mixture. The field is rapidly 

evolving, but the most interesting compounds remain functionalized Pd, Pt, Au and Rh 

nanoparticles.9 Although much research has been done, implementation into industry remains 

challenging, as nanomaterials demand proper risk and toxicology assessment and the handling is 

more difficult. Therefore, the design of such catalysis system has to be analyzed thoroughly and 

optimized until it fits the industrial needs. 



16 
 
1.2  Design and engineering of hybrid functional materials 

Generally, the design of any functional material always starts with a desired application in mind, 

as depicted in Figure 1-1.10 The application (e.g. water filter) demands that certain functions and 

properties are present in the material, nanoparticle or molecule, which fulfill the task (e.g. removal 

of bacteria). If the desired properties are determined (step 1), the material can be designed (step 2). 

This involves deeper knowledge of reactivity and structure of the desired compounds, which is 

usually obtained from literature. After deciding on materials and experimental conditions, synthesis 

(step 3) is carried out and the resulting product is characterized (step 4). Finally, the obtained 

properties are analyzed (step 5) and compared to the desired properties. If the discrepancy is too 

large, the whole process is repeated and thus, the obtained properties are optimized until they match 

the desired properties. 

 

 

 

Figure 1-1. Modus operandi in molecular engineering, adapted from Hitzky et al.10 

 

 

This general approach can also be applied to engineer functional hybrid materials, especially if the 

desired properties cannot be achieved with pure inorganic or organic compounds. Obviously, the 

design of materials will then also include many additional steps, such as design of the nanohybrid 
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structures or advanced engineering of the surface of the matrix structure in order to achieve the 

desired properties. Additionally, special attention has to be paid to the product characterization, 

which might involve analytical methods from both fields, organic and inorganic chemistry. 

There are two main bottom-up strategies for the design of hybrid functional materials that are 

currently investigated: molecular assembly and blocks assembly.11 The molecular assembly 

approach describes the use of monomers (e.g. small molecules) and subsequent polymerization. 

This is usually done using a Sol-Gel approach, which is discussed in chapter 1.6. On the other hand, 

the blocks assembly approach is used when a surface or a nanoparticle is combined with another 

block or functionality (e.g. through surface functionalization, intercalation or grafting). This 

approach is described in more detail in chapter 1.5.  

The design of hybrid functional materials has gained considerable attention in the last decade. Once 

a relatively small field, it has evolved into a massive multidisciplinary research area, including 

topics such as metal-organic framework membranes,7 hybrid membranes for fuel cells12 and hybrid 

materials for optics and photonics.13 This research effort resulted in a plethora of functional 

materials used in industry, for example smart coatings for the protection of buildings and 

monuments or hybrid-based photovoltaic cells.14   

 

 

Figure 1-2. General properties of organic and inorganic compounds.15 
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1.3  Properties of organic and inorganic materials 

In inorganic chemistry, the radicals are simple; in organic chemistry, they are compounds − that 

is the sole difference.  

Jean Baptiste André Dumas, 1837 

The differentiation of organic and inorganic chemistry is not as clear as the technical terms suggest. 

Whereas organic chemistry originally was described as the chemistry of the building blocks of life, 

it is now mainly referred to as the chemistry of hydrocarbons and their derivatives.16 On the other 

hand, inorganic chemistry is the chemistry of all remaining chemical elements, such as metals, 

oxides and minerals. However, this binary classification does not include a large class of 

compounds, namely materials that consist of both, organic and inorganic, elements. If we only look 

at organic compounds, there are physical and chemical properties that are inherent to most of them, 

for example low melting points, low boiling points, high flammability and the covalent nature of 

the chemical bond (Figure 1-2). As for inorganic compounds, properties such as high melting 

points, high boiling points, low flammability and ionic bonding nature were described.17 In 

Figure 1-2, these properties have been summarized. However, the interesting question is what the 

properties of mixed or composite compounds are going to be. There is a variety of applications that 

demand very specific properties, which need to be tailored by combining organic and inorganic 

chemistry. Therefore, research at the interface of organic and inorganic chemistry has gained a lot 

of attention in the last decades, especially since the birth of mild inorganic processes (“Chimie 

Douce”).18  

 

1.4  Exploring the interface of organic and inorganic chemistry 

Since there are about 120 properly characterized chemical elements, there are countless approaches 

to combine organic and inorganic compounds. It is therefore difficult to categorize the different 

hybrid molecules and materials in a methodical way. However, Figure 1-3 depicts an overview of 

some representative examples, giving an insight into the vast variety of possible combinations. The 

bidimensional structure (organic-inorganic) of this graph implies a classification according to the 

predominant phase. This usually defines the nature of the host (i.e. matrix) material.  
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Figure 1-3. Overview of organic-inorganic hybrid materials of molecular, supramolecular, nano-

sized and extended structures. Adapted from Functional Hybrid Materials.19  

 

For example for Sol-Gel silica modified with organic molecules (top right, Figure 1-3), the matrix 

is a silica structure and the functional part is the organic modification. However, this classification 

has its limitations, because in certain cases, there is no proper distinction between organic and 
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inorganic phases (e.g. organometallic complexes) or the distribution of the phases is irrelevant. 

Often, the nature of the interaction between the organic and inorganic phase is more important, 

since it provides information about the interface and function. Therefore, a classification based on 

the nature of the interface has been established dividing the organic-inorganic hybrids into two 

main classes. In class I, there is no covalent or ionic bond interaction between the two phases. This 

means that in these compounds weak interactions, such as hydrogen bridges or Van der Waals 

interactions, are present. On the other hand, class II refers to hybrids that are linked via strong 

chemical bonds of either covalent or ionic nature.19 Depending on the application, either class I 

(e.g. drug delivery vesicles) or class II hybrids (e.g. catalyst immobilization) are desired.  

Additionally, there is the obvious classification of hybrids according to their application (e.g. 

catalyst, membrane, dispersion) or properties (e.g. magnetic, biocompatible, stable under harsh 

conditions). However, a full review of all these applications and properties lies beyond the scope 

of this manuscript. The focus of this manuscript is on a subset of important possibilities to generate, 

modify and use organic-inorganic interfaces. 

There are, as mentioned before, two general strategies for the synthesis of hybrid materials (i.e. 

molecular assembly and blocks assembly). In the molecular assembly approach, Sol-Gel synthesis 

is definitely one of the most prominent strategies resulting in nanocomposite hybrids or molecular 

hybrids.20 Important are mild conditions that do not harm the organic moiety.  

The block assembly approach provides a much wider variety of strategies to design hybrid 

materials: one strategy is the self-assembly approach, where templates are used as structure 

directing agents. Furthermore, hybrid materials can be synthesized by assembly of nano building 

blocks (NBB), resulting in mesostructured NBB-based hybrids.15 Another strategy is post-

synthesis modification by surface functionalization. By modifying the surface of a bulk material or 

nanoparticles, functionality can be introduced, mostly by organic moieties. However, it has to be 

considered that depending on the nature of the interface (class I or II) and the nature of the material, 

these strategies may not apply for every desired material and have to be adapted. In the next 

chapters, we will discuss the various specific chemical approaches to introduce organic molecules 

into inorganic material, as well as building inorganic moieties on organic matter. 

 

 



21 
 
1.5  Organic chemistry on inorganic materials 

Properties of inorganic materials and especially inorganic nanoparticles often need to be engineered 

in a specific way in order to be truly functional (e.g. band gap engineering in semiconductors, 

dispersion stabilization and surface charge optimization). There are four different chemical 

methods for introducing organic molecules into inorganic materials, namely post-synthesis 

modification, liquid phase modification, addition of non-reactive compounds to precursors and the 

use of organic-inorganic co-precursors.19  However, since our focus lies on the functionalization 

of the interface, we will mainly discuss various possibilities of post-synthesis modification of 

 

Figure 1-4. A selection of well-established methods for the surface modification of inorganic

materials. Graphene, silica and gold were chosen as specific examples since they are widely used

in research.  
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inorganic materials with organic moieties as depicted in Figure 1-4. Graphene, silica and gold were 

chosen as examples because of a plethora of interesting examples in current literature. Metals, such 

as palladium, platinum or silver, are equally important, and can be functionalized using a wide 

variety of organic ligands. Additionally, there are of course many other inorganic materials (e.g. 

metal oxides) which can be modified using a similar approach.  

1.5.1  Surface modification on graphene 

The most common method to functionalize graphene and graphene-like surfaces is via oxidative 

acid treatment. This is usually done using harsh oxidative conditions (e.g. 98% H2SO4, KMnO4 

and NaNO3 for 48 h at 100 °C), and results in functional groups such as carboxylic acids, aldehydes 

and alcohols on the graphene surface.21 A disadvantage of this method is that it disrupts the 

extended π-conjugation of the pristine graphene and that it creates unwanted defects. Another 

popular approach to functionalize the graphene layer with organic moieties is via diazonium 

chemistry. By using sodium nitrite and acid, a primary arylamine (see Figure 1-4, top left) can be 

converted into a diazonium salt, which can exhibit a highly reactive free radical upon release of 

nitrogen. This radical can interact with the sp2-hybridized carbon atoms of graphene and thus form 

a stable, covalent C-C bond.21 Naturally, the hybridization of the graphene carbon atom changes to 

sp3, resulting in lower but controllable conductivity, which is useful for semiconductor materials.22 

A convenient feature of this method is the short reaction time: after 30 minutes the reaction is 

usually finished. Additionally, the broad scope of commercially available aniline derivatives (see 

Scheme 1-1) facilitates the synthesis of tailored products without the use of multistep, elaborate 

chemical procedures. It should be noted that further, more sophisticated organic chemistry can then 

be carried out after a successful attachment of the aniline derivative via diazonium chemistry.  

 

 

Scheme 1-1. A selection of commonly used aniline derivatives for graphene functionalization. 
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A prominent example is the surface initiated atom transfer radical polymerization (siATRP),23, 24 

enabling the controlled polymerization of any acrylate monomer from the immobilized radical 

initiator on the graphene surface.25  

1.5.2  Surface modification on silica 

One of the most promising synthesis paths to functionalize silica surfaces with organic moieties is 

by mixing silica and a silane molecule, for example (3-aminopropyl)triethoxysilane (APTES), in 

methanol or ethanol to form siloxane bonds between the surface and the silane reagent.26 A 

selection of such reagents is depicted in Scheme 1-2.27 In this reaction, the release of the alkoxy-

group and subsequent attack of the surface silanol-nucleophile can be catalyzed by a base, similar 

as in the Sol-Gel process. There are countless commercially available silanes with all kinds of 

functional groups (e.g. amine, allyl, aryl, epoxides, thiols), resulting in a broad scope of possible 

anchor points for further, more sophisticated organic modifications.28  

Another possibility is to convert the surface silanol into a surface hydride using SOCl2 and 

LiAlH4.29 The hydride can be further reacted catalytically (e.g. with H2PtCl6) with substituted 

alkenes (hydrosilation) to generate a stable Si-C bond.20, 30  Alternatively, if no reducing agent is 

used, the silanol can be converted into a surface chloride.31 The chloride can simply be substituted 

by nucleophiles, most commonly by an organic molecule containing an alcohol group.   

 

 

Scheme 1-2. A selection of well-known silane reagents used in the surface modification of silica. 
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1.5.3  Surface modification on gold  

The by far best-known modification of gold surfaces or nanoparticles is via thiol-functionalized 

organic molecules. Gold surface and thiols can form the strong S-Au bond under relatively mild 

conditions in solution or gas phase.32 Furthermore, this bond is stable under ambient conditions 

and mostly indifferent to the specific organic rest (e.g. anionic and cationic species, polymers, 

catalysts). This enables the use of gold nanostructures for a wide array of applications, such as 

biolabelling, drug delivery and photo thermal therapy.33 

1.5.4  Surface modification of metals using organic ligands 

The surface of most metals or metal nanoparticles can be functionalized by using chelating organic 

ligands. Besides thiols, the most important functional groups for ligand design are amines (amino- 

acids, hexadecylamine), carboxylic acids (e.g. oleic acid, stearic acid) and phosphines (e.g. 

triphenylphosphine).34  These functional groups usually form strong bonds with the metal surface 

and form a functional monolayer. The ligand itself can then be designed to exhibit bulky groups 

(steric stabilization) or charged moieties (electrostatic stabilization).35 Often, the ligand is designed 

in such a way that it can be further modified chemically, for example by addition of orthogonal 

functional groups (e.g. azide, alkyne, alcohol). Additionally, it is possible to graft polymers onto 

metal surfaces using this technique. For example, mono- or bifunctional poly(ethylene glycol) 

(PEG)  molecules can be attached to metal surfaces (PEGylation), in order to create an inert 

hydrophilic surface that repels proteins and other molecules by steric effects.36 

1.5.5  Adsorption and heterogeneous catalysis on inorganic surfaces 

The interaction of an organic molecule with an inorganic surface to form a new molecule 

(heterogeneous catalysis) is also an interaction of organic moieties with inorganic material. 

However, it clearly differs from the chapters before in the sense that the created interface is only 

short-lived, since in heterogeneous catalysis adsorption and subsequent rapid desorption of the 

organic molecule are crucial. Therefore, we cannot speak of “surface functionalization” but rather 

of “surface activation” (e.g. with H2). A description of this interface is not trivial and can be tackled 

in various ways, depending on the investigator’s curriculum.37 However, compared to 

homogeneous catalysis, the reaction mechanisms in heterogeneous catalysis are often not as 

obvious. Yet, there are many examples of name reactions in organic chemistry (e.g. Heck reaction, 

Suzuki reaction, Sonogoshira reaction) including heterogeneous catalysts, which have been studied 
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thoroughly, also in their mechanistic details.38, 39 These findings led to a deeper understanding of 

interfaces and surface chemistry. 

1.6  Inorganic chemistry on organic materials  

Generally, it is technically more straightforward to functionalize inorganic material with organic 

moieties than vice versa, as for the synthesis of inorganic compounds usually high temperatures 

are needed (>300 °C). This limits the inorganic compound onto organic material synthesis (hybrid 

formation process), because the organic material is not stable at these elevated temperatures. 

However, with the development of the Sol-Gel process, this disadvantage could be avoided by 

using mild reaction conditions.40 In general, this process can be described as the inorganic 

polymerization of dispersed metallo-organic precursors (salts or alkoxides) at ambient temperature. 

Metal alkoxides (M(OR)n, where OR is an alkoxy group OCxH2x+1 and M= Si, Sn, Ti, Zr, Al, Mo, 

etc.) are polymerized through hydrolysis and condensation reactions leading to metal-oxo 

polymers.15 When the concentration of polymer is high enough, a gel is formed entrapping solvent 

and monomers. The gel is not necessarily the final form or desired product; possible are xerogels 

 

  

 

Figure 1-5. Overview of the Sol-Gel process. The mild process opens the door to many different 

morphologies and nanostructures.40 
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 (if the liquid phase of the gel is evaporated quickly), colloidal dispersions (if the polymerization 

is stopped at an early point) or precipitates (if the formed particles are not stable in the solvent). 

Additionally, a wide array of nano-structures (e.g. hollow spheres, fibers, monodisperse 

nanoparticles)41-44 can be obtained with the Sol-Gel process using different techniques, such as 

hard-templating or surfactant-controlled polymerization.45 For an overview of possible 

morphological outcomes of the Sol-Gel process see Figure 1-5. The Sol-Gel approach is a key 

method to combine inorganic compounds with an organic matrix, above all, because the mild 

synthesis conditions (in solution, ambient temperature, catalyst) are compatible with most organic 

materials. The most straightforward hybrid synthesis is by simply mixing the organic matrix (e.g. 

polymer or nanoparticle) with the metal alkoxides and a catalyst (e.g. ammonia).44 Using this 

technique, the morphology of the hybrid material can be engineered (e.g. for hollow structures). 

However, this approach generally creates class I hybrids (weak interactions at the interface), which 

might not be stable enough for certain applications. To generate class II hybrids, there has to be 

either a covalent bond or an ionic interaction. The former can be achieved by adding an anchor to 

the organic matrix (for example via N-trimethoxylsilylpropyl-N,N,N-trimethylammonium 

chloride),46 while for the latter the surface charge (ζ-potential) has to be designed using oppositely 

charged ions in order to create ionic bonds.45 Finally, if only single inorganic atoms (e.g. Rh, Ru, 

Pt) are needed (mostly as metal centers for catalysts), they can be incorporated into organic 

structures bearing the fitting ligands, such as N-heterocyclic carbene (NHC) functionalized 

polymers or polymers containing metallocene derivatives.47  

A specific example of an application of organic-inorganic hybrids used for sustainable engineering 

is magnetic separation, which will be discussed in the next chapter. 

1.7  Magnetic nanoparticle separation 

Historically, magnetic separation was one of the first applications of magnetic nanoparticles. The 

working principle is that the magnetic particle is able to specifically separate the desired product 

from a complex reaction solution via magnetic dipole-dipole interaction.48 This method reduces 

the amount of required resources (solvent, energy, space) considerably, because many common 

working-up techniques, such as column chromatography, distillation and phase separation, can be 

avoided. There are three ways how this principle can be applied in the laboratory: as a 
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straightforward separation of the product, by using magnetic catalysts or as a “quasi-homogeneous” 

system where the catalyst can be attached and released from the magnetic carrier.49, 50 These three 

possibilities are depicted in Figure 1-6. The build-up of such a magnetic nanoparticle is usually a 

magnetic core surrounded by a protection shell. Generally, the core can be any ferromagnetic metal 

(e.g. Fe, Co, Ni) or metal oxide (e.g. Fe3O4), while the shell can be either organic (e.g. surfactants, 

polymers) or inorganic (e.g. silica, graphene).51, 52 Surface functionalization is often required, since 

specific molecules have to be extracted (e.g. proteins, heavy metal ions) or distinct catalysts have 

to be attached. Surface functionalization can be done in the same way as discussed in chapter 1.5. 

For functional magnetic particles to be truly useful in industry, there are certain requirements that 

need to be fulfilled: (1) Stability in the corresponding solvent and reactions conditions. 

 

 

 

Figure 1-6. Schematic principle of separation and catalysis with magnetic nanoparticles. 
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 (2) High saturation magnetization for efficient recovery. (3) Low leaching rate. (4) Low inherent 

toxicity. If these requirements are met, then the next goal would be to establish a large scale process 

which can be translated to industry.  

Hence, the development of new magnetic nanoparticles, elaborate functionalization thereof and 

translation to a potential application for industrial processes are the next challenges for scientists 

and engineers in this area. 

 

1.8  Conclusion 

In the first chapter, the development of hybrid materials, combining features of organic and 

inorganic materials for sustainable process engineering, is discussed. The need for new, sustainable 

processes is evident. However, to date there are not many satisfying solutions for problems 

concerning sustainability in the chemical industry. Therefore, new processes and materials have to 

be developed and investigated. Functional hybrids offer a huge amount of possibilities to solve the 

upcoming problems of our generation, such as finding substitutes for fuel-derived chemicals, 

efficient energy storage and a substantial reduction of carbon dioxide emissions. 

In the next four chapters, specific examples of functional hybrids used for sustainable applications 

will be presented and discussed, starting with functionalized magnetic nanoparticles for catalysis. 
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2.1  Introduction 

Organosuperbases, such as the classic proton sponge 1,8-bis(dimethylamino)naphthalene 

(DMAN),53 Verkade’s base (proazaphosphatranes) and 1,8-bis(tetramethylguanidino)naph-

thalene (TMGN) have become very important reagents in organic chemistry over the past years.54 

Their exceptional basicity is associated with high kinetic activity in proton exchange reactions. 

These properties are often manifested through low nucleophilicity, making this kind of compound 

interesting for a wide scope of reactions.55-58 Furthermore, even heterogeneous organosuperbases 

are known.59, 60 However, the work-up of such reactions at laboratory level can be difficult, time 

consuming and expensive. Similarly, in industry, a broad variety of condensation reactions is 

applied. At present, mostly free bases, such as sodium hydroxide, potassium hydroxide and various 

organic bases are used and often lead to corrosion, significant waste production and difficult work-

up. Thus, a chemically stable magnetic base with rapid capability for quantitative separation would 

be most interesting for industrial application and entail significant solvent savings, reduce time, 

expensive equipment and permit reagent reusability. Moreover, a ready-to-separate reagent is 

interesting for high-quality products, where impurity carryover defines product performance. 

Magnetic nanoparticles have fascinated scientists for several decades and were used in a plethora 

of applications,61 such as drug delivery,62 in cancer treatment63 and as contrast agents for magnetic 

resonance imaging.64 In chemical synthesis, magnetic nanoparticles have recently gained attention 

in the field of catalysis65 since they combine high surface area with simple separation. However, 

many magnetic reagents and surface linkers for reagent attachment are unstable in acidic, basic or 

organic solvent containing reaction media. The exceptional chemical stability of carbon coated 

metal nanoparticles66  is based on a crystalline graphene-like carbon surface effectively preventing 

core oxidation. The all-carbon surface further allows covalent particle surface functionalization in 

a very convenient way using commercially available aryl diazonium salts.52 At present, a number 

of promising recyclable, stable, metal-based magnetic catalysts have been proposed.58, 67-76 Most 

recently, alkene hydrogenation palladium catalysts77, 78 or so called “catch and release” systems49 

have been developed. In this work, we present an organic superbase, coupled to magnetic 

nanoparticles, with stability amenable for use in such challenging reaction conditions. We further 

show that such an easy-to-separate reagent is useful in a number of condensation reactions, and 

simplifies work-up and product isolation. 
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2.2  Experimental  

Carbon-coated cobalt nanoparticles52 were suspended by the use of an ultrasonic bath and subjected 

to various reactions (see below). After a reaction or a pre-treatment step, nanoparticles were 

recovered from the reaction mixture with the aid of a conventional magnet (neodymium based 

magnet, N48, W-12-N, Webcraft GmbH, side length 12 mm). Silica coated magnetite nanoparticles 

(sicastar®-M plain 350 nm) were purchased from Micromod. Commercially available reagents 

were used as received.  All air-sensitive reactions were carried out under argon atmosphere. The 

nanoparticles were analyzed by FTIR spectroscopy (5% in KBr) and elemental microanalysis. To 

determine the conversion of the catalytic reactions, HPLC measurements on a Waters Symmetry® 

C18 5 μm 2.1 x 150mm column where performed. GC/MS measurements were performed 

(capillary HP 5 MS 30 m x 250 μm x 0.5 μm) with split injection (at 250 °C and a ratio 50 : 1, 

injection volume 1 μl) and temperature program (80 °C for 2 min, 20 °C min-1 heating until 

250 °C). The cobalt concentration present in solution was measured by inductively coupled plasma 

atomic emission spectroscopy on a HORIBA Ultra 2.  

2.2.1  Synthesis of the magnetic proton sponge analogue 

Synthesis of C/Co@amine 3  

Carbon-coated cobalt nanoparticles 1 were purchased from Turbobeads™. The functionalization 

of the particles was done according to reported procedures, i.e. 3 g of 1 where suspended in 20 mL 

H2O and 4-aminobenzylamine 2 (0.7 mL, 5.3 mmol) was added. Then sodium nitrite (0.8 g, 

11.5 mmol) was added to the slurry. The vessel was put into the sonication bath and 2 mL 

concentrated HCl were slowly added dropwise. Upon completion of the reaction (30 min) the 

nanoparticles were recovered from the reaction mixture with a magnet and washed with toluene 

(2x10 mL), EtOH (1x10 mL), acetone (2x10 mL) and dried 24 h at 50 °C in vacuo. FT-IR: 

1603 cm-1, 1503 cm-1, 1015 cm-1, 831 cm-1. 

Synthesis of C/Co@hexamethyleneisocyanate 5  

C/Co@amine 3 (2 g) was degassed 3 times in a Schlenk-flask. 50 mL dry DMF, 

hexamethylendiisocyanate (6 mL, 37 mmol, 97 equiv., 98%, Fluka) and triethylamine (NEt3, 

0.01 mL, 99%, Acros) were added under argon atmosphere. Then the solution was dispersed in a 

sonication bath for 5 minutes. The dispersion was heated to 70 °C and stirred for 6 hours. Upon 

completion of the reaction the nanobeads were recovered from the reaction mixture with a magnet, 
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and washed with anhydrous DMF (2x). FT-IR: 2927 cm-1, 2857 cm-1, 1689 cm-1, 1553 cm-1, 

1018 cm-1. 

Synthesis of C/Co@DMAN 7  

Freshly synthesized C/Co@hexamethyleneisocyanate 5 (2 g) was used directly in a 250 mL 

Schlenk-flask under argon atmosphere. 40 mL dry DMF and triethylamine (NEt3, 0.01 mL, 99%, 

Acros) were added. The solution was dispersed in a sonication bath for 5 minutes. DMAN-NH2 6 

(1 g, 4.3 mmol) was degassed 3 times in a Schlenk-flask and then dissolved in 10 mL of anhydrous 

DMF and finally added dropwise to the C/Co-HMDI solution. The dispersion was heated to 35 °C 

and stirred overnight (16 h). Upon completion of the reaction the nanoparticles were recovered 

from the reaction mixture with a magnet and washed with DMF (2x10 mL), EtOH (1x10 mL), 

acetone (2x10 mL) and dried 24 h at 50 °C in vacuo.  FT-IR: 2931 cm-1, 2857 cm-1, 2783 cm-1, 

1676 cm-1, 1532 cm-1, 1249 cm-1. 

Synthesis of polystyrene-supported DMAN S2  

Chloromethyl polystyrene (1 g, 2% DVB, 100-200 mesh, 0.9-1.5 mmol/g, ABCR) was used in a 

50 mL Schlenk-flask. 20 mL anhydrous DMF and triethylamine (NEt3, 0.01 mL, 99%, Acros) 

were added under argon atmosphere. DMAN-NH2 (0.6 g, 2.58 mmol) was degassed 3 times in a 

Schlenk-flask and then dissolved in 5 mL of anhydrous DMF and finally added dropwise to the 

polystyrene slurry. The dispersion was heated to 40 °C and stirred overnight (20 h). Upon 

completion of the reaction the functionalized polymer was filtrated and intensively washed with 

acetone, 0.1 M NaOH, H20, EtOH, acetone and dried 24 h at 50 °C in vacuo.  

FT-IR: 3030 cm-1, 2927 cm-1, 2775 cm-1, 1944 cm-1, 1874 cm-1, 1726 cm-1, 1602 cm-1. 

Synthesis of silica-amine S4  

Silica gel 230-400 mesh (Merck, 1g) was placed in a 50 mL Schlenk-flask and degassed 3 times. 

20 mL anhydrous toluene was added and the slurry was heated to 60 °C. N1-(2-aminoethyl)-N2-

(3-(trimethoxysilyl)propyl)ethane-1,2-diamine (0.3 mL, 11.6 mmol) was added dropwise to the 

solution, which was then stirred for 24 h. The resulting solid was filtered with 50 ml toluene, 

100 mL DCM and 20 mL Et2O and dried 24 h at 50 °C in vacuo. FT-IR: 3289 cm-1, 2940 cm-1, 

2828 cm-1, 1863 cm-1, 1474 cm-1, 1109 cm-1. 
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2.2.2  General procedures for catalysis, catalyst recovery and linker stability 

General procedure for Knoevenagel condensation reactions   

A mixture of solvent (5 mL) and C/Co@DMAN 7 (0.1 g, 0.01 mmol) was sonicated in an ultra-

sonication bath for 5 min in a Schlenk-flask and then stirred at RT. Benzaldehyde (0.5 mmol) and 

malononitrile (0.5 mmol) were added and the progress of the reaction was monitored by HPLC 

(MS for ensuring product identity, UV at 280 nm for quantification) or GC-FID using the 

commercially available product as reference.  

Benzylidenemalononitrile (10) The isolated product was obtained by recrystallization in hot EtOH 

and hexane, followed by filtration. 1H NMR (CDCl3, 200 MHz, 25°C): δ 7.86 – 7.82 (m, 2H), 7.71 

(s, 1H), 7.57 – 7.43 (m, 3H). α-Cyanocinnamic acid ethyl ester The pure isolated product was 

obtained by evaporation at 40 °C. 1H NMR (CDCl3, 200 MHz, 25°C): δ 8.19 (s, 1H), 7.9 (m, 2H), 

7.47 – 7.43 (m, 3H), 4.37 – 4.27 (q, 2H), 1.37 – 1.30 (t, 3H). 2-(4-

methoxybenzylidene)malononitrile The pure isolated product was obtained by evaporation at 40 

°C. 1H NMR (CDCl3, 200 MHz, 25°C): δ 7.86 – 7.75 (m, 2H), 7.58 (s, 1H), 6.96 – 6.92 (m, 2H), 

3.84 (s, 3H). 2-(4-nitrobenzylidene)malononitrile The isolated product was obtained by 

evaporation of the solvent, followed by recrystallization in DCM/Hexane. 1H NMR (CDCl3, 200 

MHz, 25°C): δ 8.73 (s, 1H), 8.45 - 8.42 (m, 2H), 6.96 – 6.92 (m, 2H). 

General procedure for Claisen-Schmidt condensations  

A solvent free mixture of acetophenone (2 mL) and C/Co@DMAN 7 (0.1 g, 0.01 mmol) was 

sonicated in an ultra-sonication bath for 5 min and then stirred at 130 °C under nitrogen 

atmosphere. Benzaldehyde (0.1 mmol) was added and the progress of the reaction was monitored 

by HPLC (MS for ensuring product identity, UV at 280 nm for quantification) using the 

commercially available product as reference. 1,3-Diphenyl-2-propen-1-one (13) The isolated 

product was obtained by evaporation in high vacuum at 65 °C. 1H NMR (CDCl3, 200 MHz, 25°C): 

δ 7.93 – 7.97 (m, 2H), 7.18 - 7.71 (m, 10H). 

General washing/drying procedure for catalyst recovery  

The used catalyst was washed by sonication (5 min) with the reaction solvent of the catalytic 

reaction and acetone (2x) and dried 4 h at 50 °C in vacuo.  
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General procedure for linker stability tests  

A sample (30 mg) was placed in 10 mL round-bottom flask and solvent (10 mL) was added. The 

solution was dispersed via ultra-sonication bath and then shaken overnight. The solid sample was 

washed by either sonication (magnetic samples) or filtration (silica samples) with EtOH, H2O and 

finally acetone and further on dried 4 h at 50 °C in vacuo. 

 

 

  

a b 

Figure 2-1. Transmission electron microscopy micrographs of the magnetic superbase 7 before 

(a) and after (b) catalysis.  
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2.3  Results and discussion 

2.3.1  Preparation and characterization of the magnetic base 

The magnetic, nano-sized DMAN was prepared from chemically modified magnetic nanoparticles, 

a linker and a derivative of DMAN:  for covalent attachment of the base to the magnetic particle 1, 

a bifunctional linker (i.e. hexamethylene diisocyanate 4) was first reacted with the primary amine 

functionality of 4’-benzylamine-derivatized graphene-coated metal nanoparticles (abbreviated as 

C/Co@amine) 3 to yield C/Co@hexamethyleneisocyanate 5. This intermediate contains a stable 

N-alkylurea bond and an active isocyanate moiety. Subsequently, C/Co@hexamethyleneisocya-

nate 5 was reacted in situ with 4-amino-1,8-bis(dimethylamino)naphthalene 6, which was prepared 

according to literature.79 This afforded a magnetic, covalently bound DMAN C/Co@DMAN 7 in 

proper yield with a base capacity of 0.11 ± 0.01 mmol g-1. For illustration of the synthesis see 

Scheme 2-1. The chemical identity of the here synthesized reagent C/Co@DMAN 7 was proven 

by diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS) and elemental 

microanalysis (see Figure A1-1 and Table 2-1). The fairly strong urea stretching vibration at 

1690 cm-1 clearly confirms urea formation in the case of C/Co@hexamethyleneisocyanate 5. The 

successful attachment of DMAN to the isocyanate linker of C/Co@hexamethyleneisocyanate 5 

was investigated with IR spectroscopy and elemental microanalysis (Table 2-1). A substantial 

increase in nitrogen content (ΔN = 0.82%), as well as an increased carbon content (ΔC = 3.43%) 

are in line with a successful functionalization. Vibrating sample magnetometry (VSM) 

measurements (at room temperature) resulted in an overall magnetization of 139.6 emu g-1, which 

is in good agreement with the expected values, namely a little lower than the saturation 

magnetization of non-functionalized C/Co (lower content of organics or carbon; 158 emu g-1).25 It 

is notable that the saturation magnetization of this material is still much higher than even the 

strongest, conventional magnetite-silica nanoparticles (30-50 emu g-1).51 The high saturation 

magnetization is of relevance as it permits rapid and easy separation.80 In order to confirm the 

chemical stability and robustness of C/Co@DMAN 7, transmission electron microscopy (TEM) 

images of the nanocarrier system 7 were recorded before and after reaction runs. Particles remained 

spherical and of uniformly sized shape in the diameter range of 20 to 60 nm (Figure 2-1). The 

reactivity of the here proposed magnetic C/Co@DMAN 7 was compared to reactions using similar 
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Scheme 2-1. Synthesis of the magnetic immobilized superbase 7. C/Co 1 was coupled to 4-

aminobenzylamine 2 via diazonium-chemistry to yield C/Co@amine 3, which was further 

reacted with hexamethylendiisocyanate 4 resulting in C/Co@hexamethyleneisocyanate 5. 

Bearing an active isocyanate moiety, C/Co@hexamethyleneisocyanate 5 was coupled with 

4-amino-1,8- bis(dimethylamino) naphthalene 6 to yield C/Co@DMAN 7. 
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Table 2-1. Elemental microanalysis of the functionalized magnetic nanoparticles 

 

Table 2-2. Elemental microanalysis of analysis of S2 

Entry 

 

Name C 

 (%) 

N  

(%) 

Cl  

(%) 

Calculated degree  of 

functionalization (mmol/g) 

1 Merrifield polymer resin S1 86.88 0.02 5.86 - 

2 S2 85.99 0.43 5.11 0.1[a] 

[a] Referring to the increase in N. 

 

Entry Name Magnetic core 
material 

C 
 (%) 

N  
(%) 

Calculated degree of 
functionalization (mmol g-1) 

1 C/Co HC High Carbon[a] 11.41 0.02 - 

2 3 “ 13.33 0.29 0.1975 

3 5 “ 14.25 0.62 0.14[c] 

4 7 “ 14.68 0.91 0.11[c] 

5 C/Co LC Low Carbon[b] 2.97 0.01 - 

6 3 “ 5.28 0.51 0.28[c] 

7 5 “ 6.26 0.75 0.19[d] 

8 7 “ 6.55 0.83 0.10[d] 

9 Testreaction A “ 11.55 0.66 0.01[c] 

10 Testreaction B “ 11.5 0.63 0.01[c] 

11 Testreaction C “ 11.75 0.63 0.03[c] 

[a]  Purchased from NanoAmor, size 23.7 ± 17.1 nm. [b] Purchased from Turbobeads, size 41.1

± 22.7 nm. [c] Referring to the increase in N. [d] Referring to the increase in C. 
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Scheme 2-2. Test reactions A, B, C and D to prove covalent bonding of DMAN in 7. 

 

catalysts known from literature. Another reference material, polystyrene-based resin supported 

DMAN S2, was synthesized (Scheme A1-1), fully analyzed and characterized (Figure A1-2 and 

Table 2-2) and used for comparison. Recycling and reliable reagent separation requires a robust 

confirmation of covalent attachment.  

Therefore, we used several test reactions (see Scheme 2-2) to prove the covalent nature of DMAN 

binding to the nanomagnets. As a first control experiment, C/Co@hexamethyleneisocyanate 5, 

bearing one free active isocyanate moiety, was reacted with pure (not aminated) DMAN. The lack 

of a free amine group in DMAN does not allow covalent attachment. Using the same synthesis and 

purification/washing procedure as for the here proposed reagents, product analysis revealed no 

nitrogen incorporation and absence of physisorption effects. As a separate control experiment, 

C/Co@hexamethylene-isocyanate 5 was first quenched with water leading to a primary amine, i.e. 

the linker was deliberately rendered non-functional. Exposure to the functionalized, amine bearing 
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DMAN derivative 6 and product analysis after applying the same purification/washing procedure 

as in the preparation of the functional magnetic base, again confirmed absence of reactivity (Table 

2-1, entries 9-11). These two experiments show that for covalent binding of a DMAN moiety both 

the linker and the amination of the DMAN are necessary. The experiments further show the absence 

of base physisorption, a potential experimental error in such reagent anchoring studies. 

2.3.2  Knoevenagel and Claisen-Schmidt condensation 

Literature states that DMAN indeed has catalytic activity in the Knoevenagel condensation81 and 

after identity confirmation, the catalytic activity of C/Co@DMAN 7 for Knoevenagel reaction of 

benzaldehyde 8 with malononitrile 9 was evaluated in different solvents at RT (Table 2-3, 

entries 1-3). If toluene was used as a solvent, only 61% yield could be obtained. However, in water 

quantitative conversion was achieved after 7.5 h. Still, the catalyst had to be washed once with 

toluene to release the product from the carbene surface. Therefore, methanol was tested as a solvent 

with promising results (Table 2-3, entries 3-5). Use of ultrasonication during catalysis is known to 

ensure good reagent dispersion and consistently leads to excellent yields in shorter contact time. 

Indeed, when the reaction was conducted in an ultrasonication bath, a higher yield (i.e. 91%) was 

obtained in a shorter time span (Table 2-3, entry 4). If the catalyst loading was decreased tenfold, 

similar yields were detected, but longer reaction time was necessary (Table 2-3, entry 5). In 

comparison, running the same reaction using free DMAN (Table 2-3, entry 6), when product work-

up and purification was not considered, quantitative conversion was obtained after 6 h. However, 

column chromatography had to be used to separate the catalyst residues from the product which 

led to a significant drop in isolated yield. The magnetic base C/Co@DMAN 7, on the other hand, 

was separated within seconds and recrystallization of the product was achieved within minutes 

leading to the pure product.  

It is remarkable that even in the absence of any catalysts for the chosen reaction a low conversion 

(30 %) was detected after 5.5 h (Table 2-3, entry 8). More surprisingly, the chosen reaction showed 

enhanced conversion (90%) in presence of non-modified (i.e. naked carbon surface) nanoparticles. 
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Table 2-3.  Knoevenagel condensation of benzaldehyde and malononitrile under different reaction

conditions 

 

Entry Catalyst 
Catalytic 

Amount 
Solvent 

Time 

(h) 

Conversion 

(%)[a] 

Isolated 

Yield (%)[b] 

1 7 2 mmol% Toluene 7.5 63 61 (99)[c] 

2 7 2 mmol% H2O 7.5 99 (2)[c] 97 (94) 

3 7 2 mmol% MeOH 7 93 (85) 89 (95) 

4 7 2 mmol% MeOH[d] 4.5 98 (95) 91 (96) 

5 7 0.2 mmol% MeOH[d] 6 92 (90) 91 (92) 

6 DMAN[e] 2 mmol% MeOH 6 99 63 (96)[f] 

7 S2 2 mmol% Toluene 6 99 97 (98) 

8 - - MeOH 5.5 30 -[g] 

9 C/Co 100 mg MeOH 7.5 90 77 (86) 

10 CoCl2 5 mg MeOH 6 33 -[g] 

[a] Conversion determined via HPLC with the reference product as standard. Ratio 

benzaldehyde to malononitrile 1:1 [b] Isolated yield after recrystallization [c] In parentheses 

(%) conversion without washing the particles once with 3 mL toluene. [d] Reaction done using 

an ultra-sound bath.  [e] Experiment done using the same amount of the free base, i.e. 2 mmol%. 

[f] Isolated yield after column chromatography (DCM : MeOH 20:1).  [g] No direct product 

isolation possible without column chromatography. 
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To study further this unexpected finding, we included additional experiments. One probable 

hypothesis is based on leached cobalt ions as a source of activity (hypothesis 1). Also plausible is 

that the carbon surface itself acts as an active catalyst (hypothesis 2). To exclude the first 

hypothesis, the reaction was proceeded with deliberate addition of cobalt(II)chloride (CoCl2; 

Table 2-4.  Knoevenagel condensation with various substrates catalyzed by C/Co@DMAN 7 

Entry 
[a] 

Basic 

Substrate  

Aldehyde / 

Ketone 

Product Temp. 

(°C)  

Convers. 

(%)[b] 

Isolated  

Yield (%) 

1 8 40 96[c] 95 (99) [d] 

2 8 40 7 -[e] 

3 9 

  

40 99 96 (91) [d] 

4 9 40 83 73 (96) [f] 

5 9 40 8 -[e] 

6 9 
  

RT 81 -[e] 

7 9 
  

40 37 -[e] 

[a] Catalyst loading 2 mmol%, basic substrate 0.4 mmol, aldehyde or ketone 0.4 mmol, MeOH 

5 mL, 16 h.  [b] GC conversion  [c] After 3 consecutive cycles still 95% conversion. [d] Isolated 

yield after solvent evaporation with purity detected by NMR in parentheses. [e] No direct product 

isolation possible without column chromatography. [f] Isolated yield after recrystallization 

(DCM/hexane) with purity detected by NMR in parentheses. 
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Table 2-3, entry 10), i.e. the species, which is supposed to leach from the particles.82 The addition 

of cobalt salts did not significantly affect the conversion (i.e. conversion = 33%), hence we do not 

assign significant activity of ionic cobalt in this kind of reactions.  

With regards to the second hypothesis, however, it is known that carbon-based surfaces (graphene, 

carbon nanotubes (CNT), carbon nanorods (CNR) etc.) indeed have been reported to support 

catalytic reactions (so called carbo-catalysis).83, 84 Thus, our finding is in line with such similar 

carbon surface’s activity and is subject to further extended studies by our group. In a second part 

of the investigation, we tested different substrates (Table 2-4, entries 1-7). Ethyl cyanoacetate 

(Table 2-4, entry 1) reacted smoothly with benzaldehyde and the product ethyl α-cyanocinnamate 

was detected in high yield and purity (i.e. 96%, 99% respectively) after 16 h at 40 °C, even after 3 

consecutive cycles conversion was similarly high (i.e. 95%). 

 

 

Figure 2-2. Kinetic plot for the Knoevenagel condensation of benzaldehyde (1.5 eq.) with 

malononitrile (1 eq.). Plot depicting the reaction using 2.5 mmol% catalyst 7 and different 

solvents and conditions: ■ methanol and ultrasonication, ● toluene and stirring, ▲ 

methanol and stirring, ▼ C/Co instead of 7 in methanol and stirring. 
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 Figure 2-3: Comparison of reactions with different catalysts (2.5 mmol%) under optimal 

conditions for each catalyst: ■ 7 in methanol, using ultrasonication, ● free DMAN in methanol, ▲ 

polymer-bound DMAN S2 in toluene, ▼ without catalyst in methanol.  

The less acidic and thus more demanding substrate ethyl acetoacetate (Table 2-4, entry 2) was not 

very active and only low yields could be obtained. Also, different aldehydes and ketones were 

reacted with malononitrile. 4-methoxy benzaldehyde performed very well (Table 2-4, entry 3), 

while the electron-poor nitro substrate was slightly less active (Table 2-4, entry 4). Surprisingly, 

4-methoxy benzaldehyde reacted fast, while 4-hydroxy benzaldehyde showed only low conversion 

(Table 2-4, entry 5). An explanation can be the formation of hydrogen bonds with the solvent and 

thus one can imagine a shell of solvent molecules shielding the substrate from the catalyst. Non-

aromatic substrates such as isobutyraldehyde and cyclohexanone were tested as well (Table 2-4, 

entries 6 and 7). Isobutyraldehyde performed better due to steric reasons (i.e. hindrance of 

nucleophilic attack onto ketones).  

Kinetic plots (Figures 2-2 and 2-3) confirmed the different reaction rates of C/Co@DMAN 7 when 

different solvents and mixing conditions (stirring vs. sonication) were used. As expected, the 

reaction rate increased when the superbase was better mixed with the reactants (degree of mixing).   
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In order to put the performance of C/Co@DMAN 7 in an appropriate context and provide a fair 

comparison, reaction kinetics for free DMAN (no mass transfer limitation expected) and 

polystyrene bound superbase S2 (under optimal conditions in toluene) were measured (Figure 2-3). 

Table 2-5. Claisen-Schmidt condensation of acetophenone and benzaldehyde 

 

Entry Catalyst Run Conversion (%)[a] Isolated Yield 
(%)[b] 

Time (h) Co (ppm)[c] 

1 7 1 66  62 (97.6) 16 19 

2 “ 2 78 -[d] 20 16 

3 “ 3 71 -[d] 18 5 

4 “ 4 68 -[d] 18 44 

5 “ 5 76 75 (98.6) 20 64 

6 DMAN 1 <1 -[e] 20 n.a. 

7 Co/C 1 58 -[e] 21 42 

8 - 1 <1 -[e] 21 n.a. 

9 S2 1 <1 -[e] 20 n.a. 

[a] Conversion determined via HPLC with the reference product as standard. [b] Isolated 

yield after evaporation with purity in parentheses detected by NMR with internal standard. 

[c] ICP-OES detection limit for Co: 0.2 ppb. [d] No product isolation has been done. [e]  No 

direct product isolation possible without column chromatography. 
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C/Co@DMAN 7 initially catalyzes the chosen reaction at least as good as free DMAN, which leads 

to comparable or even slightly higher efficiency after one hour of reaction time. The conversions 

converge with time leading to high final conversion for all catalysts. The magnetically immobilized 

C/Co@DMAN 7 can therefore be considered directly competitive to existing or alternative 

catalytic systems. The minor changes in activity (rapid first part) may be a result of the altered 

electronic structure (note that the DMAN was derivatized on position 4 to anchor the nanoparticle). 

To better figure out the relevance and illustrate a broad applicability of such magnetic organic 

bases, such as C/Co@DMAN 7, another condensation reaction (Claisen-Schmidt) between 

acetophenone and benzaldehyde was tested (Table 2-5). This well-known reaction yields trans-

chalcones, an important precursor for flavonoids, which are widely used in medicine as anti-

inflammatory,85 anti-viral86 and anti-cancer agents.87 The magnetic base C/Co@DMAN 7 

catalyzed the reaction with yields up to 75% and high purity.  

Additionally, the same catalyst was reused in five iterative runs with constant yield. The harsh 

temperature (130 °C) permits the conclusion that C/Co@DMAN 7 indeed remains stable using 

covalent linker systems (Table 2-5, entries 1-5). Surprisingly, free DMAN does not catalyze the 

above condensation reaction (Table 2-5, entry 6; yield = 1%). This behavior is explainable 

considering the pKa-values. Because acetophenone has a higher pKa-value (pKa = 25)88 than does 

DMAN (pKa = 12.1),60 it can be concluded that the basicity of DMAN is not the key factor 

governing this catalysis. Furthermore, this result is in line with earlier work in the literature.  Corma 

et al. experimentally investigated a similar case and reported that heterogeneous base catalysts 

work considerably better than free bases.89   

 

2.3.3  Comparison to known solid support catalytic base reagents 

In the recent literature a number of excellent examples describe immobilized base catalysts.59, 60, 

89-92  Magnetic supports have been realized using modified magnetite and cobalt ferrite with good 

yields (Table 2-6, entries 6-7). In comparison to metal-based C/Co@DMAN 7 the oxidic supports 

exhibit a much lower saturation magnetization (133 emu/g for C/Co@DMAN 7, ca. 70 emu/g for 

magnetite93). This is a direct result of the inherently lower magnetization of most oxides. This value 

is important as it correlates directly with separation efficiency/speed and has recently enabled  
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Table 2-6. Comparison to different solid support base reagents 

magnetic metal nanoparticles to purify water at a ton per hour scale.97  In a typical laboratory 

setting, the improved magnetization facilitates work-up, as demonstrated using commercially 

available silica/iron oxide particles and the herein described metal reagent (Figure 2-4). The high 

magnetization of the carbon-coated cobalt allows clean, quantitative separation of the organic base 

within seconds. Established immobilized catalyst supports (non-magnetic) are frequently based on 

zeolites and silica beads. The active site/moiety is mostly attached over a siloxane-type linker.98, 99 

These catalytic systems usually show excellent performance and reusability (Table 2-6, entries 2-

4 and 9-10). In the case of harsh reaction conditions (e.g. strong base), the weakest links of these 

otherwise well performing materials are the siloxane-type moieties. It is well known that extreme 

acidic or basic environment (pH < 4, pH > 9) hydrolyze silane-linkers.  

Entry Catalyst / Base Saturation 

magnetization 

(emu g-1) 

Reaction Loading 

(mmol %) 

Time 

[h] 

Con-

vers. 

(%) 

Conversion 

after 3 Cycles 

(%) 

1 7 139 Knoevenagel 2 16 96 95 

2 PS-MCM-41-DMAN59 - “ 0.5 7 99 85 

3 DMAN/SiO2-0.560 - “ 1 6 90 85 

4 TMGN/SiO2-0.560 - “ 1 6 100 97 

5 7 139 “ 2 4.5 98 96 

6 CoFe2O4@Si-N1-

propylethane-1,2-

diamine94 

3095 “ 2.5 0.33 100 100 

7 Fe2O3@HAP@SiImidaz

oliumsalt92 

5596 “ - 1 98 97 

8 7 139 Claisen-

Schmidt 

10 20 78 71 

9 DMAN/SiO2-0.560 - “ 1 24 95 n.a. 

10 TMGN/SiO2-0.560 - “ 1 14 98 n.a. 

11 Fe3O4-DABCO91 <60 Morita–

Baylis–

Hillman  

20 5 88 88 

 



47 
 

t= 0 s t= 5 s t= 10 s 

   

t= 0 s t= 10 s t= 60 s 

Figure 2-4. Recovery of organic base bound to magnetic nanoparticles using a low cost external 

magnet (model system in H2O; same particle concentration as used in all experiments, i.e. 

0.7 mg mL-1). A: metal based reagents derived from Co/C. B: Silica coated Fe3O4. Note the 

different times above and below. 

 

In contrast to this, the here presented dialkyl urea moiety shows higher stability over a broad range 

of pH. In order to further experimentally confirm this statement, siloxane linkers were directly 

compared to the here used C/Co@DMAN 7 in a number of representative acidic and basic 

environments. After 24 hours at RT, at pH = 4 more than 20% of the siloxane linker but less than 

5% of the urea type linkers were cleaved (see Figure 2-5 and Scheme 2-3). At pH = 9.5 the dialkyl 

urea linkers afford less stability (about 10% cleaved), but it is notable that at this conditions more 

than three-fourth of the siloxane linkers were cleaved (>75%). Furthermore, the stability at elevated 

temperatures in different solvents (toluene and water) was tested: the dialkyl urea linkers perform 

superiorly under these conditions than their silane-based pendants (Figure 2-5). The intrinsic 

stability of the particles in acidic or basic media has already been investigated66 and has also been 

proven to be superior to silica-coated magnetite.  
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Scheme 2-3. Synthesis of the silica-linked amine moiety for the linker-stability tests. 

 

 

 Figure 2-5. Immobilization linker-stability tests (overnight) under harsh reaction 

conditions. The amount of cleaved linker was determined via the nitrogen content of the 

materials before and after exposure using quantitative elemental microanalysis. Buffers 

used: pH 4 = 0.1 M potassium hydrogen phthalate w/ HCl, pH 9.5 = 0.1 M carbonate-

bicarbonate. 
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2.4  Conclusion 

We have described the preparation of a covalently bound, chemically stable magnetic nanoparticle 

immobilized organic superbase and its extensive characterization using quantitative elemental 

microanalysis, infrared spectroscopy, vibrating sample magnetometry and transmission electron 

microscopy. A number of control reactions were conducted to prove that the reagent was indeed 

chemically linked to the nanoparticles and this confirmed the importance of linker type and 

reliability under relevant, harsh reaction conditions. We further demonstrated the experimental 

advantages of magnetic bases in a number of Knoevenagel condensations reporting quantitative 

conversion and rapid product isolation in minutes. The demanding Claisen-Schmidt condensation 

afforded conversions of around 70% at 130 °C. The base catalyst was separated from the reaction 

mixtures in less than one minute and could be recycled at least during 5 iterative runs. A 

quantitative comparison between siloxane linkers used in many immobilization studies and the here 

described carbon shell-based chemistry revealed the important role of linker stability when 

designing reliable reagents for rough everyday laboratory use. 
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3 Base-free Knoevenagel condensation catalyzed by copper metal 

surfaces 
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3.1  Introduction 

Copper has been a fascinating element in catalysis for decades.100-106 In the early days of copper 

catalysis, famous name reactions such as the Ullmann coupling,107 the Sandmeyer reaction and the 

Chan-Evans-Lam coupling emerged.108, 109 Around the millennium, Sharpless and coworkers 

developed the extremely important “click chemistry”, in which the copper catalyzed azide-alkyne 

Huisgen cycloaddition (CuAAc) plays the most essential role.110 However, much more expensive 

noble metals such as platinum, palladium and gold received most attention in the field of catalysis, 

while the inexpensive yet semi-noble copper has been more or less neglected.111-113  

The Knoevenagel condensation (Scheme 3-1) is a widely used reaction in research and industry 

and has been of importance for several pharmaceutical products.114-117 Generally, this reaction is 

catalyzed by organo-bases, such as pyridine or piperidine. But using these homogeneous base 

catalysts often leads to time consuming work-up procedures. Additionally, undesired side-

reactions, such as oligomerizations can occur, high temperatures are necessary and catalyst 

recovery is difficult.118 Thus, numerous accounts on heterogeneous Knoevenagel catalysts, for 

example modified zeolites, ionic liquids or magnetic base analogues, have been reported.119-125 

This leads to cleaner products, while complex neutralization procedures can be avoided. Moreover, 

these catalysts can be recovered and regenerated. In one of these studies it was shown that carbon-

coated cobalt nanoparticles (C/Co)52 showed activity in the Knoevenagel condensation compared 

to the uncatalyzed reaction (entries 1-2, Table 3-1).123  

 

  

Scheme 3-1. Knoevenagel condensation of an active methylene compound with an aldehyde or a 

ketone. 
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3.2  Experimental 

All air-sensitive reactions were carried out under an argon atmosphere. HPLC measurements were 

conducted on an AGILENT 1100 (WATERS Column, particle size, 5 μm; column size, 2.1 × 150 

mm2) to determine the yield of the catalytic reactions. GC−MS measurements were performed 

(capillary, 30 m × 250 × 0.5 μm2) with split injection (250 °C; ratio = 10:1; injection volume, 1 

μL) and a temperature program (80 °C for 2 min; increase at 20 °C min−1 until 300 °C). The copper 

concentration present in solution was measured by inductively coupled plasma-atomic emission 

spectroscopy (ULTIMA ICPOES). 1H NMR (200 MHz) were recorded on a Bruker AMX-200 

spectrometer and reported in ppm (δ). NMR spectroscopy abbreviations: br, broad; s, singlet; d, 

doublet; t, triplet; q, quartet; m, multiplet. XRD measurements were performed on a X'Pert Pro-

MPD diffractometer (PANalytical), using Cu-Kα radiation (λ = 1.54060 Å), generally over a range 

of  70° 2θ  with a step size of 0.05°.  Scanning electron microscopy (SEM) micrographs were 

measured on a FEI Nova NanoSEM 450, 5 kV. Brunauer-Emmett-Teller (BET) measurements 

were done on a Micromeritics TRISTAR surface analyzer. 

 

3.2.1  General procedure for the Cu(0) catalyzed Knoevenagel condensation	

 

A mixture of solvent (1 mL) and catalyst (4 mg) was prepared in an Eppendorf-tube. Aldehyde or 

ketone (0.11 mmol) and active methylene compound (0.1 mmol) were added and the whole reaction 

mixture was shaken at 56 °C for 2 h. The residue was filtrated using a standard frit and 3 g of 

aluminum oxide (removing solvated Cu(II) ions) and the solvent was removed under reduced 

pressure. The resulting solid was dissolved in hot EtOH and recrystallized at 8 °C.  
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3.2.2  Synthesis of various Knoevenagel products via copper catalysis 

Ethyl (Z)-2-cyano-3-phenylacrylate 

	

 

Ethyl (Z)-2-cyano-3-phenylacrylate was prepared from benzaldehyde (0.12 mmol) and cyano 2-

ethylacetate (0.1 mmol) following the general procedure and was obtained as a white solid (19.1 

mg, 0.095 mmol, 95%).  
1H NMR (CDCl3, 200 MHz, 25°C): δ 8.19 (s, 1H), 7.9 (m, 2H), 7.47 – 

7.43 (m, 3H), 4.37 – 4.27 (q, 2H), 1.37 – 1.30 (t, 3H). ESI-MS: [M+H]+ 202.08 m/z. 

 

Benzylidenemalononitrile 

 

		

Benzylidenemalononitrile was prepared from benzaldehyde (0.12 mmol) and malononitrile 

(0.1 mmol) following the general procedure and was obtained as a yellowish solid (15.2 mg, 

0.099 mmol, 99%).   1H NMR (CDCl3, 200 MHz, 25°C): δ 7.86 – 7.82 (m, 2H), 7.71 (s, 1H), 7.57 

– 7.43 (m, 3H). ESI-MS: [M+H]+ 155.03 m/z. 

 

Ethyl 2-cyano-3-(4-methoxyphenyl)acrylate 

 

	

Ethyl 2-cyano-3-(4-methoxyphenyl)acrylate was prepared from anisaldehyde (0.22 mmol) and 

ethyl cyanoaceate (0.2 mmol) using 20 mg of Cu powder, stirring 16 h in EtOH at 56 °C and was 

obtained as a white solid (45.3 mg, 0.196 mmol, 98%).  1H NMR (CDCl3, 200 MHz, 25°C): δ 8.10 
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(s, 1H), 7.95 – 7.91 (m, 2H), 6.94 – 6.90 (m, 2H), 4.35 – 4.25 (q, 2H), 3.82 (s, 3H), 1.37 – 1.30 (t, 

3H). ESI-MS: [M+H]+ 232.07 m/z. 

 

Ethyl (2-cyano-3-(4-nitrophenyl)acrylate 

	

	

Ethyl (2-cyano-3-(4-nitrophenyl)acrylate was prepared from 4-nitrobenzaldehyde (0.22 mmol) and 

ethyl cyanoaceate (0.2 mmol) using 20 mg of Cu powder, stirring 16 h in EtOH at 56 °C and was 

obtained as a white solid (42.8 mg, 0.174 mmol, 86%).  1H NMR (CDCl3, 200 MHz, 25°C): δ 8.31 

(s, 1H), 8.24 (m, 2H), 8.09 – 8.04 (m, 2H), 4.41 – 4.30 (q, 2H), 1.39 – 1.32 (t, 3H).  ESI-MS: [M]- 

246.03 m/z. 

 

Ethyl 2-cyano-5-phenylpenta-2,4-dienoate 

 

	

Ethyl 2-cyano-5-phenylpenta-2,4-dienoate was prepared from cinnamic aldehyde (0.22 mmol) and 

ethyl cyanoaceate (0.2 mmol) using 20 mg of Cu powder, stirring 16 h in EtOH at 56 °C and was 

obtained as a yellow solid  (39.4 mg, 0.174 mmol, 86%).  
1H NMR (CDCl3, 200 MHz, 25°C): δ 

7.95 (m, 1H), 8.24 (m, 2H), 7.50 (m, 2H), 7.37-7.22 (m, 5H), 4.33 – 4.22 (q, 2H), 1.34 – 1.27 (t, 

3H).  ESI-MS: [M+Na]+ 250.09 m/z. 

 

Ethyl 3-(anthracen-9-yl)-2-cyanoacrylate 
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Ethyl 3-(anthracen-9-yl)-2-cyanoacrylate was prepared from anthracene aldehyde (0.22 mmol) and 

ethyl cyanoaceate (0.2 mmol) using 20 mg of Cu powder, stirring 15 h in DMSO at 70 °C and was 

obtained as a yellow solid  (19.3 mg, 0.064 mmol, 32%).    
1H NMR (CDCl3, 200 MHz, 25°C): δ 9.24 (s, 1H), 8.51 (s, 1H), 8.02-7.87 (m, 4H), 7.46 (m, H), 

4.49 – 4.38 (q, 2H), 1.45 – 1.38 (t, 3H).  ESI-MS: [M+Na]+ 324.01 m/z. 

 

Ethyl 3-([1,1'-biphenyl]-4-yl)-2-cyanoacrylate 

 

 

 

Ethyl 3-([1,1'-biphenyl]-4-yl)-2-cyanoacrylate was prepared from biphenyl aldehyde (0.22 mmol) 

and ethyl cyanoaceate (0.2 mmol) using 20 mg of Cu powder, stirring 16 h in EtOH at 56 °C and 

was obtained as a yellow solid  (30.5 mg, 0.11 mmol, 54%).  1H NMR (CDCl3, 200 MHz, 25°C): 

δ 8.21 (s, 1H), 8.00 (s, 1H), 7.59-7.34 (m, 8H), 4.39 – 4.28 (q, 2H), 1.38 – 1.31 (t, 3H).  ESI-MS: 

[M+H]+ 278.04 m/z. 

 

2-cyano-3-phenylacrylamide 

 

 

2-cyano-3-phenylacrylamide was prepared from benzaldehyde (0.22 mmol) and cyano acetamide 

(0.2 mmol) using 20 mg of Cu powder, stirring 16 h in EtOH at 56 °C and was obtained as a yellow 

solid  (29.2 mg, 0.17 mmol, 85%).    
1H NMR (CDCl3, 200 MHz, 25°C): δ 8.25 (s, 1H), 7.88 (m, 2H), 7.47 (m, 3H), 6.29 – 6.05 (br, 

2H). ESI-MS: [M+H]+ 173.06 m/z. 
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Table 3-1.  Activity of different catalysts for the Knoevenagel reaction of benzaldehyde and ethyl 

cyanoacetatea 

 

Entry Catalyst Time (h) Yield (%)b 

1 none 2 3 

2 C/Co 2 8 

3 Co  powder 2 9 

4 C/Fe 4 4 

5 FeCl3 4 4 

6 Fe powder 4 6 

7 C/Cu 4 12 

8 Cu powder 2 32 

9 Brass alloy 260 2 5 

10 Ag powder 4 7 

11 Au powder 4 6 

12 ZnCl2 6 4 

aReaction conditions: catalyst (4 mg), benzaldehyde (0.12 mmol) and ethyl cyanoacetate (0.1 

mmol) in 1 mL EtOH for 2 h. bOnly E-isomer detected, yield determined via HPLC-UV (MS) 

using the commercial product 3 as the reference standard. 
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3.3  Results and discussion 

As a consequence of these results (active C/Co), several other carbon-coated nanoparticles were 

tested; amongst which carbon-coated copper nanoparticles (C/Cu)126 showed the highest activity. 

As reference, we compared the nanoparticles with pure metal powders.  These experiments 

afforded the insight that commercially available, dendritic copper powder Cu(D) catalyses the 

Knoevenagel condensation  

Table 3-2. Optimization of the reaction conditionsa 

Entry Solvent  Loading (mg) t (h) Cu (ppm)b Yield (%)c 

1 EtOH  0.4 2 3 6 

2 EtOH  2 2 38 14 

3 EtOH  4 2 44 32 

4 EtOH  10 2 216 96(95)d 

5 EtOH  40 2 114 99 (85)d 

6 EtOH  4 6 44 99 (95)d 

7 Acetone  4 20 18 1 

8 Cyclohexane  4 20 32 3 

9 Toluene  4 20 30 3 

10 DMF  4 6 17 99 (98)d 

11 DMSO  4 2 241 99 

12 MeCN  4 2 230 99 (98)d 

aReaction conditions: copper (4 mg), benzaldehyde (0.12 mmol) and ethylcyanoacetate (0.1 

mmol). bCu leaching measured by ICP-OES. cDetermined via HPLC-UV  using the commercial 

product 3 as the reference standard. dIsolated yield.   
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of benzaldehyde 1 and cyanoacetate 2 in ethanol to 3 (Table 3-1, entry 8) with enhanced yields. 

Compared to other heterogeneous catalysts for the Knoevenagel condensation, the unmodified, 

commercially available copper does not need any special treatment, synthesis procedure or 

sophisticated storage and is base stock in many laboratories. It is noteworthy that silver, gold, ZnCl2 

and brass showed only low activities compared to elemental copper (entries 9-12). To optimize the 

reaction conditions, the catalyst loading was varied, and, as expected, higher loading resulted in 

higher yields (up to 99%; Table 3-2, entry 8). 

Table 3-3. Substrate scope of the copper catalyzed condensationa 

Entry Reactant  Reactant  Product Yield (%)b 

1c 2a 

 
 

99 (98)d 

2 2a 
 

 

99 (87)d 

3c 2a  

 

90 (86)d 

4e 2a 

 

CN
O

O
 

54 (32) d 

5c 2a 

  

64 (55)d 

6 2a 
 

 

55 
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7 2a 

 
 

42 

8f 1a  

 

99 (99)d 

9e 1a 
 

 

23 

10c 1a 
  

87 (85)d 

aReaction conditions: Cu (20 mg), aldehyde (0.21 mmol) and active methylene (0.2 mmol) for 6 

h at 56 °C. bYield determined via HPLC-UV or GC-FID. cStirred for 16 h. dIsolated yield. eStirred 

for 15 h in DMSO at 70 °C. fStirred for 1 h at RT. 

 

Table 3-4. Overview of the copper(0) containing catalysts and their properties 

Entry Catalyst Abbreviation Colour Size 

(nm) 

Shape BET SSA 

(m2 g-1) 

1 
copper powder 

dendritic 
Cu(D) red 

500-

1000 
dendritic 0.2 

2 copper nanoparticles A Cu(NPA) brown 40-60 spherical 4.2 

3 copper nanoparticles B Cu(NPB) black 20-50 spherical 15.9 

4 
carbon-coated-copper 

nanoparticles 
Cu(C) black 5-50 spherical 61.1 

5 copper hollow spheres Cu(Hol) black 
1000-

1500 
hollow sphere 2.1 

 

It should be noted that an equivalent amount of copper compared to the reagents is not imperative 

to result in full conversion (Table 3-2, entry 6). Optimization tests with different solvents clearly 

favored aprotic, polar solvents over non-polar solvents (entries 7-12). These results are in line with 

general literature on the Knoevenagel condensation, namely with the first step in the reaction 
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mechanism which is the generation of an anion at the α-position of the carbonyl followed by enolate 

formation.118 After optimizing the reaction conditions with the model substrates, a variety of 

different aldehydes and active methylene compounds were reacted (Table 3-3). Substrates 

resulting in conjugated products (entries 1-5) were quite active, while the sterically demanding 

ketones only exhibited low activity (entries 6-7). Other active methylene compounds were tested, 

such as the very reactive malononitrile (99% yield in 1h, entry 8) and the less reactive 

ethylacetoacetate (26% yield after 15 h, entry 9). The different reactivities of these compounds is 

well known and correlates with their ability of stabilizing the anion.118 To gain more detailed 

insight into the reaction mechanism, further experiments concerning the nature of the copper 

catalyst have been conducted. A possible first hypothesis was that copper leaching, i.e. soluble 

Cu(I) or Cu(II)  species, could be the reason for catalytic activity. Several Cu(I/II) compounds have 

been tested (Table 3-5, entries 1-5) to investigate the activity of copper ions in solution. None of  

 

 

Figure 3-1. Knoevenagel condensation of benzaldehyde (0.12 mmol) and ethyl cyanoacetate 

(0.1 mmol) with copper Cu (D) (4 mg) at 56 °C in DMSO: After 20 minutes half of the reaction 

volume was extracted and filtrated and further kept at reaction conditions without solid catalyst 

(black diamonds). 
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these copper species showed substantial activity, instead of a high measured solvated Cu amount 

(entries 2 and 3). Also, there are reports of metal-alkoxide catalysed Knoevenagel condensations, 

and activity of in situ generated CuOMe may also be possible.127, 128 However, if the solid catalyst 

is filtrated (Figure 3-1), conversion stops immediately. This leads to the conclusions that either 

there is a very unstable homogeneous reactive species formed on the surface of Cu or leaching is 

not the reason for catalytic activity. Hence, a second hypothesis can be formulated around Cu 

surface-based catalysis, where the yield is expected to correlate with the specific surface area (SSA) 

of the catalyst. Cu (D) has dendritic structures between 0.5 – 1 μm (Figure 3-2 and Figure A2-3) 

and thus a relatively low BET surface area of 0.2 m2 g-1. 

   

   

   

Untreated Cu(0) powder Cu(0) after catalysis (washed) Cu(0) after 16 h at 56 °C in 

EtOH 

Figure 3-2. SEM micrographs showing Cu(0) powder at different stages of the catalysis. 
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If a tenfold larger surface area (Table 3-5, entries 6-7) was used, the yield increased to 99%. 

However, the nature of the surface state required for catalytic action was still unknown. Thus, 

surface activation experiments were done: the copper catalyst was pre-treated under different 

reducing conditions in order to reduce the copper oxide layer. This resulted in higher yields, most 

obviously for toluene, where the pre-treated copper yielded 53% product after 20 h, while the 

untreated copper did not catalyze the reaction at all (Table 3-6, entries 4-5).  

 

Table 3-5. Copper containing reference substances as catalysts for the Knoevenagel condensationa 

Entry Catalyst Time 

(h) 

SSA 

(m2 10-4) 

Cu (ppm) Yield 

(%)b 

1 Cu(II)2(OH)2CO3 2 - 6 2 

2 Cu(II)Cl2 16 - 740 1 

3 Cu(I)Cl 16 - 460 3 

4 Cu(II)O 20 - 6 4 

5 Cu(I)2O 20 - 12 14 

6 Cu (D) 2 8 44 32 

7c Cu (D) 2 80 114 99 

8 Cu (Hol) 2 84 62 65 

9 Cu (NPA) 2 168 176 96 

10 Cu (NPB) 2 636 197 99 

aReaction conditions: catalyst (4 mg), benzaldehyde (0.12 mmol) and ethyl cyanoacetate (0.1 

mmol) in EtOH at 56 °C. bYield determined via HPLC-UV (MS) using commercial product 3 as 

the reference standard.  c40 mg of Cu (D) used. 
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Figure 3-3. Knoevenagel condensation of benzaldehyde (0.2 mmol) and ethyl cyanoacetate 

(0.1 mmol) with dendritic copper powder at 56 °C: no visible reaction without catalyst was 

detected. 

 

Figure 3-4. Knoevenagel condensation of benzaldehyde (0.2 mmol) and ethyl cyanoacetate 

(0.1 mmol) with dendritic copper powder at 56 °C. Nearly linear conversion with Ethanol, zero 

order kinetics fit. 
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Table 3-6. Effect of surface activation of Cu(0) on the reaction ratea 

 

Entry Pretreatment tP (h) TP (°C) tcat (h) Solvent Yield (%)b 

1 - - - 2 EtOH 32 

2 reduction w/ FAc 1 RT 2 EtOH 49 

3 reduction w/  H2 2 60 2 EtOH 52 

4 - - - 20 Toluene 3 

5 reduction w/ H2 2 110 20 Toluene 53 

aReaction conditions: pre-treated catalyst (4 mg), benzaldehyde (0.21 mmol) and ethyl 

cyanoacetate (0.2 mmol) at 56 °C. bYield determined via HPLC-UV (MS) using commercial 

product 3 as the reference standard. cIn 2% formic acid. 

 

 

This finding leads to the conclusion that a non-oxidized Cu(0) surface reacts with the substrates. 

Kinetic measurements support the surface catalyzed mechanism, too, as a zero order kinetic model 

fits well in the beginning of the reaction (See Figures 3-3 and 3-4). An initial TOF of 0.88 s-1 was 

calculated using optimal conditions (Figure 3-1, 41% yield after 30 min) and the conservative 

assumption that every Cu(0) atom on the surface is an active site. Further mechanistic studies are 

subject of ongoing research.  

Moreover, similar copper(0) species with different BET surface areas (see Table 3-5), such as 

copper hollow spheres Cu(hol),129, 130 copper nanoparticles A Cu(NPA) and copper nanoparticles 

B Cu(NPB) were tested (entries 8-10). A correlation between the surface area and conversion could 

be confirmed. To illustrate the practical synthetic utility of our method, a 100 gram scale 
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experiment was performed (Figure A2-1). Benzaldehyde 1 (81.2 mL, 0.8 mol) was reacted with 

ethyl cyanoacetate 2 (84.8 mL, 0.8 mol) and 16 g Cu (D) in EtOH at 56 °C for 16 h. After filtration 

through aluminum oxide and recrystallization, 91% (146 g) pure isolated yield was obtained. This 

satisfying result highlights the simplicity of both catalyst and work-up and, hence, is of interest for 

industrial scale Knoevenagel reactions. It should be noted that this kind of upscale experiment is 

difficult to perform with soluble base catalysts, as large amounts of solvent and neutralization agent 

have to be used.  

Additionally, 5 successive cycles of catalysis were done using the same catalyst batch (Figure 3-5). 

No substantial decrease in conversion was observed, highlighting the reusability of this catalyst. 

Also, no oxidation of the copper was observed by XRD before and after catalysis (see 

Figure A2-3). 
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Figure 3-5. Conversion of the condensation between benzaldehyde (0.1 mmol) and ethyl-

cyanoacetate (0.1 mmol) in 1 ml DMSO with 4 mg Cu @56 °C after 1 h. 5 successive cycles using

the same catalyst. 
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3.4  Conclusion 

In summary, we have developed a simple and mild method for the Knoevenagel condensation using 

commercially available semi-noble copper. In this catalysis, tedious separation procedures are not 

necessary and no traces of base remain if the catalyst is filtered off with basic aluminium oxide. 

Further experiments revealed that a Cu(0) surface is necessary to catalyze the condensation and, 

surprisingly, other noble metals, such as gold and silver, were not active. Moreover, a substantial 

scale up (>100 g) experiment demonstrated simple applicability. Furthermore, the catalyst 

remained active after 5 consecutive cycles, highlighting the advantageous reusability properties. 
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4 Click and release:  fluoride cleavable linker for mild 

bioorthogonal separation 
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4.1  Introduction 

 

Bioorthogonal chemistry131 opened the way for a detailed description and understanding of many 

biological processes, namely by the possibility to label and track specific biomolecules, such as 

enzymes, lipids and sugars in vivo.132-134 However, this kind of reactions, such as the Staudinger 

ligation or the 1,3-dipolar Huisgen cycloaddition of azides and alkynes (“click”),110, 135 are not 

reversible und cannot be cleaved in a specific and bio-compatible way (i.e. low temperatures, at 

neutral pH and in water). This would be beneficial for a large set of applications, for example native 

protein analysis,136 protein glycosylation analysis137 and analysis of protein complexes138 via mass 

spectroscopy. There exist only a few reports of such linker systems;139, 140 however, the cleaving 

conditions are often quite harsh or not fully bioorthogonal. Our idea was to implement a cleavable 

silane moiety, one of the most often used protecting groups for alcohols in organic chemistry.141, 

142 The main advantage of this system is the cleavage via fluoride ions,  which has already been 

used in solid peptide synthesis.143 However, instead of using anhydrous HF we opted for buffered 

oxide etch (mild buffered fluoride solution) which has been used to uncage DNA and RNA from 

silica without damaging the biomolecules.26, 144-147 Our aim was to combine this mature technique 

to the modern copper-free “click” chemistry. Since the Huisgen-cycloaddition usually needs a high 

amount of copper catalyst, which hinders proper cell function,148 a variety of strain-promoted 

copper-free click reagents has been developed.149-152 These reagents promote the relatively fast 

dipolar cycloaddition without the need of any copper catalyst, thus leading to bio-compatible 

chemistry.  

 By combining the mature and biorthogonal silane-chemistry with the state-of-the-art copper-free 

“click” chemistry, the creation of a cleavable “click and release” system is anticipated. 

Additionally, a suitable way to get in and out of a biological system has to be considered. A 

promising approach is provided by magnetic nanoparticles, since they can be separated quickly 

from any solution by using a permanent magnet. Recently, a plethora of magnetic nano-sized 

reagents has been developed,66, 123, 153, 154 based on magnetic carbon-coated metal nanoparticles. 

The advantages of these nanoparticles are a higher saturation magnetization and thus faster 

separation compared to silica coated iron oxide nanoparticles.123 Furthermore, the graphene layer 

protects the particle from degradation by buffered oxide etch and it can be functionalized in a 

covalent and stable manner.66 
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Scheme. 4-1. Copper-free dipolar cycloaddition (click) on the magnetic nanoparticle followed by 

the fluorine-mediated release. 

 

However, one of the main drawbacks of this material is the unspecific protein adsorption 

(“fouling”) on the highly hydrophobic, graphene-like surface. To provide a solution for this 

problem, defined coatings have been developed, often PEG-chains or analogues.25, 155 A practical 

route to coat nanoparticles in an uniform and defined way is surface-initiated atom transfer radical 

polymerization (SI-ATRP), a “grafting from” approach.24, 156, 157 Herein, we present the synthesis 

of a bioorthogonal “click” and release system (Scheme 4-1) on a magnetic, PEG-coated support.   
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4.2  Experimental 

Carbon-coated cobalt nanoparticles were suspended by the use of an ultrasonic bath and subjected 

to various reactions (see below). After a reaction or a pre-treatment step, nanoparticles were 

recovered from the reaction mixture with the aid of a conventional magnet (neodymium based 

magnet, N48, W-12-N, Webcraft GmbH, side length 12 mm). The nanoparticles were analyzed by 

Fourier transform infrared spectroscopy (FT-IR), using  5 wt% nanoparticles in KBr with a 

Tensor 27 Spectrometer (Bruker Optics) equipped with a diffuse reflectance accessory (DiffuseIR, 

Pike Technologies) and elemental microanalysis (ELEMENTAR, Elementar Analysensysteme). 

Transmission electron microscopy (TEM) was measured with a CM12 (Philips, operated at 

120 kV). The nanomaterial was further characterized by magnetic hysteresis susceptibility as a 

powder in a gelatin capsule (vibrating sample magnetometer, VSM, Princeton Measurements 

Corporation, model 3900). HPLC measurements were conducted on an AGILENT 1100 

(WATERS Column, particle size, 5 μm; column size, 2.1 × 150 mm2). GC−MS measurements 

were performed (capillary, 30 m × 250 × 0.5 μm2) with split injection (250 °C; ratio = 10:1; 

injection volume, 1 μL) and a temperature program (80 °C for 2 min; increase at 20 °C min−1 until 

300 °C). UV Spectroscopy was done using a Thermo Scientific NANODROP 2000c spectrometer. 

	

C/Co@starter 1 was prepared according to literature.52 It should be noted that only fresh 2-Bromo-

2-methylpropionyl bromide should be used to generate an active starter moiety.   

FT-IR: 2980 cm-1, 2931 cm-1, 1733 cm-1, 1277 cm-1, 1162 cm-1.  

Elemental microanalysis:  [C]: 10.7%, [N]: 0.13%, [Br]: 0.62%. 
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4.2.1  Synthesis of the magnetic click and release reagent 

Synthesis of C/Co@PEGMA 2 

 

All reaction steps were performed under protective nitrogen atmosphere. Poly(ethylene 

glycol)methacrylate (PEGMA, Mn 360, 5 mL) was filtered over a basic aluminum oxide column 

in order to remove the inhibitor (MEHQ), then mixed with 25 mL of solvent (MeOH : H2O, 4:1) 

and degassed with nitrogen by bubbling through for 30 min. CuBr2 (10 mg, 0.045 mmol), 

bipyridine (52 mg, 0.033 mmol) and L-ascorbic acid (60 mg, 0.34 mmol) were added to the mixture 

and degassed for additional 5 minutes. Meanwhile, C/Co@starter 1 (900 mg) was dispersed in 10 

mL of solvent (MeOH : H2O, 4:1) and degassed with nitrogen for 30 min. Subsequently, the 

monomer/catalytic system-solution was added to the particles and sonicated at 20 °C overnight. 

Upon completion of the reaction the polymerized particles were recovered from the reaction 

mixture with the aid of a permanent magnet and washed with H2O (4x), EtOH (2x) and acetone 

(1x).  The nanoparticles were dried in a vacuum oven at 50 °C for 16 h. 

FT-IR: 2920 cm-1, 2876 cm-1, 1725 cm-1, 1455 cm-1, 1105 cm-1.  

Elemental microanalysis:  [C]: 35.08%, [N]: 0.04%. 

Synthesis of C/Co@PEGMA-Si-Octyne 3 
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All reaction steps were performed under protective nitrogen atmosphere. (1R,8S,9s)-

Bicyclo[6.1.0]non-4-yn-9-ylmethanol (49 mg, 0.32 mmol) and 4-dimethylaminopyridine (27 mg, 

0.22 mmol) were degassed 3 times in a 10 mL Schlenk-flask and dissolved in 1 mL dry DMF. The 

solution was cooled in an ice bath and triethylamine (75 μL, 0.74 mmol) was added. Subsequently, 

dichlorodiisopropylsilane (69 μL, 0.35 mmol) was added dropwise. After 6 hours, the reaction 

mixture was allowed to warm to room temperature.   

C/Co@PEGMA 2 (200 mg) was washed with dry DMF (3x) and dispersed in 10 mL dry DMF. 

Subsequently, the in situ-generated mono-chlorinated silane solution was added and the resulting 

dispersion stirred overnight. Upon completion of the reaction, the functionalized particles were 

recovered from the reaction mixture with the aid of a permanent magnet and washed with DMF 

(3x), EtOH (3x) and H2O (2x).  For analysis, a fraction of the nanoparticles was dried in a vacuum 

oven at 40 °C for 24 h. 

FT-IR: 2929 cm-1, 2871 cm-1, 1731 cm-1, 1463 cm-1, 1113 cm-1.  

Elemental microanalysis:  [C]: 40.33%, [N]: 0.00%. 

Synthesis of C/Co@PEGMA-Si-Naphthol  

 

All reaction steps were performed under protective nitrogen atmosphere. 1-naphthol (400 mg, 2.7 

mmol), 4-dimethylaminopyridine (180 mg, 1.3 mmol) were degassed 3 times in a 10 mL Schlenk- 

flask and dissolved in 1 mL dry DMF. The solution was cooled in an ice bath and triethylamine 

(0.7 mL, 6.9 mmol) was added. Subsequently, dichlorodiisopropylsilane (0.5 mL, 2.7 mmol) was 

added dropwise. After 8 hours, the reaction was allowed to warm to room temperature. 

GC-MS found: m/z 292 (monochlorinated adduct)    

C/Co@PEGMA 2 (500 mg, different batch, carbon mass content = 20.1%) were washed with dry 

DMF (2x) and dispersed in 20 mL dry DMF. Subsequently, the in situ-generated mono-chlorinated 
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silane solution was added and the resulting dispersion stirred overnight. Upon completion of the 

reaction, the functionalized particles were recovered from the reaction mixture with the aid of a 

permanent magnet and washed with DMF (2x) and EtOH (2x). For analysis, a fraction of the 

nanoparticles was dried in a vacuum oven at 40 °C for 24 h. 

FT-IR: 2868 cm-1, 1731 cm-1, 1643 cm-1, 1460 cm-1.   

Elemental microanalysis: [C]: 22.12% (different precursor 20.1% C), [N]: 0.00%. 

 

4.2.2  Standard procedures 

Functionalization of α-Chymotrypsin with azide moieties  

α-Chymotrypsin (8 mg, 0.3 μmol) was dissolved in 2 mL of 0.2 M NaHCO3 in an Eppendorf tube. 

Azide-PEG-NHS (5 EQ, 0.57 μL) was added and the solution was shaken (500 RPM) at RT for 

16 h. Purification of the protein was done using Amicron-Ultra centrifugal filter units, diluting with 

Milli-Q water (4 mL, MWCO 10000, 6000 RPM, 20 min, 3 times).  

 

TAMRA-Azide dipolar cycloaddition (click)  

C/Co@PEGMA-Si-Octyne 3 (10 mg) was dispersed in 1 mL H2O using a 2 mL Eppendorf tube. 

TAMRA-azide solution (40 μL, 0.01 mM) was added and the solution was shaken for 3 h. The 

reaction was monitored by UV-spectroscopy (550 nm). Particles were separated using a permanent 

magnet. 

 

 Enzyme magnetic particle dipolar cycloaddition (click)  

C/Co@PEGMA-Si-Octyne 3 (10 mg) was dispersed in 1 mL H2O using a 2 mL Eppendorf tube. 

α-Chymotrypsin-Azide solution (100 μL, 0.001 mM) was added and the solution was shaken for 

16 h (500 RPM). Particles were separated using a permanent magnet. 

 

Enzymatic assay with α-Chymotrypsin  

The activity of the protease was determined via UV monitoring of the cleavage of N-benzoyl-L-

tyrosine p-nitroanilide. Therefore, a standard enzymatic assay was performed based on the enzyme 
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catalyzed hydrolysis of the peptide and monitored by UV-spectroscopy at 390 nm over a defined 

amount of time (i.e. 10 min). 2 mL of Tris/HCl buffer pH 7.8 was added to a PS-cuvette, followed 

by 80 μL 2 M CaCl2 solution, 100 μL substrate (1.4 mM, DMSO : H2O, 1:1) and at t = 0 100 μL 

sample. Measurements were taken each 30 s.  

Cleavage reaction using buffered oxide etch  

Particles were dispersed in 0.9 mL distilled water using an Eppendorf tube. Subsequently, 0.1 mL 

buffered oxide etch (0.13 M) was added and the tube was shaken at RT. Detailed preparation and 

handling of buffered oxide etch can be found in literature.26 

 

  

Figure 4-1. PEG-methacrylate polymerisation via SI-ATRP. Sufficient dispersion stability in

aqueous media is obtained while magnetic separation is still possible. Amount of solid (left)

150 mg, concentration (right) 10 mg mL-1. 
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4.3  Results and discussion 

The preparation of the PEG-coated magnetic nanoparticles was conducted via standard surface- 

initiated atom transfer radical polymerization using CuBr2 and bipyridine (bipy) as catalyst and 

ligand, respectively (Figure 4-1). First, the magnetic carbon-coated cobalt nanoparticles (C/Co) 

were functionalized according to literature,25 yielding covalently bound starter particles 1. 

Subsequently, 1 was polymerized using ascorbic acid  to reduce Cu(II) to the active Cu(I) form 

(known as activator regenerated by electron transfer (ARGET) ATRP),23 resulting in the novel 

PEG-coated magnetic nanoparticles C/Co@PEGMA 2. Compound 2 was characterized via 

elemental microanalysis (ΔC= 24.4%, see Table 4-1) and IR (Figure 4-2). Using this 

polymerization technique, control of the polymer length and thus the desired dispersion stability 

could be obtained.155 Indeed, the so obtained polymer-coated particles were sufficiently dispersible 

in an aqueous solution and the formation of a polymer layer around the magnetic particles was 

confirmed by transmission electron microscopy (Figure 4-3). Comparing the unfunctionalized 

C/Co particles to the polymerized  C/Co@PEGMA 2, the former stack while the latter do not, due 

to steric repulsion of the transparent polymer layer.  Compound 2 was characterized via elemental 

microanalysis (ΔC= 24.4%, see Table 4-1) and IR (Figure 4-2).  Since an extensive polymer layer 

can significantly lower the saturation magnetization, a vibrating sample magnetometer 

measurement (VSM) was executed. 151 emu g-1 was obtained for non-functionalized carbon-

Scheme 4-2. Synthesis of C/Co@PEGMA-Si-Octyne. 
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coated cobalt nanoparticles C/Co, while for 2 61.1 emu g-1 was measured. Despite the lower 

magnetization and high dispersion stability, fast separation was possible by using a permanent 

magnet (Figure 4-1).  

To introduce the cleavable silyl linker, dichloro-diisopropylsilane was reacted with a hydroxyl-

bearing moiety for 6 h and subsequently added to well-dispersed C/Co@PEGMA particles 2, thus 

affording the fluoride-cleavable linker system (Scheme 4-2).  In order to verify that the silane 

linking system was indeed cleavable with dilute F- solution (buffered oxide etch, BOE) and to 

determine the ideal cleaving conditions, test reactions were run using fluorescent 1-naphthol as the 

leaving group (see Figure A3-1). The linker system was stable in water, 5 mM HCl solution and 

pH 4 sodium phosphate buffer (SPB). Notably, 13 mM of BOE pH 4 proved to be an optimal 

amount of fluoride to cleave the silane bond in quantitative yields. The formation of 1-naphthol 

and difluoro- iisopropylsilane upon treatment with BOE was confirmed by LC-MS and GC-MS, 

Figure 4-2. FT-IR spectra of the magnetic compounds 1-3. Red lines highlight the following 

vibrations: 2876 cm-1  C-H stretch, 1725 cm-1  C=O stretch. 
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respectively. Subsequently, the more sophisticated copper free click reagent ((1R,8S,9s)-

bicyclo[6.1.0]non-4-yn-9-ylmethanol), which contains an accessible hydroxyl group, was reacted 

with dichloro-diisopropylsilane and in situ added to C/Co@PEGMA 2 to afford a magnetic, 

cleavable copper-free click reagent C/Co@PEGMA-Si-Octyne 3 (Scheme 4-2 for IR and 

Figure A3-2 for VSM measurement). Characterization via elemental microanalysis and IR (esp. 

C-H stretch at 2876 cm-1) confirmed the establishment of the desired linker system. Additionally, 

XRD was done to prove the metallic nature of the copper (Figure A3-3). The loading was 

determined by clicking the commercially available azide functionalized dye carboxy-

tetramethylrhodamine (TAMRA-Azide) to 3 (Figure 4-4).  Therefore, the dye and 3 were shaken 

for 6 h, resulting in a 1,3-Huisgen dipolar cycloaddition.  Subsequently, the absorbance of the 

supernatant was measured at 550 nm, containing the remaining dye species. The particles were 

washed with water three times for one hour, resulting in no absorbance at 550 nm, i.e. no color. 

Figure 4-3. TEM micrographs of the magnetic particles before 1 and after polymerization 2. 
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However, if dispersed in 13 mM BOE, a clear peak at 550 nm appeared, also visible as a purple 

coloring. 

 

Figure 4-4. Click and release of an azide-functionalized dye (TAMRA-Azide). Conditions: in water, 

click for 3 h at RT, wash with water (3x, 1 h), cleave for 16 h using 13  mM BOE. 
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It should be noted that 13 mm buffered oxide etch contains a relatively low amount of fluoride 

(247 ppm), comparable to common toothpaste (1000-1500 ppm).158 

Table 4-1. Elemental analysis results 

Entry Compound C (%) N (%) 

1 1 10.67 0.13 

2 2 35.08 0.04 

3 3 38.14 0.00 

4 3 w/ enzyme 37.78 0.14 

5 3 after cleavage 34.88 0.04 

 

 

   

Figure 4-5. Chart depicting the unspecific protein adsorption. Rhodamine labelled BSA was 

dissolved in water (0.5 nmol mL-1) and the absorption at 555 nm was measured using naked 

particles, 2 or 3 (20 mg each). 
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The amount of cleaved dye was used to calculate the loading, determined as 0.35 ± 0.05 μmol g-1. 

The loading was intentionally set lower (by controlling the amount of mono-chlorinated species 

added to C/Co@PEGMA) than in the case of 1-naphthol (49 ± 0.4 μmol g-1), because many 

biomolecules are large in diameter (1-6 nm)159 and therefore make a high loading onto 

nanoparticles impossible due to size constraints. It should be mentioned that a higher loading could 

possibly be achieved, but since copper-free click reagents are expensive in large quantities (e.g. 

grams) and the resulting benefit (i.e. higher biomolecule loading) is low, this was not pursued 

further. Furthermore, unspecific protein binding onto the nanoparticles (“fouling”) was 

Figure 4-6. Specific activity of azide-functionalized α-chymotrypsin. Enzymatic assay was 

performed measuring the formation of nitroaniline with UV spectroscopy at 390 nm, using N-

benzoyl-L-tyrosine p-nitroanilide as a substrate. Amount of bound enzyme was determined by 

elemental analysis. 
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investigated, since the aim of this work is to catch and release specific (i.e. azide-labelled) 

compounds. It is crucial that non-labelled proteins do not adhere to the particle surface and that 

bound proteins can be released effectively.  This means that there is no unspecific interaction 

between the particle and a bound protein. Therefore, rhodamine labelled BSA was dissolved in 

water (0.5 nmol mL-1) and the absorption at 555 nm was measured at t= 0 h, then after 2, 18, 32 h 

using naked particles, 2 or 3 (20 mg each, see Figure 4-5). While the naked C/Co particles 

irreversibly adsorbed over 90% of the protein over time, the PEG-functionalized particles 2 and 3 

showed much lower unspecific protein adsorption (i.e. <5% after 32 h). Since PEG-coating has 

been known to prevent unspecific protein adsorption, these results are in line with recent 

literature.160 To demonstrate applicability in the biological field, the protease enzyme α-

chymotrypsin (from bovine pancreas) has been functionalized with an azide group by using a 

commercially available Azide-PEG4-NHS reagent. The well-studied reaction of NHS-ester with 

unprotonated, free amine groups of proteins (e.g. lysine) proceeded smoothly in basic buffer 

solution. The activity of the azide-functionalized enzyme was then compared to the immobilized 

enzyme (i.e. bound by click-reaction to the magnetic particle) using a standard enzymatic assay 

(Figure 4-6). As anticipated, the immobilized enzyme exhibited a lower specific activity (i.e. <5% 

of the free enzyme). Compared to other reports of covalent161, 162 or biospecific163 immobilization 

of enzymes on magnetic nanoparticles (15-35%, resp. 106% retained activity) the herein reported 

retained activity is low. A possible explanation for this drop can be the random orientation of the 

immobilized enzyme. Also, the covalent linking strategy might negatively influence the enzyme 

activity.  

However, if the clicked enzyme was released by the use of 13 mM BOE, the activity of the released 

enzyme was substantially increased (i.e. to 67%, compared to the free enzyme). It should be noted 

that the destructive effect of buffered oxide etch on chymotrpysin is marginal (93 ± 3.1% retained 

activity after 16 h in 13 mM BOE at RT).  As mentioned before, the here used dilute F- solution 

proved to be harmless to DNA and even RNA.26, 144-147 Therefore, buffered oxide etch is assumed 

to be bio-orthogonal and mild, making it a suitable reagent for a wide use in biochemistry. 

However, there are also limitations to this cleavage system: pH 4 for 16 h can be too harsh for 

certain proteins, resulting in denaturing. The long time span could be reduced by optimizing the 

conditions (e.g. higher fluoride concentration) if necessary. Furthermore, fluoride can interact with 

certain metal ions, (e.g. calcium, forming CaF2) forming stable compound and thus deactivating an 

enzyme by binding the cofactor.  
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4.4  Conclusion 

In summary, a well-dispersed, magnetic and cleavable copper-free click-nano-reagent has been 

synthesized and characterized. An azide-functionalized dye has been clicked to the magnetic 

particle and released using 13 mM dilute F- solution. Furthermore, it was shown that also enzymes 

could be bound and released without a substantial loss of activity, hence proofing the mild nature 

of the releasing agent. The bioorthogonal approach enables us to work in complex biological 

systems with many different reactivities. 
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5 Efficient recycling of polylactic acid nanoparticle templates for 

the synthesis of hollow silica spheres 
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5.1  Introduction 

Hollow nanomaterial research has emerged as a particularly interesting field,164 motivated by 

intriguing properties of hollow nanoparticles, such as very low density and high surface area. The 

large internal void results in a plethora of applications, for example electronic capacitors,165, 166 

catalyst supports167 and drug nanocarriers.168, 169 Next to hollow particles of carbon170-174 and 

zeolite,175-177 the most prominent material is pure silica, SiO2. It is immensely popular due to its 

relatively high chemical inertness, low price, high transparency, high abundance in nature and low 

toxicity. Two further advantages of silica from a chemist’s point of view are the controllable sol-

gel synthesis of nanostructures via the Stöber178, 179 or similar processes,26, 180, 181 and simple 

chemical functionalization.46, 182 These properties render silica highly compatible with biological 

systems. Therefore, silica is generally classified as a safe, bio-compatible material and is a FDA 

approved additive in many daily-use products (for example nano-silica, E551).183 Hence, many 

applications of hollow silica spheres (HSS) and similar structures in biochemistry and 

pharmaceutical science have been discovered and elucidated, such as gene transfection, in-vivo 

imaging and drug delivery.184,181, 185, 186 Additionally, many further, non-biochemistry related 

applications of hollow silica spheres have been explored, such as thermal and electrical insulators,41 

anti-reflection coatings187-189 and catalyst supports.190  

Hollow silica spheres are on the verge of being widely used in industry. Therefore, it is expected 

that in the near future the need of large quantities of hollow silica spheres will rise. Nowadays, the 

research on the synthesis of hollow silica spheres is quite established on the laboratory scale: the 

synthesis methods of hollow silica spheres can be divided into two main approaches: soft 

templating and hard templating.191 In the soft templating approach, flexible, liquid nano templates 

(e.g. emulsion droplets, vesicles or gas bubbles), formed by surfactants or additives, are used as 

starting points of the silica formation.192 In the hard templating method, solid templates, such as 

polystyrene spheres(PSS),188 poly(methyl methacrylate) nanoparticles192 and metal 

nanoparticles193 are generally used. An advantage of the method is that the desired size and size 

distribution of the resulting hollow silica sphere can be controlled by choosing the appropriate size 

of the hard template.192 In both approaches, template removal is often done via calcination, i.e. 

heating to temperatures above 600 °C.  
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Scheme 5-1. Illustration of the preparation of hollow silica spheres and subsequent recycling of 

polylactic acid. The first step includes activation of the carboxylic acid with N-(3-

dimethylaminopropyl)-N′-ethylcarbo-diimide hydrochloride  (EDC), followed by addition of (3-

aminopropyl)triethoxysilane  (APTES), resulting in amide bond formation and thus surface 

functionalization. The second step is a standard base-catalyzed silica formation with TEOS, 

resulting in a core-shell structure PLA@SiO2. The third step involves template removal via solvent 

dissolution, yielding hollow silica spheres. The still intact PLA polymers can then be recycled and 

used as substrate for the PLA nanoparticle synthesis. 

This usually results in irreversible destruction of the template; hence, the method is called 

“sacrificial template method”. Other template removal methods include acid dissolution and 

solvent extraction. However, in the regard of sustainable chemistry, many of these approaches are 

not suitable for mass production because they depend heavily on fossil-derived chemicals and 

demand substantial amounts of energy. In our opinion, the development of a sustainable and cost-

effective process for the synthesis of hollow silica spheres should be based on recycling principles, 

as well as on chemicals which are derived from renewable resources.  

Polylactic acid (PLA), a biodegradable polymer synthesized from plant derived products 

(processed corn or sugar feedstock)194 has recently attracted a considerable amount of attention, 

amongst other things because of its use in biodegradable packaging.195, 196 Thus, many companies 

have started producing PLA on large scale, resulting in a worldwide production of PLA of about 

120000 metric tons in the year 2006.197, 198 It can be safely assumed that the PLA production has 

been further increased since making PLA a readily available, relatively inexpensive biodegradable 
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polymer.  The increased attention subsequently led to the development of a variety of PLA 

nanostructures with applications above all in the field of drug delivery.199, 200 The synthesis of PLA 

nanoparticles via the nanoprecipitation method201 proved to be a versatile and scalable process (g 

to kg scale). The commercial availability of these plant derived nanoparticles as well as the 

emerging need of large amounts of hollow silica particles persuaded us to investigate the use of 

PLA nanoparticles as hard template material for a more sustainable synthesis of hollow silica 

spheres. In contrast to other frequently used templates, such as polystyrene nanoparticles or carbon 

nanoparticles, PLA nanoparticles can be dissolved in organic solvents such as acetone, 

dichloromethane (DCM) or chloroform, depending on the racemic mixture and the polymer chain 

length. Therefore, the PLA nanoparticle template can be removed after silica shell formation and 

the PLA polymer chains can be recycled via solvent evaporation. As mentioned previously, the 

formation of PLA nanoparticles from PLA polymers can be done via nanoprecipitation method and 

is overall a straightforward synthesis using no surfactants or similar agents.  

Herein, we present the first successful (to the best of our knowledge) silica coating of PLA-

nanoparticles, resulting in fully coated PLA@SiO2 core-shell nanoparticles (Scheme 5-1). 

Subsequent treatment with solvent at room temperature dissolved the PLA-template and yielded 

hollow silica spheres. The polymer template material and the solvent could be efficiently recovered 

from the recycling stream (Table 5-1). 

 

Table 5-1. Comparison of the use of Polystyrene (PSS) and PLA templates for HSS synthesis 

Template PSS PLA 

Removal method calcination solvent dissolution 

CO2 emission of removal process (kg CO2 / t HSS)a 4829 422 

Electricity invested (kJ / g HSS)b 335841 1170 

Template material recycled (%) 0  85 

a. Calculated for the production of 1 t of HSS (see Table A4-2) b. Calculated for the production 

of 1 g of HSS in a laboratory on a small scale (see Table A4-3). 
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5.2  Experimental 

The following chemicals were used as received: polylactic acid (PLA, Mw 60000, Sigma Aldrich), 

polylactic acid nanoparticles (PLA nanoparticles, Mw 17000, 10 mg mL-1, 150 nm, Micromod), 

(3-aminopropyl)triethoxysilane (APTES, 99%, Sigma-Aldrich), N-(3-dimethylaminopropyl)-N′-

ethylcarbo-diimide hydrochloride (EDC, 98%, Sigma-Aldrich),  tetraethyl orthosilicate (TEOS, 

99.9%, Sigma-Aldrich), 1 M ammonia solution (Kanto Chemical Co. Inc.), dichloromethane 

(DCM, 99%, Sigma-Aldrich). The ζ-potential and DSL size distribution of the PSL particles were 

measured using a zetasizer (Zetasizer Nano ZSP, Malvern Instruments Ltd., Malvern, UK). The 

morphology of the synthesized nanostructures was observed using a field-emission scanning 

electron microscope (SEM; S-5000, 20 kV, Hitachi High-Tech. Corp., Tokyo, Japan) and 

transmission electron microscopy (TEM; JEM-2010, 200 kV, JEOL Ltd. Tokyo, Japan). Fourier-

transform infrared (FT-IR) spectroscopy was used to investigate the recycling of polylactic acid 

(Spectrum one, Perkin Elmer Inc., Waltham, MA, USA). The thermal behavior before and after 

template removal was investigated using thermogravimetric analysis (TG; TGA-50/51 Shimadzu 

Corp., Kyoto, Japan). 

 

5.2.1  Synthesis of the silica-coated nanoparticles and subsequent template removal 

Synthesis of PLA nanoparticles 1  

Polylactic acid (60000 Da Mw, D/L mixture, 25 mg, 0.0004 mmol) was dissolved in 2 mL of DCM. 

0.1 mL of ethylene glycol was added. 0.7 ml of EtOH and 0.15 ml of H2O were mixed and 

subsequently added to the polymer solution (inner phase). The resulting dispersion was put into the 

ultra-sonication bath for 1 min. 5 ml of 70% EtOH were prepared and put into a 20 ml vial equipped 

with a magnetic stirring bar. Then, the polymer dispersion was added dropwise into the EtOH 

solution (outer phase) under mild stirring. Stirring was continued in a fume hood for 3 h until the 

organic solvents had evaporated. The dispersion was then filtered using a paper filter. The resulting 

dispersion was centrifuged for 10 min at 10000 RPM, the supernatant discarded and the 

nanoparticles re-dispersed in ultra-pure water via ultrasonication. Yield was typically between 40 

and 65%. Characterization was done using DLS in order to determine the size of the synthesized 

nanoparticles. 
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Synthesis of PLA@APTES 2  

In this experiment, a variation of the Steglich esterification was used. 4 ml ultrapure water was 

added to a PLA nanoparticle solution (1 ml, 10 mg ml-1) in a 6 ml vial equipped with a magnetic 

stirrer. Subsequently, EDC was added (10 mg, 0.05 mmol) and the solution stirred at RT for 

30 min. Then APTES (250 µl, 1.07 mmol) was added via syringe and the dispersion was stirred 

for 2 h. The dispersion was transferred to an Eppendorf tube and centrifuged (10min, 10000 RPM). 

The supernatant was removed and 1 ml ultrapure water was added. 

 

Synthesis of PLA@SiO2 3  

PLA@APTES 2 solution (10 mg in 5 ml H2O) were diluted with 25 ml H2O in a 50 mL vial and 

stirred for 10 min (400 RPM). After good dispersion quality was reached (i.e. an opaque solution), 

1M NH3 (25 µl, 0.025 mmol) was added and the solution stirred for additional 10 min. 

Subsequently, TEOS (80 µl, 0.35 mmol) was added and silica formation was initiated. The 

dispersion was stirred for 4 h at room temperature. The silica coated particles were then centrifuged 

in Eppendorf tubes (1 ml aliquots) for 10 min at 10000 RPM. The supernatant was removed, 

ultrapure water added (1 ml) and the particles were dispersed using an ultra-sonication bath. Then, 

the dispersion was centrifuged again in order to wash away residual TEOS and catalyst. After 

removal of supernatant the particles were dried at RT in a vacuum oven over night.  

 

 

Scheme 5-2. Surface functionalization via modified Steglich esterification. Activation of the 

carboxylic acid with EDC is followed by amide bond formation with APTES.   
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Synthesis of hollow silica spheres 4 (template removal)  

Dry PLA@SiO2 3 particles (1 mg) were dispersed in 1 ml of dichloromethane in a 6 ml vial using 

an ultra-sonication bath. A magnetic stirrer was added and the dispersion was stirred for 3 h at RT. 

Subsequently, centrifugation (10 min, 10000 RPM) was used to remove DCM and fresh DCM was 

added. This was repeated for three times. Finally, the hollow silica spheres were obtained by 

centrifugation and dried in a vacuum oven at RT. The yield was typically around 65%. Most of the 

template polymer could be recycled from the DCM template removal solution after DCM 

evaporation. Alternatively, the DCM/PLA solution could be used to synthesize new PLA 

nanoparticles. 

 

 

5.3  Results and discussion 

5.3.1  Surface functionalization of PLA nanoparticles 

Since a negative surface charge of a nanoparticle can negatively influence the growth of silica on 

a surface, surface functionalization had to be done. Unfunctionalized PLA nanoparticles did not 

result in silica core-shell particles (Figure 5-1). The surface functionalization of the PLA 

nanoparticles 1 was done using a modified version of the Steglich esterification.202, 203 The 

carboxylic acid end groups of the PLA polymer were activated using a charged and therefore water-

soluble carbodiimde, EDC (Scheme 5-2). 

Table 5-2. DLS determined nanoparticle size and ζ-potential results for the 4 different species 

Sample DLS mean size (nm) ζ-potential (mV) 

PLA NPs 1 250 -8.0 

PLA@APTES 2 335 3.4 

PLA@SiO2 3 380 -20.5 

HSS 4 355 -24.3 

 

Subsequent addition of the primary amine bearing silane APTES resulted in an amide bond. 

Surface functionalization was monitored via ζ-potential change (Table 5-2). The dispersion 
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stability of APTES-modified PLA nanoparticles PLA@APTES 2 is slightly reduced. It is assumed 

that the capping of the carboxylic acids and the therefore more positive surface charge led to 

aggregation. However, the PLA@APTES samples could be stored in the fridge overnight and 

further processed. Other methods to change the surface charge of the PLA nanoparticles were 

investigated, such as adsorption of poly-(ethylene imine), polyvinylpyrrolidone and poly(sodium 

4-styrenesulfonate). The surface charge of the nanoparticles could be changed, but it was not 

possible to obtain a highly positive charge (Table A4-1). Additionally, silica coating experiments 

with these species were not successful (Figure 5-1).  

 

a) PVP surface modification b) PEI surface modification c) Non-modified PLA  

d) No catalyst e) Acetic acid as catalyst 

 

 

Figure 5-1. SEM micrographs of unsuccessful attempts to synthesize PLA/silica core shell 

particles. Reaction conditions: 2 mg PLA@APTES, 16 µl TEOS, 6 ml H2O, 5 µl catalyst (1 M),  

4 h at RT unless otherwise stated. 
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5.3.2  Silica shell formation on the modified PLA nanoparticles 

In order to obtain silica-coated nanoparticles, it is important to control the reaction kinetics (i.e. the 

rate of hydrolysis). If hydrolysis of TEOS occurs too fast, dense silica particles grow as a result of 

rapid homogeneous nucleation and subsequent nanoparticle growth. The reaction rate can be 

controlled by changing the TEOS concentration, amount and nature of the catalyst, reaction 

temperature and reaction time. The ideal conditions for the synthesis of PLA/silica core-shell 

particles 3 included a short reaction time (4 h) and room temperature using a low amount of NH3 

as a catalyst (Figure 5-2). Before arriving at these ideal conditions, the following problems had to 

be analyzed and solved. In the first attempts, reactions were done at 40 °C, which mostly resulted 

in either large silica aggregates or small, dense silica nanoparticles.  

Figure 5-2. Scanning (SEM, a,b,d) and transmission (TEM, c,e) electron microscopy images of the

synthesized nanoparticles and hollow spheres with high (1) and low magnification (2). a1 and a2:

unfunctionalized PLA template 1. b1, b2, c1 and c2: PLA@SiO2 3 synthesized using the standard 

procedure described in the experimental part. d1, d2, e1 and e2: hollow silica spheres 4. 
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Standard conditions Catalyst concentration x 5 TEOS concentration x 3 

Figure 5-3. TEM micrographs of PLA@SiO2 3 for different concentration of NH3 catalyst and 

TEOS. 

Therefore, we switched to RT in order to slow down the rate of hydrolysis.  One intrinsic difficulty 

of this system is that the PLA nanoparticles 1 as well as PLA@APTES 2 exhibit a strong pH-

dependent dispersion stability in water. Especially at highly basic pH values, the nanoparticles 

formed aggregates within hours. Therefore, large amount of basic or acidic catalyst are not 

favorable in this case. NH3 and acetic acid were tested as catalysts, as well as a reaction without 

any catalyst. Notably, only the addition of NH3 resulted in silica shell formation (Figure 5-2), 

while acetic acid and catalyst free conditions did not result in spherical particles (Figure 5-1). The 

low starting amount of catalyst (i.e. 25 µl 1 M NH3 solution for 10 mg of PLA@APTES) as well 

as the TEOS concentration proved to be fitting. PLA@SiO2 3 core-shell particles were obtained 

with an average diameter of 189 ± 25 nm (TEM micrograph derived). The size of the particles 

corresponds to the size (and size distribution) of the PLA nanoparticle template (150 nm). The 

average shell thickness was determined to be 38 ± 3 nm via TEM micrograph analysis. Higher 

amounts of catalyst as well as higher TEOS concentration increased shell thickness (Figure 5-3), 

indicating a slightly faster reaction rate.45  

 

5.3.3  Template removal procedure for the synthesis of hollow silica spheres 

In order to obtain hollow silica spheres, the template has to be removed. PLA contains one chiral 

center per monomer unit and can therefore consist of a number of different compositions and 

exhibits various conformations (racemic / enantiomerically pure, syndiotactic, isotactic, atactic) 

which all greatly influence the solubility in different solvents.204 For example enantiomerically 
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pure poly-lactic acid polymers have a higher degree of crystallinity and are therefore much more 

difficult to dissolve. Additionally, the molecular weight is also an important factor for solubility 

(i.e. high Mw polymers are hard to dissolve). In our case, the polylactic acid used was soluble in 

dichloromethane or chloroform only. Consequently, we investigated different template removal 

conditions using DCM as a solvent. PLA@SiO2 3 in DCM at RT overnight resulted in hollow 

spheres, but mixed with core-shell particles.  

Thus, template removal at 40 °C was investigated, but this also resulted in mixed core-shell/hollow 

sphere material (Figure A4-1).  Furthermore, a pH 12 mixture with DCM at RT for 18 h was tested, 

but the resulting spheres were half-broken or destroyed (Figure A4-1). The same experiment with 

pH 1 resulted in hollow spheres, but mixed with small silica aggregates (≈5 nm). If the template 

removal in pure DCM was elongated to 60 hours, only hollow spheres remained. In order to shorten 

this long template removal procedure, we investigated an approach which included exchanging the 

DCM solution after 3 h. If the DCM solution was exchanged twice, hollow silica spheres were 

 

 

Figure 5-4. Thermogravimetric analysis of the different nanoparticle samples. Solid cyan line: 

HSS 4, dotted magenta line: PLA@SiO2 3, dashed grey line: PLA@APTES 2. The difference 

between 3 and 4 is the amount of PLA that could be removed via solvent dissolution. 
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Figure 5-5. Thermogravimetric analysis of the dense silica particles and HSS 4. Solid cyan line: 

HSS 4, dashed black line: dense SiO2. Dense silica particles were synthesized using the same educts 

(TEOS), temperatures and catalysts as for the silica coating of PLA nanoparticles.  

 

obtained after 18 h at room temperature (e1 and e2, Figure 5-2). Interestingly, the shell thickness 

of the HSS (16 ± 1 nm) changed considerably compared to the core-shell nanoparticles 

(38 ± 3 nm). A possible explanation for this finding is that without the template core the silica shell 

is less stabilized by a supporting structure and, therefore, shrinks into a more stable, denser 

structure.  

Thermogravimetric analysis of PLA nanoparticles 1 and the core-shell sample PLA@SiO2 3 were 

done (Figure 5-4). For the PLA@APTES nanoparticle sample, a sharp drop to 5 wt% around 

340 °C can be observed. This is in line with literature reports on thermogravimetric analysis of 

PLA nanocomposites.205 In the case of PLA@SiO2 3, the main drop is in the same temperature 

range, indicating the burning of PLA. The drop from 100 wt% to 43 wt% is indicating that about 

57% of the total mass of PLA@SiO2 3 is some sort of organic material. Interestingly, also the 

HSS 4 still contained a certain amount of organic material (36 wt%). First, we assumed that the 

template removal process was not complete. 
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Figure 5-6. FT-IR spectroscopy of PLA (Mw 60k) and the PLA that was removed via DCM solvent 

extraction. Assignment of the important peaks from left to right (dotted lines): 2912-2947 cm-1 CH3 

symmetric and asymmetric stretching modes, 1745 cm-1 C=O stretching vibration modes, 

1452 cm-1 & 1357 cm-1 asymmetric and symmetric CH3 deformation modes, 1178 cm-1 COC 

stretching vibration modes and CH3 rocking modes. 

However, after synthesizing dense silica particles with the same method and analyzing them with 

thermogravimetric analysis (Figure 5-5), it could be shown that almost all of the residual organic 

material (33 wt%) came from the silica precursor (i.e is not PLA). With these results, a recovery 

efficiency of 85% of PLA was calculated.  

It should be noted that, compared to the most common template removal process (calcination), this 

process does not involve high temperatures and, thus, no sintering or agglomeration (necking) of 

HSS occurs. This greatly simplifies further processing (i.e. mostly for dispersions in polymers). 

Furthermore, since calcination is not necessary, there are no heat-related CO2 emissions in the 

template removal process (Table 5-1). 
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Figure 5-7. Fourier transform infrared spectroscopy of PLA nanoparticles 1, PLA@APTES 2 and 

PLA polymer. The functionalization of PLA nanoparticles with APTES cannot be detected, 

indicating a low amount of surface functionalization. 

 

5.3.4  PLA polymer template recycling 

After template removal and solvent evaporation, the integrity of PLA polymer was tested with FT-

IR (Figure 5-6).  Compared to the starting material (PLA polymer Mw 60000), the material from 

the dissolved template exhibits mainly the same peaks. Notable are the peaks at 1745 cm-1 (C=O 

stretching vibration modes), 1452 cm-1  (asymmetric CH3 deformation modes) and  

1178 cm-1 (COC stretching vibration modes and CH3 rocking modes).206 Therefore, it was assumed 

that the PLA polymer was not destroyed in the dissolving process. It should be noted that the 

dissolving process also takes places at RT in order to avoid polymer degradation. The recycled 

PLA chains were then used to re-synthesize PLA nanoparticles, resulting in nanoparticles of similar 

size (DLS size = 285 nm, compared to starting PLA nanoparticles DLS size = 250 nm, 
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Figure A4-2). An advantage of this method is that the template removal solution can be directly 

used to synthesize the PLA nanoparticles again, since the nanoprecipitation process starts with 

dissolving PLA polymer in DCM. This is a favorable feature from both an economic and ecologic 

point of view, since no distillation, separation or drying steps are required. This reduces the amount 

of solvent needed and also minimizes the necessary process steps.  

Since we covalently functionalized the template with APTES, one might have expected differently 

sized nanoparticles. However, the obtained nanoparticles were similar to the nanoparticles 

synthesized with unfunctionalized PLA (FT-IR, Figure 5-7). It should be noted that this kind of 

surface functionalization only functionalizes a very small partition of all the PLA polymers. The 

direct use of APTES-functionalized PLA chains for nanoparticle formation (in order to avoid the 

surface modification step) is part of ongoing research.  

5.4  Conclusion 

A novel, more sustainable process for the synthesis of hollow silica spheres has been developed. 

The process involved surface functionalization of polylactic acid nanoparticles with (3-amino-

propyl)-triethoxysilane, in order to change the surface charge of the particles and to provide silica 

nucleation seeds. Subsequent silica coating of the template was done using tetraethyl orthosilicate 

and NH3 as a catalyst. Homogeneous coated core-shell particles were obtained after 4 hours with 

a mean shell thickness of 38 ± 3 nm. Variation of catalyst amount and silica source concentration 

reliably afforded hollow spheres with a different shell thickness. Template removal procedure was 

done overnight via dissolution of the polymer nanoparticle-core with solvent. Thus, hollow silica 

spheres were obtained. The resulting solution containing removed polylactic acid template was 

analyzed and it could be shown that the template material was still intact and that it was possible 

to regenerate PLA nanoparticles with similar size to the starting material. 
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6 General conclusions and outlook 
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6.1  Conclusions 

This work presents different approaches towards the goal of a more sustainable chemical industry 

using organic-inorganic hybrid functional materials. Although the term sustainable is difficult to 

define thoroughly from the perspective of chemistry, with the green technology factors in mind, 

we can identify the problems that need to be tackled in chemical industry.  

Separation is definitely one of them, and has a vast optimization potential. A lot of research in 

sustainable process engineering is pointing towards membranes, but in the present case, the 

problem was tackled using a magnetic, inorganic nano-support functionalized with an organic base-

catalyst. Using this reagent, solvent and time could be saved during catalysis. Additionally, the 

isolated yield was higher compared to the homogeneous catalysis, because column 

chromatography could be avoided. However, in order to apply this approach in a real industrial 

process, more applied knowledge in the handling of magnetic nanoparticles on larger scales has to 

be obtained. 

Magnetic separation in biological systems can also increase the efficiency and sustainability of 

synthesis, especially since small formulation and low yields are common. In this work, the 

separation and release of the active enzyme also showed that mild cleavage methods, that do not 

destroy the tertiary structure of biomolecules, are possible and can be applied by bio-chemists 

without much training. Buffered oxide etch, essentially diluted and buffered hydrogen fluoride, can 

be handled without great precautions, in contrary to concentrated hydrofluoric acid. An argument 

against this separation method is that it has to be reactivated before reuse, which can be difficult 

for people without organic synthesis training. 

Also, less complicated materials can be used to enhance the sustainability of chemical processes 

by optimizing the separation step. This was done by using a simple and inexpensive catalyst, 

namely bulk copper powder. After successful catalysis, the micro-sized catalyst could be filtered 

off, using commercially available filters. However, to remove leached copper-ion species, 

aluminum oxide had to be used in order to obtain pure isolated product.  

Aside from separation, the sustainability of a whole process also depends on the rational use of raw 

materials. Therefore, a process based on recycling principles has been developed for the synthesis 

of hollow silica spheres. By using polylactic acid, a bio-derived polymer, as a template, an 

additional green technology factor could be implanted, namely the use of green basic chemicals.   
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6.2  Outlook  

The implementation of green technology concepts into industry is an important and ongoing 

process. Yet, there are many problems that have to be overcome before the chemical industry in 

the whole world will depend solely on green processes. However, sooner or later this is bound to 

happen, since non-renewable resources will become scarce and thus quite expensive. It is 

imperative that, at that point in future, the sustainable technologies as well as the infrastructure 

should already be developed. 

Therefore, research exploring more sustainable separation methods is growing massively. These 

efforts will eventually create sustainable solutions that will also make sense from an economical 

perspective, for as long as we are operating in a free market, economic factors will always be 

essential. Nevertheless, elaborate magnetic separation has a good perspective in this viewpoint 

since it also decreases the overall process cost by reducing synthesis time substantially. The main 

obstacles will be the missing infrastructure and experience in handling magnetic reagents. 

However, this is a problem of many new technologies and can be overcome if an effort is made. 

The same is true when new, more sustainable processes, such as the recycling of PLA for hollow 

silica productions, are entering the market. An important task of scientists in this field is to make 

the research accessible and applicable in order to facilitate the translation from pure university 

knowledge to industrial application. 
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Appendix  

A.1  Supplementary data for chapter 2 

Scheme A1-1. Preparation of PS@DMAN S2 starting from commercially available Merrifield-

Resin S1. 

Figure A1-1. IR Spectra of polystyrene-bound DMAN S2. 



106 
 
A.2  Supplementary data for chapter 3 

 

Figure A2-1. Scale up experiment: Knoevenagel condensation of benzaldehyde (81.2 mL, 0.8 mol) 

and ethyl cyanoacetate (84.8 mL, 0.8 mol) in 1000 mL EtOH with 16 g copper catalyst. Yield after 

recrystallization: 146 g (91 %).  

  

Figure A2-2. Cu(0)  powder after catalysis in cold ethanol: product crystal formation visible on 

copper surface. 
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Figure A2-3. XRD measurement of the Cu powder used in the scale up experiment before (red, 

dashed line) and after (black, solid line) catalysis. 
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A.3  Supplementary data for chapter 4 

 

 

Figure A3-1. Deprotection analysis using different buffers and concentrations of buffered oxide 

etch. Conditions: 1 mL of solvent (buffer, water or BOE) and 10-20 mg of 1-naphthol functionalized 

magnetic particles. 
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Figure A3-2. VSM measurement of C/Co@PEGMA-Si-Octyne 3. 

 

  

Figure A3-3. XRD measurement of C/Co@PEGMA-Si-Octyne 3. 
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A.4  Supplementary data for chapter 5 

 

 

a) DCM 18 h with 2 times 

exchange of solvent 

b) NH3 5 h followed by 18 h 

DCM 

c) DCM : pH 12 H2O 1 :1 for 

18 h  

d) DCM : pH 1 H2O 1 :1 for 

18 h 

e) 60 h DCM f. DCM at 40 °C 18 h 

Figure A4-1. TEM micrographs of hollow silica spheres after different template removal 

conditions. 

 

Table A4-1. Zeta-potential of PLA nanoparticles after adsorption of different polymers (40 mg / g, 

2 h stirring, in 0.15 M NaCl) 

Nanoparticle Surface modification agent ζ-potential (mV) 

PLA NPs 1 Polyvinylpyrrolidone Mw 360k -0.55 

PLA NPs 1 Poly(ethyleneimine) Mw 60k linear 0.96 

PLA NPs 1 Poly(ethyleneimine) Mw 60k  branched 1.41 

PLA NPs 1 Poly(sodium 4-styrenesulfonate) Mw 1000k -16.6 

 



111 
 
Table A4-2. Comparison of the CO2 emission in the template removal process for PSS and PLA 

hard template synthesis of 1 t of HSS  

Process PSS PLA 

 CO2 (kg ) 4829 422a 

Moles of CO2 (mol) 109733 9583 

Moles of C (mol) 109733 9583 

Amount of C (kg) 1318 115 

Carbon percentage (%) 92 50 

Percentage that gets burned to CO2 (%) 100 15 

Amount of template 

 necessary (kg) 1429 1538 

Yield of reaction 70 65 

a.) Conservative assumption that all of the lost PLA (i.e. not recycled, 15%) will eventually 

be converted to CO2.  

 

 

Table A4-3. Comparison of the invested electricity for PSS and PLA hard template synthesis of 1 g 

HSS 

 

Process step PSS (kWh)a PLA (kWh)b PSS (h) PLA (h) 

Nanoparticle synthesis 0.285 0.006 1 1 

Surface modification 0 0.012 0 2 

Synthesis 0.018 0.024 3 4 

Template removal 0.58 0.108 2 18 

Centrifugationc 0.05 0.175   

Total process 0.933 0.325   

a.) PSS process values were taken from literature.41  b.) The values are only 

approximately accurate and based on the aforementioned literature values.  c.) 

Centrifugation process is the sum of all centrifugations needed for the total process 
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Figure A4-2. DLS measurement of the regenerated PLA nanoparticles. These particles exhibited

similar aggregation behavior and the dispersion had a similar size distribution as the starting

PLA nanoparticles. Peak is at 285 nm. 
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