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In this work, we investigated the synthesis of new organosilane precursors and their polymerization 

to silica hybrid materials with REE extracting properties via an all-in-one approach. 

To reach this goal, five organosilane precursors were synthetized in good yield. First, these new 

precursors were used to elaborate dense silica hybrid materials (SHM). The characterization of the local 

structure by FTIR and of the mesostructure by SAXS of the SHMs highlighted the link between the 

chemical and physical interactions between the headgroups of the precursors and the others species 

existing in the reaction mixture. These interactions drive the local connectivity of the siloxane network 

and the mesostructure of the obtained materials (lamellar and 2D hexagonal phases). Second, in order 

to improve the material properties, an innovative approach in two steps was proposed. The first step 

was based on the structuring of binary alcohol/water mixtures to influence the aggregation behavior of 

silica nanoparticles prepared from tetraethyl orthosilicate (TEOS). Here, a remarkable specific surface 

area of 2000 m2 g-1 was achieved. In a second step, the reaction conditions that lead to materials with 

the highest specific surface area were used in combination with the synthesized organosilane precursors. 

The results show the potential of this approach to tailor the properties of the obtained materials. Finally, 

the SHMs synthesized from the pure organosilane precursors were successfully tested for the selective 

and efficient extraction of rare earth elements present in a simulated leachate of NdFeB magnets. 

This work offers promising prospects for the "all-in-one" synthesis of SHMs with direct 

applications. 

Ce travail de thèse porte sur la synthèse de nouveaux précurseurs d'organosilane et leur utilisation 

dans des matériaux hybrides à base de silice par une approche tout-en-un pour l'extraction de terres 

rares. 

Pour atteindre cet objectif, cinq précurseurs d'organosilane ont été synthétisés avec un bon 

rendement. Premièrement, ces nouveaux précurseurs ont été utilisés pour élaborer des matériaux 

hybrides à base de silice dense (SHM). La caractérisation de la structure locale par FTIR et de la 

mésostructure par SAXS du SHM final a permis de mettre en évidence le lien entre les interactions 

chimiques et physiques entre les groupes fonctionnels des précurseurs et les autres espèces présentes 

dans le mélange réactionnel qui déterminent la connectivité locale du réseau siloxane et la mésostructure 

des matériaux obtenus (phases lamellaire et hexagonale 2D). Deuxièmement, afin d'améliorer les 

propriétés du matériau, une approche innovante en deux étapes a été proposée. La première étape est 

basée sur la structuration de mélanges binaires alcool/eau afin d’influencer le comportement à 

l’agrégation des nanoparticules de silice préparé à partir de tétraéthyl orthosilicate. Ainsi, une surface 

spécifique remarquable de 2000 m² g-1 a pu être obtenue. Dans une seconde étape, les conditions de 

réaction conduisant aux matériaux ayant la plus grande surface spécifique ont été utilisées avec 

l’addition d’un précurseur d’organosilane synthétisé ne présentant pas de groupe fonctionnel générant 

de forte interaction physico-chimique. Les résultats montrent le potentiel de cette approche pour adapter 

les propriétés des matériaux obtenus. Enfin, les SHM synthétisés à partir de précurseurs d'organosilane 

purs ont été testés avec succès pour l'extraction sélective et efficace d'éléments tel que des terres rares 

présents dans un lixiviat modèle d’aimant NdFeB. 

Ces travaux offrent des perspectives prometteuses pour la synthèse « tout-en-un » de SHM à 

applications directes. 



 

ii 

 

  



 

iii 

 

ACKNOWLEDGMENTS 
I am grateful to the direction of the Institut de Chimie Séparative de Marcoule (ICSM) 

and the Commissariat à l'Energie Atomique et aux énergies alternatives (CEA) for the 

funding of this work and the access to their well-equipped facilities. 

I would also like to thank my director Stéphane Pellet-Rostaing and my co-director 

Guilhem Arrachart for the opportunity to prepare this thesis under their supervision and 

their confidence, support and criticism during these three years. 

Further, I would like to express my gratitude to all current and former co-workers of 

the ICSM and especially the LTSM and the LNER for all the supportive input and the 

helpful discussions. Notably, I would like to offer my special thanks to Cyrielle Rey for 

the help with TGA and the nitrogen sorption measurements, to Guilhem Arrachart, 

Fabrice Giusti, Nicolas Felines, Artur Larribau and Guillaume Mossand for their support 

with the organic synthesis, to Sandrine Dourdain, Pierre Bauduin, Jeremy Causse, Olivier 

Diat and Zijie Lu for the help with SAXS and several fruitful discussions, to Diane 

Rébiscoul for the help with infrared spectroscopy, to Sandra Maynadie for the help with 

NMR measurements, to Josef Lautru, Elisa Ré, Xavier Le Goff and Jingxian Wang for 

the assistance with microscopy, and to Béatrice Baus-Lagarde for the help and assistance 

at the ICP measurements. 

Special thanks also go to Vainina Russello, Hélène Martin and Elisabeth Roussigné 

for their support with many administrative challenges. 

My thanks are also extended to colleagues in other institutions. Thanks to Olivier 

Taché of the CEA Saclay for the help with USAXS measurements and Martiane Cabie 

for the help with TEM imagery. 

My personal thanks go to Arthur Larribau, Nicolas Felines, Alexandre Artèse, Rémi 

Boubon, Markus Baum, Michael Bley, Max Hohenschütz, Regis Mastretta, Justine 

Benghozi, Zijie and Zijun Lu, Tanja Mehri for making my arrival in France and the past 

three years a very pleasant time. 

Last but not least, my very special thanks go to my family in Germany and to my 

family in France. I’m very thankful for all their support during this adventurous and 

exciting period. Without the mind clearing weekends and vacations this work would not 

have been possible. Especially, I would like to thank my girlfriend for her never-ending 

moral support and for all the motivation she provided me with through her loving and 

understanding nature at all times. 

  



 

iv 

 

TABLE OF CONTENTS 
 

INTRODUCTION ................................................................................................................................ 1 

I STATE OF THE ART ................................................................................................................. 5 

1 Silica hybrid materials ............................................................................................................... 5 
2 Sol-gel process .......................................................................................................................... 6 
3 Fundamentals of self-assembly ............................................................................................... 17 

3.1 The Gibbs free energy defines the thermodynamically stable state .............................................. 17 
3.2 Auto-assembled structures ............................................................................................................ 20 

4 Structured silica materials ....................................................................................................... 24 
4.1 The porosity of silica materials..................................................................................................... 24 
4.2 Controlling the bulk structuring of SHMs .................................................................................... 25 

5 The scientific approach ........................................................................................................... 29 

II ORGANIC SYNTHESIS ........................................................................................................... 31 

1 Crucial synthetic methods ....................................................................................................... 31 
1.1 Synthesizing organosilanes........................................................................................................... 31 
1.2 The multi-functional tool “click-chemistry” ................................................................................. 33 

2 Results and Discussion ............................................................................................................ 37 
2.1 Retrosynthesis approach ............................................................................................................... 37 
2.2 Azide synthesis ............................................................................................................................. 38 
2.3 Click-Chemistry ........................................................................................................................... 40 

3 Conclusion ............................................................................................................................... 44 

III MATERIALS FROM ORGANOSILANES ........................................................................ 45 

1 Silsesquioxane synthesis ......................................................................................................... 47 
2 Silsesquioxane characterization ............................................................................................... 48 

2.1 Propyl headgroup (H/T-MP2-A/B-C) ........................................................................................... 48 
2.2 Amine headgroup (H/T-MP1-A/B-C) .......................................................................................... 56 
2.3 Methyl ester headgroup (H/T-MP3-A/B-C) ................................................................................. 65 
2.4 Carboxylic acid headgroup (H/T-MP3-A/B-C-H) ........................................................................ 72 
2.5 Diglycolic acid amide headgroup (H-MP4-B-C and H/T-MP5-B-C) ........................................... 78 

3 Conclusion ............................................................................................................................... 87 

IV MATERIALS FROM TEOS IN MIXED SOLVENTS ...................................................... 91 

1 Introduction ............................................................................................................................. 92 
2 Sample preparation .................................................................................................................. 93 
3 Phase behavior of the ternary system ...................................................................................... 96 
4 Impact of the TEOS addition on the sol structuring ................................................................ 97 
5 Study of the sol-gel transition................................................................................................ 100 
6 Influence of the sol composition on the material structure .................................................... 107 
7 Discussion ............................................................................................................................. 113 
8 Conclusion ............................................................................................................................. 115 
9 Outlook .................................................................................................................................. 116 

V MATERIALS FROM CO-CONDENSATION ...................................................................... 119 

1 The quaternary system – Co-condensation in structured media ............................................ 119 
2 Sample preparation ................................................................................................................ 121 
3 Organosilane incorporation in the material ........................................................................... 122 
4 Morphology of the co-condensed materials. ......................................................................... 129 
5 Discussion ............................................................................................................................. 140 
6 Conclusion ............................................................................................................................. 141 



 

v 

 

VI EXTRACTION CAPACITIES OF THE SILSESQUIOXANES .................................... 143 

1 System selection .................................................................................................................... 143 
2 Extraction experiments .......................................................................................................... 144 
3 Metal separation using silsesquioxanes ................................................................................. 146 

1.1 Screening of the extraction properties at different pH ................................................................ 146 
1.2 Mechanism of the Nd extraction by H-MP4-B-C ....................................................................... 147 
1.3 Competitive extraction in a simulated NdFeB magnet leachate ................................................. 150 

4 Conclusion and outlook ......................................................................................................... 151 

CONCLUSION ................................................................................................................................. 153 

VII RÉSUMÉ EN FRANCAIS .................................................................................................. 155 

VIII REFERENCES .................................................................................................................... 161 

List of Figures ................................................................................................................................ 186 

IX EXPERIMENTAL .............................................................................................................. 191 

1 Chemicals .............................................................................................................................. 191 
2 Methods ................................................................................................................................. 192 

1.1 Dynamic Light Scattering (DLS) ................................................................................................ 192 
1.2 Gas Chromatography-Mass Spectrometry (GC-MS) .................................................................. 192 
1.3 Electrospray Ionization Mass Spectrometry (ESI-MS) ............................................................... 192 
1.4 Fourier Transformed Infrared Spectroscopy/Attenuated Total Reflection (FTIR/ATR) ............ 192 
1.5 Nitrogen adsorption-desorption .................................................................................................. 193 
1.6 Nuclear Magnetic Resonance spectroscopy (NMR) ................................................................... 193 
1.7 Small/Wide-Angle X-ray Scattering (SWAXS) ......................................................................... 193 
1.8 Scanning Electron Microscopy (SEM) ....................................................................................... 193 
1.9 Transmission electron microscopy (TEM) ................................................................................. 194 
1.10 Ternary phase diagrams .............................................................................................................. 194 
1.11 ThermoGravimetric Analysis (TGA).......................................................................................... 194 

X APPENDIX/NMR SPECTRA ................................................................................................. 195 

1 Chapter II............................................................................................................................... 195 
2 Chapter III ............................................................................................................................. 225 
3 Chapter IV ............................................................................................................................. 233 
4 Chapter V .............................................................................................................................. 239 

 

  



 

vi 

 

 



Introduction 

1 

 

INTRODUCTION 
 

Rare earth elements (REEs) are a group of 17 metals as defined by IUPAC.1 They are 

critical for modern technologies like electric motors, information technology and 

lighting.2 The conventional mining of REEs was found to have several economic and 

ecological drawbacks. Economically speaking, western countries are impacted by the 

market dominance of the Chinese REE industry.3 The Chinese monopole in combination 

with geopolitical factors was concluded to be a major challenge in the 2011 U.S. 

Department of Energy report.4 This is seen by their medium-term criticality matrix for 

the period of 2015 to 2025 is shown in Figure 1. 

 

Figure 1. Medium-term (2015-2025)  criticlity matrix as developed in 2011.4 

The most critical metals are typically the REEs used for clean energy production that 

are majorly mined in China. Ecologically speaking, REE mining is responsible for a large 

emission of toxic gasses5, the destruction of landscapes and agricultural land and ground 

water pollution.6 Furthermore, tremendous quantities of CO2 are emitted during 

production. However, the demand of REEs is predicted to rise in the next decades mainly 

due to the production of permanent magnets.2,3,7 Therefore, mining is unavoidable unless 

alternative technologies are found. 

To limit the quantity of newly mined REEs, an effective circular economy is necessary 

where recycling is a main feature with several advantages.8 First, the REEs are recycled 

in the countries that consume them. Therefore, the geopolitical implications lose 
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importance. Second, the REE recycling is less energy intensive than the production from 

primary resources and, amongst other things, less CO2 emitting.9 Third, REEs are mined 

in their natural abundance. This means that the high need of naturally less abundant metals 

(e.g. Dy7) leads to the overproduction of more abundant metals with all disadvantages 

mentioned above. By recycling e.g. end of life (EOL) products, the REEs are recovered 

in proportions that are close to application. 

For recycling, silica hybrid materials (SHM) with extracting functional groups are an 

interesting option. The synthesis of SHM is, conventionally, a multistep procedure. The 

first step is the formation of a siloxane network that constitutes the inorganic structure via 

the sol-gel process. By tuning a multitude of parameters and the addition of structuring 

additives, it is possible to tailor the obtained morphology. The second step corresponds 

to the removal of the solvent by e.g. freeze drying or supercritical (SC) CO2. The chosen 

method influences the retention of the morphology of the formed siloxane network. In the 

final step, the resulting materials are functionalized with organic groups. This 

methodology leads to several disadvantages such as the necessity of the additive removal 

after the sol-gel process or the inhomogeneous grafting of the functional molecules on 

the material surface. 

The all-in-one approach of SHM synthesis is capable of eliminating these drawbacks. 

By the modification of the employed siloxane precursor with an organic function and the 

ingenious choice of the reaction conditions, a material with the desired properties can be 

obtained directly after drying. In previous works10,11, the potential of this approach has 

been explored. Using the same approach, in this study, new precursors and synthetic 

routes for the elaboration SHMs are proposed. 

In the first chapter, a review of the existing SHM, their methods of elaboration and the 

underlying mechanisms is given. This includes the factors that influence the sol-gel 

process, the physical interactions that are important for soft matter and the combination 

of both to form structured materials. Based on these principles, a scientific approach is 

elaborated that is followed in the chapters of this work. 

The second chapter is dedicated to the synthesis of the precursor molecules by click 

chemistry in order to provide multifunctional organosilanes.  

In the third chapter, the material formation using only the synthesized organosilane 

precursors is investigated and discussed.  

In order to improve material characteristics, an innovative approach using structured 

binary tert-butanol (TBA)/water mixtures as solvents for the polymerization of tetraethyl 

orthosilicate (TEOS) is presented in the fourth chapter.  

In the fifth chapter, the novel approach using the system TEOS/TBA/water is extended 

by the addition of an organosilane precursor in order to elaborate functionalized materials. 
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Finally, in the sixth chapter, an outlook is proposed by applying the materials synthesized 

from the pure organosilane precursors for REE extraction. 
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I STATE OF THE ART 
1 Silica hybrid materials 

 

Generally, organic-inorganic hybrid materials are combinations of organics (e.g. 

polymers, functional groups) and metal oxides. Their mechanical properties are between 

those of organic polymers and pure metal oxides depending on the ratio between organic 

and inorganic part.12 According to the application, a quasi-endless list of possible organic 

functions can be introduced to silica materials.13–15 In most cases, the synthesis is a 

bottom-up approach using precursor molecules as building blocks. Nowadays, the 

building blocks can be designed by a skillful chemist to obtain the desired properties. 

Then, during polymerization, self-assembly directs the morphology of the material and 

the distribution of the organic and inorganic domains. Figure 2 illustrates the spectrum 

of organic-inorganic hybrid materials. 

 

Figure 2. Spectrum of organic-inorganic hybrid materials as a function of the inorganic part. 

All materials can be can be classified as combinations of organic moieties with 

inorganic materials. Inorganic components are mostly metal oxides like TiO2, Al2O3, SiO2 

or carbon. They can be combined with pure metals and salts to concrete formulations.16,17 

On the organic end of the spectrum, pure carbon-based structures like polyacrylates, 

epoxy resins or polyurethanes and their combinations can be found. Mechanical and 

thermal properties of those materials can be modified by the addition of small amounts 

of inorganic compounds.18 This used for tire rubbers19, latexes20 or fabrics.21,22 Increasing 

the content of inorganic compounds in the organic polymer, highly flexible and resistant 

polymers can be found. Several applications such as contact lenses or dental implants are 

possible.23 Similar compositions are found for (MOFs). They present a rapidly emerging 

field of microporous materials. With their extremely high specific surface area (up to 
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10000 m2/g), high reactivity and controllable structure, they are highly suitable for 

catalytic and adsorption applications.24 Still increasing the inorganic content, materials 

that are principally constituted of metal oxides are obtained. For example, mesoporous 

silica is used in chemical and pharmaceutical analytics25 or as drug carriers.26 The surface 

properties of SiO2 glass are modified by thin films to achieve various properties.27 

P. Judeinstein and C. Sanchez classified organic-inorganic hybrid materials into two 

groups depending on the type of interactions between the organic and inorganic phases.28 

Class I describes materials were the phases are linked by weak interactions like van-der-

Waals (vdW) forces, electrostatics or hydrogen bonds (H-bond). Materials in this 

category are organic dyes in metal oxide matrixes or nanoparticle doped organic 

polymers. At more equal mixtures between organic and inorganic phases, the material 

morphology rather consists of interpenetrating polymers. Class II contains materials were 

the organic and inorganic phases are connected by covalent or iono-covalent bonds. They 

can be synthesized by chemically modified sol-gel precursors like functionalized 

alkoxysilanes. The organic phases can also be introduced by post-synthetic grafting of 

the inorganic phase. In any case, the interactions between organic and inorganic phases 

can induce a controllable structuring of the obtained material. This possibility will be 

discussed at a later point. 

Following the principle of the bottom-up approach, the synthesis of the inorganic 

phase is usually done using the sol-gel route. 

 

2 Sol-gel process 

 

In the terminology of colloidal chemistry, a sol is a suspension of nanoscale (1 nm to 

1 μm) solids in a liquid phase.29 In this case, the sol is obtained by the polymerization 

reaction of a metal source to colloidal metal oxides using an acid and/or base catalyst in 

wet media. Depending on the applied procedure, this sol can be transformed to a gel, 

deposited as thin film or dried to obtain the isolated colloids. Typically, this is performed 

at mild (< 100 °C) temperatures. Silanes, which are discussed thoroughly in this work, 

represent a particular case of the materials synthesized from the sol-gel process. The 

chemistry of silicon leads to particular reaction properties compared to other, more 

metallic elements. A multitude of parameters influences the kinetics and the morphology 

of the obtained products. An exhaustive description of the sol-gel process of silanes is 

given in the two fundamental works by C. Brinker30 and R. Iler.31 In this section the 

parameters are categorized in three groups. The first group concerns the chemistry of 

silanes and their derivatives. It includes the effects of pH and catalysis conditions on the 

reactivity of the compounds with each other. The second group concerns the nature of the 

employed precursor, meaning its molecular structure. The third group concerns the 

parameters that influence the physical interactions of compounds in the sol-gel process.  
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Important parameters of the sol-gel process 

i. Chemistry 

 

To illustrate the chemistry of the sol-gel process, tetraethyl orthosilicate is selected as 

an example since it is one of the most frequently employed precursors. The two chemical 

reactions that form the foundation of the sol-gel process are shown in Figure 3. 

 

Figure 3. Fundamental reactions of the sol-gel process using TEOS as example. Hydrolysis and 

condensation take place under acidic or basic conditions. 
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The global reaction involves the reaction of one molecule of TEOS with two 

equivalents of water. The product, silica, which has the chemical formula SiO2 in its fully 

condensed state, is formed together with four equivalents of ethanol. More generally, 

every cleavable alkoxy group in the precursor requires ½ equivalent of water and will 

lead to ½ oxygen in the chemical formula of the final product. 

In most cases, the polymerization requires the hydrolysis of the alkoxy groups in 

TEOS. This can be done under acidic or basic conditions. The reacting species change 

depending on the pH. Below pH 7, water is the nucleophile which attacks the protonated 

alkoxysilane. Above pH 7, a hydroxide-ion attacks the alkoxysilane. In this process, 

silanol groups are generated. Then, the hydrolyzed species are available for the 

condensation reaction. The condensation can take place between two silanol groups 

forming water or between a silanol group and an alkoxy group forming the corresponding 

alcohol. Just as for the hydrolysis reaction, the condensation is pH dependent. However, 

the pH limit is linked to the pKA of the silanol groups. As simulations show32, the pKA 

depends on the neighboring silica groups and the degree exposure of the OH on the 

surface. Generally, at higher condensation degrees the pH limit lowers from 4 down to 

around 2. Above this pH, the surface OH groups are partially deprotonated and can act as 

nucleophiles. Below this pH, the OH groups are protonated which renders them a better 

leaving group. It is worth mentioning that non-hydrolytic methods are also possible when 

water is not available as oxygen source.33,34 

The varying reactivity of the evolving silica species leads to numerous colloidal 

morphologies. C. Brinker gave a general overview of the obtainable structures when 

modifying the reaction conditions30 which has been reused by several authors.35–38 A 

representation is illustrated in Figure 4. 
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Figure 4. Influence of the sol pH and the ionic strength on the morphology of the obtained slica 

polymer. The Figure is redrawn from literature.30 

The catalysis conditions have the biggest influence on the growing polymer. Given an 

over-stoichiometric quantity of water in the system(𝑟 =
[𝐻2𝑂]

[𝑆𝑖]
≫ 4), three pH-ranges 

have to be distinguished. 

pH 7-10: In this pH range, the hydrolysis rate accelerates at higher numbers of 

silanol groups and siloxane bonds. The reason is the stronger electron withdrawing effect 

in the order -alkyl < -alkoxy < -hydroxy < siloxane. Therefore, the hydrolysis can be 

assumed complete when condensation takes place. The condensation behavior is 

controlled by electronic and steric effects. Sterically, all sites are silanol groups and, thus, 

active in condensation. Electronically, more siloxane bonds lead to higher charges 
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because of a lower pKA. In other words, the more the condensation has advanced, the 

higher the surface charge of the growing polymer. A particular effect at this pH-range is 

the dissolution of already formed siloxane bonds leading to a release of monomers. The 

electronic effects favor the formation of large uniform particles via the preferential 

reaction of monomers with clusters. The increasing charge of clusters provides an 

electrostatic barrier that only less charged monomers can pass. The hydrolysis of siloxane 

bonds leads to the energetically favorable equilibrium state of silanes with four siloxane 

bonds. This drives unreacted or released monomers towards the inside of the growing 

particles. In Figure 4, the arrows to the right indicates the expected growth under these 

conditions. The most famous synthesis that makes use of this mechanism is the Stöber 

process.39 Here, solid silica nanoparticles of controlled size are synthesized by the 

ammonia-catalyzed polymerization of TEOS in ethanol. 

pH < 2: Highly acidic conditions that are sufficiently below the pKA of silanol 

groups, strongly promote hydrolysis. In principle, hydrolysis of the alkoxy group slows 

down with increasing substitution at the remaining positions in the order -alkyl < -alkoxy 

< -hydroxy < siloxane. However, it has been shown40,41 that hydrolysis is completed after 

several minutes. Thus, monomers are available in their fully hydrolyzed form from the 

start. Contrarily to base catalyzed processes, condensation is irreversible. Therefore, the 

obtained structures are kinetically stabilized and not in equilibrium. Monomers tend to 

form small primary particles that connect to each other forming chains. Generally, the 

reaction occurs at the chain ends because of the easier accessibility compared to the 

interior of the branched structure, the statistical overweight of available bonds at chain 

ends and the increased presence of charged, more reactive species. In Figure 4, the arrow 

to the left indicates the expected growth under these conditions. 

pH 2 to 4 -7: At intermediate pH, the obtained morphologies are between those 

mentioned earlier. Hydrolysis is acid catalyzed and its rate increases with decreasing pH. 

The hydrolysis rate of the alkoxy group is strongly affected by the remaining substituents 

and decreases the in the order -alkyl < -alkoxy < -hydroxy < siloxane. Condensation and 

dissolution are base catalyzed and their rates decrease with decreasing pH. Therefore, 

deprotonated clusters preferentially react with positively charged monomers. At later 

stages, no monomers remain and the mechanism changes to a cluster-cluster aggregation. 

The dissolution of siloxane bonds is effective at pH > 4 at lower pH it stops to provide a 

continuous source of monomers that will drive the system towards equilibrium.  
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Especially under acidic conditions (pH < 4), re- and transesterification of alcohols 

influence the sol-gel kinetics. This effect is less pronounced under basic conditions. This 

is explained by the easier protonation of silanol and alkoxysilane groups under acidic 

conditions than the deprotonation of alcohols under basic conditions. The effects depend 

largely on the steric and electronic character of the alcohol in the system. Considering 

alkyl alcohols, the reactivity decreases with increasing steric hindrance. 

Transesterfication will replace the alcohol that has been introduced by the alkoxysilane 

precursor by the smallest alcohol present in the system. In this case, sol-gel kinetics can 

be accelerated. Reesterfication can modify the surface of the silica polymer after the 

distillation of water as azeotrope. Furthermore, given specific conditions, it may slow 

down the condensation rate (see IV). 

Next to bases and acids, other sol-gel catalysts are known. Nucleophilic catalysis by 

fluoride (HF, KF, NH4F…) is an effective mean to accelerate the hydrolysis and 

condensation rates. Mechanistically, the fluoride ion which is similar in size to the 

hydroxyl ion, increases the coordination number of silicon from four to five or six. This 

promotes the intermediate state of the nucleophilic attack.30,42–44 The mechanism is 

displayed in Scheme 1. 

 

Scheme 1. Mechanism of fluoride catalyzed hydrolysis or condensation reaction of silanes. 

Carboxylic acids have been shown to catalyze the hydrolysis and condensation 

reaction to similar extends as strong acids. This behavior is explained by the formation of 

an ester between the carboxyl group and the silane.45,46 Scheme 2 illustrates the 

mechanism. The ester has a strong electron withdrawing effect that increases the 

electrophilic character of the central silicon. The reaction proceeds only in presence of 

water or a stronger acid to condensation.47,48 
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Scheme 2. Exemplary reactions of the proposed mechanism for the sol-gel catalysis by carboxylic 

acids. 

Catalysis is the main parameter that influences the sol-gel process. By choosing the 

right catalyst the polymerization behavior can be tailored to obtain the desired material 

morphology and properties. 

It should be noted that the stoichiometric ratio 𝑟 =
[𝐻2𝑂]

[𝑆𝑖]
 can have a significant impact 

when it is close to the minimum that is required for complete hydrolysis (r = 4). Below, 

the hydrolysis rate is decreased compared to the condensation rate. Below r = 2, the 

alcohol producing condensation is favored while at r > 2 the water producing 

condensation is favored. Large values of r promote the dissolution of siloxane bonds 

under basic conditions. The overall effects are difficult to predict. A further discussion 

would go beyond the scope of this work since none of the present studies are performed 

under these conditions. 

 

ii. Precursor 

 

Tetra-coordinated silanes can be described by the general chemical formula displayed 

in Figure 5. 

 

Figure 5. General chemical formula of silanes. 

In any case of substitution, the steric effects dominate the electronic effects. The 

introduction of a larger hydrolysable rest -OR decreases the hydrolysis rate. The effect is 

even stronger when branching is introduced. This is explained by the steric hindrance 
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caused by -R group and the increasing positive inductive (+I) effect of larger alkyl chains 

that decreases the leaving group character of the corresponding alcohol. Replacing an 

alkoxy group by a non-hydrolysable rest leads to a higher electron density on the silicon 

atom caused by the +I effect. The hydrolysis rate at pH > 7 is decreased while it is 

accelerated at pH < 7. The condensation rate is slowed down at pH > 2 to 4 while it is 

accelerated at pH < 2 to 4. As mentioned before, the exact pH limit depends on the size 

and the structure of the silica polymer. However, when the non-hydrolysable rest causes 

steric hindrance, the hydrolysis and the condensation rate are decreased. This must be 

considered when trying to develop materials using two different precursors.  
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iii. Physics 

 

Several experimental parameters influence the sol-gel process. 

Temperature: Both, hydrolysis and condensation, are accelerated by higher 

temperature. 

Solvent:  Solvents can be classified by their polarity (dielectric constant, 

dipole moment) and their ability to be a hydrogen-bond donor and acceptor (protic) or 

only a hydrogen-bond acceptor (aprotic with heteroatom e.g. O, N, S…). Figure 6 gives 

an overview of the possible combinations using frequently used examples. 

 

Figure 6. Classical sol-gel solvents plotted as a function of their relative dielectric constant and the 

relative charges on the oxygen atom and the labile proton (if present). 
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Solvent effects are mostly related to electronic effects. Here, polarity (displayed as the 

relative dielectric constant εr in Figure 6) is responsible for the stability and range of 

electric charges in solution. The characteristic distance of electrostatic forces in solution 

is given by the Debye screening length λD.29 

 

 

𝜆𝐷 = 𝜅−1 = √
𝜀𝑟𝜀0𝑘𝐵𝑇

∑ (𝑧𝑖𝑒)2𝑐𝑆𝑖
 (1) 

 

Here, εr denotes the relative dielectric constant, ε0 the permittivity, kB the Boltzmann 

constant, T the temperature, zi the ion valence, e the elemental charge and cS the salt 

concentration. The higher the dielectric constant, the longer is the distance over which 

charge influence each another. This impacts aggregation behavior of charged colloids that 

interact by electrostatic forces. On a molecular scale, the reaction rate of charged species 

is affected. By stabilizing separated electric charges, a higher dielectric constant favors 

charged transition states and ionic intermediate products.  

Coming to the hydrogen bonding behavior, acid and base catalysis must be 

distinguished. At pH > 7, the hydrolysis rate depends largely on the hydroxyl ion activity. 

The activity is higher when no solvent with H-bond donor characteristics is present. 

Therefore, protic solvents (water, alcohols) slow hydrolysis at pH > 7 down. At pH < 7, 

the situation is inversed. The activity of oxonium ions is decreased with increasing H-

bond acceptor properties of the solvent. Thus, solvents with strong H-bond acceptor 

characteristics (DMSO, DMF) slow the hydrolysis at pH < 7 down. Other solvents might 

have specific interactions with silica. For example, solvents with accessible carboxylic 

groups (e.g. formamide) can interact via complexation like mentioned earlier. This can 

degrade the solvent leading to pH modification during the reaction. 

Salts:  Inorganic salts influence the sol-gel process by the ionic strength 

I.49 

 

 

𝐼 =
1

2
∑𝑐𝑖𝑧𝑖

2

𝑛

𝑖=1

 (2) 

 

Here, ci is the concentration of the ion i and zi its valence. The higher the salt 

concentration, the higher the ionic strength becomes. Ion valence contributes 

proportionally to its squared value. Therefore, polyvalent ions have a stronger influence 

on the ionic strength. Comparing Eq. (2) with (1), it can be seen that an increasing ionic 

strength decreases the Debye length λD. Higher salt concentrations, especially of 

polyvalent ions, decrease the range of electrostatic forces between charges. Thus, 

colloidal solutions that are stabilized by repulsive charges aggregate more easily. Figure 
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4 illustrates this behavior. A study on the influence of salts on the pore size confirms this 

result.50 The reported shrinking pore sizes at higher salt concentrations and valences can 

be related to the diminished electrostatic repulsions between primary particles. 

Furthermore, in the mentioned study, ion-specific effects can be suspected. Ion-specific 

effects were also reported when looking at different halide salts.51 However, no 

comprehensive study on specific ion effects was done to date. 

Considering the multitude of parameters, the sol-gel process requires intensive 

anticipation of the occurring mechanisms to obtain the desired material. Chemical and 

structural factors combined with physical interactions play an important role during the 

sol evolution. By the addition of further molecules that have specific interactions with the 

silica polymer, highly ordered structures can be obtained.52 
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3 Fundamentals of self-assembly 

3.1 The Gibbs free energy defines the thermodynamically stable state 

 

In order to explain the organization of silica structures by templating approaches, first 

an overview of the relevant physicochemical mechanisms of soft matter will be given. 

Soft matter is a subfield of condensed matter that can be deformed or structurally altered 

by thermal or mechanical stress that are in the order of magnitude of kBT (thermal 

fluctuations).53 The reason is a subtle equilibrium between attractive and repulsive forces 

like illustrated in Figure 7. Generally, repulsive forces dominate at short distance while 

attractive forces dominate at long distances. 

 

Figure 7. Decompositon of the Gibbs free enegry of a typical colloidal system. The Gibbs free energy 

is given in units of kBT and plotted against the distance. 

Depending on the physical properties of the components in the system, the potential 

energy can exhibit one or more minima. Like mentioned before, the energy to remove the 

system from this minimum is in the order of kBT. This energetic equilibrium is expressed 

at the mesoscale. At smaller size scales, quantic effects will dominate the behavior 

whereas at bigger size scales macroscopic forces like gravity are more important. Thus, 

typical examples of this kind of systems include polymers, colloids, amphiphiles, liquid 

crystals and biological macromolecules. This concept was first introduced in the DLVO-

theory to explain colloidal suspensions and their interacting forces, namely electrostatics 

and van-der-Waals forces.54 Nowadays, the system has been refined to explain, for 
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example, surfactant-free microemulsions by the consideration of hydration and entropy.55 

Table 1 lists several examples of repulsive and attractive interactions that can occur 

between mesoscale objects. 

Table 1. Some examples of interactions that contribute to the Gibbs free energy, their direction and 

their distance dependence (r). 

Name Direction 
Distance dependence of 

the energy 

Electrostatic 
Attractive (+/-) 

Repulsive (+/+, -/-) 
exp(-r) 

Van-der-Waals Attractive 

r-6 (London) 

r-6 (Keesom) 

r-6 (Debye) 

Pauli repulsion Repulsive r-12 

Hydration 
Molecule/ 

surface dependent 
exp(-r) 

Entropy System dependent  

 

All the interactions contribute to the Gibbs free energy. Repulsive contributions (red 

in Figure 7) have a positive sign while attractive contributions (blue in Figure 7) have a 

negative sign. Some contributions (green in Figure 7) change direction depending on the 

system. In equilibrium, the system is at the state of minimal Gibbs free energy. 

The Pauli repulsion and the attractive vdW-interactions are unidirectional. The Pauli 

principle excludes the presence of two objects at the same position. The interaction energy 

scale with r-12 and, thus, leads to a hard barrier compared to other interactions. The vdW 

interaction energy scales with r-6. It includes London (induced dipole-induced dipole), 

Keesom (dipole-dipole) and Debye (dipole-induced dipole) interactions. Depending on 

the system, one or multiple of the contributions apply. The London forces always apply 

because they depend on the spontaneous dipoles that are formed by electron 

displacements around the atomic nucleus. Keesom and Debye interactions only apply 

when molecules with a permanent dipole are present. Consequently, both depend on the 

dipole moment. Additionally, Debye forces depend on the polarizability of the second 

molecule that will form the induced dipole. Next, electrostatic interaction energies decay 

exponentially with distance. Trivially, same charges are repulsive whereas opposite 

charges are attractive. This can be used to stabilize colloidal systems or to create strong 

interactions between different species. The dielectric constant of the surrounding solvent 
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(εr*e0) mentioned in Eq (1) has an influence on the decay length of the electrostatic 

interactions. When εr increases, the range of electrostatic interactions increases. The 

reason for the dielectric constant is the orientation of solvent molecules in the direction 

of the electric field. With increasing dipole moment, the dielectric constant increases. The 

charge is partially compensated with every layer of solvent surrounding it. In real systems, 

charges always occur in combinations with, at least, their counter-ions. Oftentimes, 

additional electrolytes are present in the solution. In any case, many factors (solvent, 

colloid surface charge density and polarity, counter-ion valence and charge density) are 

responsible for a high variability of ion-counter-ion interactions in colloid systems.56,57 

Excluding ion-specific effects, a double-layer model describes the behavior of 

electrolytes close to charged interphases. the behavior of electrolytes close to charged 

interphases is described by a double-layer model. Here, oppositely charged ions will 

adsorb directly to the surface which will form the inner Helmholtz plane. Then, solvated 

ions will be closely attached to form the outer Helmholtz plane. Those ions are considered 

strongly bound to the interphase. The electric potential decreases linearly in the double 

layer. Afterwards, the system can be treated as a bulk phase and the classical exponential 

decay is observed.58 

Another repulsive force is hydration. It describes the energy needed to remove water 

from an interaction partner. Mathematically, it follows an exponential decay with 

distance. 

 

 ∆𝐺𝐻𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛

𝑉
= Π = Π0exp⁡ (

𝑟

𝜆
) (3) 

 

Here, ΔGHydration is the Gibbs energy contribution from hydration, Π the hydration 

pressure, Π0 the standard hydration pressure, r the distance and λ the decay length which 

for water is typically around 0.23 nm59(layer thickness in the hydration shell). The 

standard hydration pressure depends on molecular characteristics. When the interactions 

between the hydrated species and water are strong (e.g. H-bonding), Π0 takes a high value. 

Water has a considerable influence on the organization of mixtures on the molecular and 

mesoscale due to the strength of its interactions with other polar groups.  
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Lastly, entropy contributes to the Gibbs free energy. The entropy of a system state is 

a function of the number of possible combinations W by which the state can be realized. 

 

 𝑆 = ⁡𝑘𝐵ln⁡(𝑊) (4) 

 

Here S is the entropy and kB the Boltzmann constant. At a molecular scale, it is highest 

in ideally mixed states where molecules have the highest degrees of freedom. However, 

entropy can be “bought” by enthalpic terms. In other words, interactions which are 

sufficiently strong counterbalance entropy. This relation is expressed using the Gibbs free 

energy G. 

 

 ∆𝐺𝑆𝑦𝑠𝑡𝑒𝑚 = ∆𝐻𝑆𝑦𝑠𝑡𝑒𝑚 − 𝑇∆𝑆 (5) 

 

Entropy can be attractive, for example, in the case of charged surfaces with counter-

ions. Here, the merging of the charged surfaces expulses the counter-ions in the bulk 

because the ions have more degrees of freedom. In the case of neutral surfaces, entropy 

favors the dispersion of the system. This phenomenon is known as “depletion force”. In 

emulsions, entropy leads to the dispersion of the system and to smaller structures. The 

evaluation of the entropic term is never trivial and must be investigated case by case. 

When surface active molecules (“surfactants” or “hydrotropes”) are present in the 

system, the Gibbs free energy minimum is oftentimes found in a structured state. This 

process is called self- or auto-assembly. In the following, the potential forms of 

organization will be presented. 

 

3.2 Auto-assembled structures 

 

Auto-assembled structures are obtained when a critical concentration of amphiphilic 

molecules in solution is reached. The amphiphilic molecules can be classified by the gain 

of free energy upon structure formation. Consequently, a higher gain of free energy leads 

to structures that are more stable on the time scale and structurally better organized. Table 

2 shows the different classes of amphiphilic molecules by descending free energy gain of 

structure formation in water.60 The transition between classes is continuous.61 
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Table 2. Classes of amphiphilic molecules and self-assembly characteristics. 

Class Appearance 

Free energy gain of 

structure formation 

per amphiphilic 

molecule 

Particularities 

Surfactants 

Long chain amphiphilic 

molecules, highly 

hydrophilic headgroup 

(SDS) 

Several kBT 

Structuring 

following 

packing 

parameters, 

liquid crystal 

phases 

Hydrotropes 

Short chain, bulky 

amphiphiles, 

highly hydrophilic 

headgroup 

(SXS) 

  

1-2 kBT 

Structuring 

increases upon 

solute addition 

above the MHC 

  

Co-solvent 

+ solute 

Short, uncharged 

amphiphiles (ethanol, tert-

butanol) + hydrophobic 

solute 

~ 1 kBT55,62 

Strongly 

fluctuating 

aggregates 

around a 

network of H-

bonds62, stronger 

structuring near 

demixing 

conditions 

Co-solvent 

Short, uncharged 

amphiphiles (ethanol, tert-

butanol) 

< 1 kBT 

Unstructured to 

weakly 

structured 

fluctuating 

solutions63 

 

The first example is the class of surfactants. Above a concentration called “critical 

micelle concentration” (cmc) they auto-assemble to defined aggregates. The object shape 

is directed by the packing parameter NS.
29,64 An overview is given in Figure 8. 
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Figure 8. Packing parameter of sufactant molecules and the resulting morpholgies of the self-

assembled structures. 

Approximating the shape of the aggregate forming molecules by a cone, NS is defined 

as the volume v of the hydrophobic part divided by the length l of the hydrophobic chain 

and the apparent surface a0 of the hydrophilic headgroup. The densest arrangement of 

those cones results in the obtained structure. Low packing parameters lead to spherical 

aggregates. As NS increases, cylindrical and lamellar shapes are obtained. At high 

surfactant concentration or strong interactions between the aggregates, the formed 

structures organize on larger scales. These supramolecular structures are called liquid 

crystal phases.29 

Hydrotropes represent the second class of amphiphiles. They only aggregate in certain 

cases in binary mixtures with water. However, aggregation can be induced by the addition 

of a hydrophobic solute above the minimum hydrotrope concentration. The aggregates 

are without defined shapes.60 

Co-solvents are the third example of amphiphiles. Typically, they are fully miscible 

with water. The examples include the series of fully water-miscible alcohols: methanol, 

ethanol, iso- and n-propanol, and tert-butanol. The structuring in solutions that contain 
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co-solvents depends strongly on the other components of the system and the co-solvent 

itself. In the case of the classic co-solvent ethanol (EtOH), no structuring is observed in 

the binary mixture with water. Upon the addition of a hydrophobic solute, weak 

structuring can be observed. The structuring increases when approaching the demixing 

conditions.62 Tert-butanol, on the other hand, has strong hydrotrope-like characteristics. 

Structuring in binary aqueous mixtures is observed for certain compositions. Whatever 

the co-solvent, the addition of a hydrophobic solute increases the structuring.63 

By performing the sol-gel process in any of the mentioned structured media, the 

obtained silica morphology can be modified. The structures can function as micro 

reactors. This way, controlled release of a reactive species or confined growth inside the 

structures is possible.65,66 In particular, surfactants are used as templating agents for 

structured silica materials. The high free energy gain of the formed micellar and liquid 

crystal structures dominates the supramolecular structure of the system during the 

formation of the silica matrix. The next section details the application of these principles 

for the elaboration of organized silica materials.  
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4 Structured silica materials 

4.1 The porosity of silica materials 

 

One form of organization of SHMs is porosity. It is an omnipresent material property 

that can occur on one or more of the levels illustrated in Figure 9.67 

 

Figure 9: Porosity in different scales as recommended by IUPAC.67 

Depending on the functioning of the material, the size scale of porosity is important. 

For gas separation and storage or heterogeneous catalysis microporous materials like 

MOFs or Zeolites are of interest.68–70 Macroporous materials, on the other hand, have 

properties that are of interest for tissue engineering or microfluidics.71–73 For mesoporous 

SHMs that are treated in this work, applications are manifold. Polymers like tire rubber 

are reinforced using small amounts of mesoporous silica to augment physical properties. 

Stationary phases of high-pressure liquid chormatography make use of the high porosity 

of those materials to obtain good separations. For this application, the surface can be 

modified to create normal or reverse phases. Surface modification can also be used to 

graft catalysts or bioactive molecules on the material surface. For the latter, it is important 

to note that SiO2 is inert in physiological conditions and non-toxic. This makes 

mesoporous silica nanoparticles attractive candidates for drug delivery systems.74 

Furthermore, mesoporous silica materials can serve as hard template for carbon materials. 

After templating, the silica matrix is leached by HF75. Another aspect is the separation of 

metal ions from liquid phases by adsorption at the material surface (solid-liquid 

extraction). The size of mesopores allows the incorporation of functional groups to 

achieve extraction selectivity.76  

Mesopores 

(pore widths between 2 and 50 nm) 

Micropores 

(< 2 nm) 

Macropores 

(> 50 nm) 
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The first reported synthesis of organized mesoporous silica was performed in 1969.77 

Since the effective commercialization of MCM-4178,79 by the Mobil Oil Company, silica 

materials with organized porosity have become an essential part in material research. 

They can be the object of study80–82, synthesis tool for material production83–85 or model 

reaction media to study confinement effects.86–90 Ordering of the structure is achieved by 

the use of template molecules which are often self-assembling surfactants. The underlying 

mechanism is proposed to be initiated by a cooperative liquid crystal formation of 

surfactant structures with the growing silica matrix.52,76,91–93 The interactions between 

silica and the template structure can take place via electrostatic forces or hydrogen 

bonding.52 The synthesis of MCM-41, for example, requires the use of a cationic cetyl 

crimethylammonium bromide (CTAB) with a polymerization in alkaline conditions. This 

creates strong electrostatic attractions between the negatively charged silica matrix and 

the positively charged surfactant. The structure is tunable by the modification of the 

reactant stoichiometry94, the surfactant geometry, reaction conditions and post-synthetic 

treatment.52 

Next to auto-assembled surfactant aggregates, alternative templating methods exist. 

Foams72,95, pickering emulsions96 and hard templates97,98 are effective to control 

structural organization. By the combination of different methods, even hierarchical 

porosity (i.e. combined macro- and mesoporosity) is obtainable. 

 

4.2 Controlling the bulk structuring of SHMs 

 

The second form of structural organization of SHMs are nanostructured organosilicas. 

They are solid phases that can be tailored by modifying the precursor molecules and their 

ratios.99 Depending on the number of non-hydrolysable groups on the tetra coordinated 

silicon, the synthesized materials are called silicates (SiO2), silsesquioxanes (R-SiO1.5) or 

siloxanes (R2-SiO). Originally developed to incorporate organic functional groups into 

the walls of porous materials100–102, the modification of the type of structuring and the 

periodicity has become a large field of interest.103–107 

The most fundamental example is the self-assembly of long-chain 

alkyltrialkoxysilanes. The organization of single (α) and double (α, ω) silylated molecules 

was investigated.108–110 After hydrolysis, these precursors become amphiphilic and are 

able to form lamellar or 2D hexagonal structures depending on the alkyl chain length. 

When conjugated, rigid precursor are used, the mesostructured is directed by vdW 

interactions.111 However, no functional groups were present in these materials.  

The introduction of functional groups has been widely investigated in literature.112–116 

By the introduction of urea groups, H-bonding can be used to increases the long-range 

order.117 In a bioinspired approach118, the long-range order was improved by profiting 
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from the H-bonding and π-stacking properties of the nucleic acid building blocks adenine 

and thymine. Most relevant for this work are functional groups that have extracting 

properties as comprehensively investigated by Romain Besnard in his PhD thesis.10 In the 

latter work, the self-assembly properties of the bolaamphiphile 11-

aminoundecyltriethoxysilane (AUT, see Figure 10) and its extraction properties were 

studied.  

 

Figure 10. Molecular structure of 11-aminoundecyltriethoxysilane. 

By exploiting the physicochemical interactions affinities between the individual 

headgroups of AUT for auxiliary reagents or by adding TEOS, it was possible to tune the 

morphology of the resulting material from lamellar to 2D hexagonal arrangements. 

Several conditions like pH, counter-ion type, TEOS addition or solvent choice were 

screened. The results are illustrated in Figure 11. 
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Figure 11. Material morphologies obtained by Romain Besnard et al. The curvature of the self-

assemblies of the investigated molecule 11-aminoundecyltriethoxysilane was tailored using TEOS or 

counter-ions.10 

First, the effect of pH and heat treatment on the morphology was investigated.119 In 

pure water, regardless of the pH, this organosilane precursor organizes to form lamellar 

structures with varying degrees of order. From HCl containing solutions, an ammonium 

chloride phase is formed upon drying between the amino headgroups. This ensures the 

lamellar structure upon annealing at 120 °C. From NH4Cl containing solutions, a part of 

the amino groups will react with dissolved CO2 to form a carbamate. The remaining, now 

protonated ammonium groups favor a pairing with the carbamate groups which leads to 

lamellar organization. Contrarily to the ammonium chloride phase formed under acidic 

conditions, this motive is not thermally stable. Its CO2-releasing decomposition above 

80 °C leads to an amorphisation of the overall material. 

In a further study, the focus was on the effect of the counter-ion size under acidic 

conditions.120 Like in the earlier study, under acidic conditions, an ion pair is formed by 

the protonated amino group and a deprotonated acid. Here, HCl was replaced by different 

organic acids of increasing size. Using sterically demanding organic acids, it was possible 

to increase the apparent headgroup size a0. This decreases the packing parameter NS (see 

Figure 8) and modifies the curvature of the resulting aggregates. With bigger acids, 2D 

hexagonal structures were achieved. The results are in agreement with the calculated 

packing parameter of the ion paired organosilane precursor. 

In another work, the effect of additional TEOS on the curvature was investigated.121 

By increasing the TEOS/water ratio in the alkaline starting sol, the originally lamellar 

structure is swollen. Ultimately, this leads to reverse 2D hexagonal phases with the 

functional group on the interior of the structures. 
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In order to investigate the influence of the solvent and the catalysis on the morphology 

and the TEOS incorporation, the material syntheses using all previously examined 

curvature agents with different amounts of TEOS in water or THF were compared.122 It 

was found that the morphology of the materials synthesized in aqueous solution is 

strongly influenced by the emulsion formation in the system water/AUT/TEOS. When 

using THF, the material morphology is homogeneous and similar for all investigated 

conditions because all components are soluble. Concerning the chemical composition, 

under aqueous conditions, whatever the catalyst, the quantity of incorporated TEOS 

increased linearly with the TEOS/AUT ratio. For THF, under basic conditions, even at 

low TEOS/AUT ratios, unexpectedly high quantities of TEOS are incorporated. As the 

TEOS/AUT ratio increases the incorporation stagnates to reach the same quantity as 

under acidic conditions. This difference was attributed to varying reaction kinetics due to 

a changing catalytic activity in the two solvents. 

Finally, since all of the produced materials are non-porous bulk phases, the 

accessibility of the functional groups was tested. To this end, palladium and platinum 

salts were introduced via dissolution in water into a freshly synthesized lamellar AUT 

material.123 After reduction of the metal salts, homogeneously dispersed metal 

nanoparticles were found in the morphologically unaltered material. Furthermore, it was 

possible to quantitatively modify all amino groups in a freshly synthesized lamellar AUT 

material by ring-opening reactions in THF.124 The material morphology remained after 

the modification. The obtained materials were successfully employed in solid-liquid 

extractions of REEs and iron. Both studies prove that all functional groups in the material 

are accessible in solution. 

The present PhD thesis is based on the previously obtained results and will further 

develop the material synthesis while keeping the concept of an “all-in-one” approach in 

mind with the aim to provide SHMs with functional groups as easily accessible as 

possible to improve the application. 
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5 The scientific approach 

 

While being easy in workup and upscaling, the previously reported SHM synthesis by 

polymerization of functionalized organosilanes has some disadvantages. First, they are 

dense solid phases. Therefore, they do not show any specific surface area. This 

disadvantage is negligible in solution because the functional groups are still accessible. 

However, when looking for different applications like i.e. CO2-fixation by amines, the 

functional groups must be accessible by simple gas diffusion into the dry material. 

Second, the method of tuning the material morphology developed earlier only applies to 

amine functionalized precursors.120 In order to tailor the morphology when using different 

functional groups, other methods need to be investigated. Third, the accessible structures 

are severely restricted because of the lack of inorganic matrix volume. In other words, 

structures with strong curvature are difficult to obtain because of the molecular geometry 

of the precursor. 

To solve these problems, the scientific approach of the present work consists in three 

concepts: 

i. The incorporation of a manifold of functional groups into the organoprecursor to 

avoid post-grafting. The method of choice is Click-chemistry. This method is well 

described in literature and applicable to the restricted synthesis conditions due to the 

presence of the silane moiety. This is further developed in the chapter “Organic synthesis” 

ii. Without an amino headgroup the approach developed earlier fails. Another 

method has to be found to tailor the curvature of the silica material. Figure 12 illustrates 

the proposed method. 

 

Figure 12. Impact of co-solvent or TEOS additon on the angle between two connected organosilane 

precursor molecules. 

Relying on the theory of changing the shape of self-assembled objects developed for 

surfactants, a universal method to change the method is envisaged. Co-solvents can 

penetrate between alkyl chains and act as space holders. Bulky co-solvents lead to 
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stronger effects than long and linear co-solvents. TEOS has the inverse effect by reacting 

around the silane headgroup of the surfactant-like organosilane. In this way, it creates 

open spaces between the alkyl chains. Consequently, they will approach each other due 

to hydrophobic effects. 

iii. In order to completely understand the interactions in systems with multiple 

components, it is necessary to understand the interactions between all of its components. 

Considering the concept ii., the starting solution contains four components: water, the 

organosilane precursor (OP), a co-solvent (CS) and TEOS. Figure 13 depicts the four 

components (blue ellipses) and the systems that can be constructed with them. In this way 

the strategy followed in this thesis is outlined. 

 

Figure 13. Splitting of the quaternary system water/co-solvent(CS)/TEOS/organosilane 

precusor(OP) into the ternary and binary subsystems. The relations are indicated by the arrows. The 

description of the ellipses indicates the literature or chapter number where the corresponding results 

can be found. 

The strategy proposed in this work ultimately aims to understand the quaternary 

mixture of the four components (red ellipse). The quaternary mixture can be broken down 

into four ternary compositions (yellow ellipses). In turn, each of the ternary compositions 

can be broken down into three pairwise interactions (green ellipses). The ternary and 

binary systems can be divided into systems with or without OP. The systems containing 

the OP were already investigated by Romain Besnard et al.10 for AUT in water or THF. 

For comparability, in chapter III of this work, the polymerization of the newly synthesized 

OPs is studied in the same solvents. The ternary composition without the OP is based on 

the structuring observed in binary mixtures of water and tert-butanol. Considering the 

results from literature, the sol-gel process in these mixtures is evaluated in chapter IV. 

Finally, chapter V explores the materials synthesized form the quaternary mixture  
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II ORGANIC SYNTHESIS 
1 Crucial synthetic methods 

 

Organic synthesis lays the foundation for the “all-in-one”-approach used in this 

dissertation. This section will give an overview over the chemistry of the employed 

molecules. 

 

1.1 Synthesizing organosilanes 

 

The “all-in-one”-approach requires precursors that contain a polymerizable silane (i.e. 

alkoxysilane) and an organic moiety that offers the desired properties. Molecules where 

silicon and carbon are simultaneously present are called organosilanes.125 The connection 

between silicon and carbon can be a direct bond or, for example, via a bridging oxygen 

atom. Organosilanes are unavailable from natural resources and must be synthesized. 

Important milestones towards the nowadays large abundance of synthetic methods are: 

• 1823: Preparation of SiCl4 by Berzelius126 

• 1863: Synthesis of Si(Et)4 by Friedel and Crafts127 

• 1945: Discovery of the direct process synthesizing organosilanes using a 

copper catalyst from chlorosilanes128 

• 1946: Hydrosilylation by oxidative addition to C-C multiple bonds129 and 

later (1957) by transition metal catalysis130 

• 1973: Development of the Karstedt’s catalyst131 

Several methodologies are available to introduce the trialkoxysilyl groups: 

nucleophilic substitutions on halogenopropyltriethoxysilanes, the coupling of 

isocyanatopropyltriethoxysilane with amines, Heck cross coupling between an aryl halide 

and vinyltriethoxysilane, the rhodium-catalyzed silylation and the hydrosilylation of 

olefins are some of the most developed methods.132 Nonetheless, Karstedt’s catalyst 

remains to date one of the most important references for catalyzed hydrosilylation 

reactions.133,134 The catalyst complex and the catalytic cycle are displayed in Scheme 3. 
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Scheme 3. Modified Chalk-Harrod mechanism (redrawn from literature135) 

The catalytic cycle starts with the oxidative addition of a trialkoxysilane to the catalyst. 

Then, the alkene is inserted into the complex. The insertion can be visualized by a four 

membered transition state consisting of the two carbon atoms of the alkene, the metal 

atom and one further ligand. In the present case, only the states leading to the desired 

product are drawn. It is possible that the insertion takes place at different positions and/or 

involving the added hydrogen atom. However, the reversible character of the reaction 

favors the insertion at the position leading to the anti-Markovnikov product. In the 

presented mechanism, the catalyst is recovered after the reductive elimination of the 

desired product. In reality, a multitude of side products are usually obtained including 

vinyl silanes (β-elimination), silane side products and combinations of the introduced 

alkene. Side product formation can be reduced and directed by the stoichiometry and 

ligand choice.136 

An exhaustive literature exists on this topic thanks to the large substrate scope and 

excellent performance.136,137 For the purposes of this work, it is sufficient to note that the 

reaction preferentially leads to the anti-Markovnikov product and that amines and 

alcohols should be avoided because they provoke side product formation.138,139 Taking 

this into consideration, the hydrosilylation using Karstedt’s catalyst seems to be the ideal 

approach for the precursor synthesis. Considering the limitations of the reaction 

conditions related to the presence of the introduced silane group, we envisaged to use the 

Click-chemistry as synthetic tool to obtain the organosilane precursors.  
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1.2 The multi-functional tool “click-chemistry” 

 

The term “Click-chemistry” designates a class of reactions where two molecules are 

ideally coupled with a wide scope, few byproducts, stereospecificity to a single reaction 

product in high yield.140 This definition by Sharpless et al. did not exist when Huisgen 

pioneered the 1,3-dipolar cycloaddition of alkynes and azides.141 His reaction produced a 

mixture of 1,4 and 1,5 substituted 1,2,3-triazols at harsh reaction conditions (toluene as 

solvent, high temperature).142 Since then, the reaction conditions have been refined143 and 

new catalysts based on ruthenium144,145 (selective 1,5-product) or silver146 were 

developed. Advances, especially in the field of biochemistry, lead to the discovery of 

copper(I) as a suitable catalyst for a selective synthesis of the 1,4-product (see Scheme 

4).147–149 

 

Scheme 4. Stereoselectivity of the 1,3-dipolar cycloaddition induced by heating or copper(I) catalysis. 

This reaction, termed “Copper(I)-catalyzed Alkyne Azide Cycloaddition” (CuAAC) 

proceeds readily at room temperature and in benign solvents covering a seemingly 

unlimited scope of reactants.150,151 Its remarkable efficiency made it the exemplary model 

of Click-chemistry. 
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Scheme 5. Pioneering CuAAC as published by Vsevolod et al.148 

While the required Cu(I) species were first generated in situ by the addition of reducing 

agents. Adding these easily oxidizable compounds also stabilized the catalyst against 

oxidation by oxygen (see Scheme 5). The limited solubility of inorganic salts in organic 

solvents led to the development of more soluble copper(I)-complexes.152,153 The reaction 

was optimized further by using an amine source to increase the reactivity of the alkyne 

by deprotonation.154 An example of such an improved reaction is shown in Scheme 6. 

 

Scheme 6. Example of a water-sensitive CuAAC using a readily soluble Cu(I) catalyst published by 

Moitra et al.153 
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Contrarily to the simplicity of the application, the catalytic mechanism, to date, 

remains subject of discussion.155 Different mechanisms have been proposed and are 

supported by experimental evidence. First publications assumed a mononuclear catalysis 

by copper. Later, Worrel et al. proved that the σ-copper acetylide does not react with the 

azide in the absence of a supplementary copper source indicating a binuclear 

mechanism.156 This was further supported by theoretical studies.157 In more recent 

publications, however, a mononuclear mechanism with an activated copper-azide bond is 

proposed.158 The initial mononuclear mechanism proposed by Sharpless et al. is shown 

in Scheme 7.159 

 

Scheme 7. Mononuclear mechanism of the CuAAC as initially proposed by Sharpless et al.159 

Studies on polydentate ligands like triaminoethylamine (tren) and its derivatives, 

which are unable to catalyze via polynuclear mechanisms due to steric hindrance, clearly 

support the sufficiency of a mononuclear mechanism (see Scheme 8).160–162 It should be 

noted that derivatives of copper-tren complexes possess the advantage of being easily 

recyclable. 

 

Scheme 8. Exemplary CuAAC by [Cu(C18tren)]Br published by Candelon et al.162 
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Regardless of the mechanistic details, CuAAC made its way into material and polymer 

chemistry. In these fields surface and properties modification are important to customize 

materials for various applications. Especially surface modified porous silica materials 

have gained tremendous importance because of their chemical inertia and 

biocompatibility.163 Here, a combination of sol-gel processing and CuAAC can be the 

answer to many synthetic problems. The order of material formation by the sol-gel 

reactions and functionalization by CuAAC can be changed to adapt to individual needs. 

In other words, whether a pre-synthesized silica matrix is modified by CuAAC or the sol-

gel process is performed using silica-precursors customized by CuAAC is up to 

choice.153,164,165 This is thanks to the high adaptability of the CuAAC click reaction to the 

sensitivity of alkoxysilanes to water (see Scheme 6). Copper catalyzed Click-chemistry, 

thus, is a perfectly suitable method for the purposes of this work. 
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2 Results and Discussion 

 

The first part of the present work was entirely dedicated to the synthesis of the 

required organosilane precursors. In this section, the performed syntheses and their 

optimization are discussed. 

 

2.1 Retrosynthesis approach 

 

Based on previous work in our institute119–122 and the requirement of a readily 

“clickable” precursor, 11-azidoundecyl triethoxysilane (4) is the targeted molecule. The 

retrosynthesis of 4 is presented in Scheme 9. 

 

Scheme 9. Retrosynthesis of 11-azidoundecyl triethoxysilane. 

10-undecen-1-ol (1) was chosen as starting material for four reasons:  

i) The terminal alkene allows the regioselective introduction of an alkoxysilane 

group by hydrosilylation. 

ii) The alcohol on the other end of the chain can be changed to other groups by a 

manifold of different reactions 

iii) The chain length (11 carbons) permits the creation of possibly self-assembling 

molecules  

iv) The low cost of this molecule compared to its homologues with similar chain 

length such as 11-bromo-1-undecene 

The retrosynthesis was inspired by earlier works and literature.166 In earlier 

approaches10, the synthesis was done via the bromination of the alcohol using PBr3. This 

route was abandoned because of the toxicity of brominated compounds. The final 

functional groups should be introduced as late as possible because of side reactions. In 

this case, the azide group has priority over the alkoxy silane group and is introduced last 

because it is easily decomposed at higher temperature and may disturb the Karstedt’s 

catalyst activity by coordination. Conveniently, the azide formation can be performed 

under anhydrous conditions in order to avoid the degradation alkoxysilane group. To 

achieve good yield during hydrosilylation, the alcohol has to be protected e.g. by the 

addition of the methanesulfonyl group (mesylation). This has the additional advantage of 

creating a good leaving group for subsequent substitution by the azide.  
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2.2 Azide synthesis 

 

The synthesis of the azide 4 starts with the mesylation of the alcohol present in 1. The 

reaction is based on literature.167 The reaction is shown in Scheme 10. 

 

Scheme 10. Nucleophilic substitution of chloride by 10-undecen-1-ol by an addition-elimination 

mechanism on methanesulfonyl chloride. 

Mesylation is a simple and straightforward chemical transformation that results in 

near-quantitative yields. It is generally conducted by adding methanesulfonyl chloride to 

a solution containing the alcohol and a non-nucleophilic base to catch the formed HCl. 

The mesylation has several advantages over the formerly used analogous approach by 

bromination via the Appel reaction. 

- The reaction does not include highly toxic phosphorous or brominated compounds 

- The yield is superior (74%10 vs 98%) 

- Purification does not require column chromatography 

- Only easily disposable waste is produced 

- Methanesulfonyl is a better leaving group than the bromide in the follow-up 

reaction conditions168 
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Methanesulfonic acid undec-10-enyl ester 2 is, then, hydrosilylated by a standard 

procedure using Karstedt’s catalyst. The reaction proceeds like described in section II.1.1. 

(see Scheme 11) 

 

Scheme 11. Hydrosilylation of methanesulfonic acid undec-10-enyl ester using Karstedt’s catalyst. 

Triethoxysilane was chosen as solvent to increase the formation of the desired product 

11-methanesulfonic acid undecyl ester triethoxysilane 3. 

Afterwards, the corresponding azide 4 was obtained in a good yield of 87% via the 

nucleophilic substitution of the mesylate group. (see Scheme 12). 

 

Scheme 12. Nucleophilic substitution of the methanesulfonyl group in methanesulfonic acid 11-

triethoxysilyl undecyl ester by an azide. 

The clickable product 11-azidoundecyl triethoxysilane 4 was obtained in a good yield 

and purity. 
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For completion purposes, the reduction to 11-aminoundecyl triethoxysilane 5 will be 

presented. (see Scheme 13) The reaction is inspired from literature.166 

 

Scheme 13. Reduction of 11-azidoundecyl triethoxysilane to 11-aminoundecyl triethoxysilane by 

palladium catalysis 

Thanks to the replacement of the formerly used Appel reaction by a mesylation the 

global yield of 5 was doubled. (28%10 to 56% in four steps) 

 

2.3 Click-Chemistry 

 

The organosilane synthesis via CuAAC was optimized by, testing three different 

catalysts. Of the readily soluble tris-triphenylphosphane copper bromide ([Cu(PPh3)3]Br, 

C1), the very hydrophobic and recyclable catalyst tris(2-dioctadecylaminoethyl)amine 

copper bromide ([Cu(C18tren)]Br, C2) and CuSO4/NaAscorbate (see Scheme 5), the latter 

was immediately discarded because of the high amount of side product in aqueous 

conditions. The catalyst structures of C1 and C2 are drawn in Figure 14. 

 

Figure 14: The two catalysts used for CuAAC: tris-triphenylphosphane copper bromide 

([Cu(PPh3)3]Br, C1) and tris(2-dioctadecylaminoethyl)amine copper bromide ([Cu(C18tren)]Br, C2). 
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In literature, C2 was demonstrated to be effective in CuAAC type reaction at 

catalyst loadings between 0.1 mol% and 0.5 mol%.169 In order to determine the required 

catalyst loading in the present case, the CuAAC progress of 4 to P1 was followed. The 

results are displayed in Figure 15.  

 

Figure 15: The monitoring of the normalized content of starting material 4 as determined by the 

internal standard method applied to GC-MS analysis. The inset shows the reaction conditions. 

The presence of the starting material 4 was followed via GC-MS with dodecane as 

internal standard. The reaction was performed without catalyst and catalyst loadings of 

0.01, 0.1 and 1 mol%. Under the observed conditions, the starting material is only 

consumed in presence of a catalyst loading of 1 mol%. Here, after 7 h no starting material 

was found. For all other samples, including the reference that contained no catalyst, no 

consumption of 4 was found. It is concluded that, for the present reaction, at least 1 mol% 

of catalyst has to be employed. In order to assure complete conversion, in the following, 

reactions are left overnight.  
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In order to compare the catalytic performance of C2 to that of C1, a required 

catalyst loading of 1 mol% and a temperature of 40 °C were chosen. Toluene is chosen 

as solvent for C2 because of the superior solubility of the catalyst at this temperature. An 

overview of the employed conditions is shown in Scheme 14. 

 

Scheme 14. Reaction conditions of the investigated CuAAC. 

C1 requires the addition of triethylamine to increase reactivity (see II.1.2). Table 3 

displays the results obtained for different alkynes. The synthesis of the alkynes A4 and 

A5 is described in the appendix. 
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Table 3: Substrate scope of the CuAAC using either [Cu(PPh3)3]Br (C1) or [Cu(C18tren)]Br (C2). 

The synthesis of molecules A4 and A5 can be found in the appendix. 

Azide Alkyne 

Yield 

C1 C2 

 

 

81% 97% 

 

74% 89% 

 

/ 90% 

 

50% 99% 

 

/ 76 

 

66% / 

 

31% 73% 
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The catalyst [Cu(C18tren)]Br (C2) has shown superior yields in all cases. This can have 

several reasons. Toluene is less likely to contain higher amounts of trace water than THF 

or NEt3. Traces of water can start the hydrolysis and condensation of the alkoxysilane 

which will be removed as precipitate with filtration. A temperature of 40 °C accelerates 

this process. Furthermore, the degradation of the catalyst by the oxidation of the 

phosphines170 may reduce the activity. Finally, the work up of reactions using C2 is easier 

and does not involve filtration using hygroscopic celite®. This minimizes the risk of 

introducing product degrading water. On another note, products synthesized with C2 

appear to contain less copper traces than those synthesized with C1. The products are 

generally of an almost colorless aspect while those synthesized with C1 are slightly green. 

This is especially remarkable with products that have complexing properties (e.g. amine). 

The polydentate character of tren-ligands is the reason of this behavior. Generally, 

polydentate ligands form more stable complexes than their monodentate counterparts. 

The catalyst [Cu(C18tren)]Br (C2), thus, is the better choice of catalyst for the synthesis 

of the required sol-gel precursors. 

 

3 Conclusion 

 

In this chapter, the synthetic route to organosilanes precursor molecules is described. 

The detailed protocols are given in the Appendix (see 1). The synthesis of the “clickable” 

molecules was optimized and described. Here, a method to produce the azide 4 in a fairly 

good yield is elaborated and the synthesis of different alkynes that can contain potentially 

extracting moieties is described. The CuAAC between the two types of components is 

discussed. In a comparison between two catalysts in different reaction conditions, 

[Cu(C18tren)]Br provided superior yields and purities of the products. 
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III MATERIALS FROM 

ORGANOSILANES 
 

The sol-gel polymerization of organotrialkoxysilane precursors is well-known as an 

efficient route towards functionalized silica materials.171 The obtained materials are also 

known as silsesquioxanes or ormosils (ORganically MOdified SIlicas) with the chemical 

formula RSiO1.5.
172 By meticulous control of the reaction conditions, the local structure 

of the formed polymer is tunable. Next to randomly connected structures, cage- or ladder-

like structures can be obtained.172–174 The structure formation is not necessarily exclusive. 

 

Figure 16. Typical structures of cage- (a) and ladder-like (b) silsesquioxanes. 

Silsesquioxanes are used for catalytic studies, as precursors for porous materials, as 

co-polymer building blocks, in electronic devices, biomedicine, and for separation 

chemistry.172 In previous studies, the effectiveness and morphological versatility of 

amine-functionalized silsesquioxanes was thoroughly investigated.10,11 However, for the 

reasons mentioned earlier, the scope of accessible functional groups was widened by 

Click-chemistry. In the following, the self-assembly of the new precursors was 

investigated. Figure 17 shows the situation of this chapter in the strategy outline proposed 

earlier (see Figure 13). 
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Figure 17. The strategy outline as developed earlier. The indicated area shows the systems that will 

be investigated in Chapter III. 

For the study, five of the synthesized precursor molecules were polymerized using the 

sol-gel process. The employed precursor molecules are displayed in Figure 18. 

 

Figure 18. Structural formula of the organosilane precursors used for silisesquioxane synthesis.  



Materials from Organosilanes 

47 

 

1 Silsesquioxane synthesis 

 

The material synthesis was performed in two different solvents for each precursor (see 

Figure 19). 

 

Figure 19. Overview of the experimental procedure for the synthesis of the SHMs from the precuror 

molecules (see II for details). 

A one-step acidic (HCl, pH 1.5) or basic (NH4OH), pH 9) catalysis was done for each 

solvent. Generally, 1.5 mmoles of organosilane precursor (PX, see Figure 19) were added 

to 50 mL of the solvent. Afterwards, the pH was adjusted and the solution was stirred for 

two weeks in a sealed flask. For the samples prepared in THF, the volume of added water 

was between 1 and 2 mL which corresponds to a water/SiO2 ratio of ~50 to ~100. The 

obtained precipitate was freeze dried and washed using 60 mL (3x20 mL) EtOH/water 

(1:1), 60 mL (3x20 mL) EtOH to remove unpolymerized molecules and catalyst traces. 

After drying under vacuum, the fresh powders were characterized using various 

techniques including Fourier-transform infrared spectroscopy (FTIR), thermogravimetric 

analysis (TGA) and small angle x-ray scattering (SAXS) (H/T-MPX-A/B, see Figure 

19). In a second step, the powders were heated to 130 °C during 24 h in order to promote 

the condensation of the silioxane network without degrading the organic part. The 

thermally treated materials were washed using 60 mL (3x20 mL) NEt3/EtOH/water 

(8/60/32) to remove any eventual copper residues from organic synthesis, 60 mL 

(3x20 mL) EtOH/water (1:1), 60 mL (3x20 mL) EtOH, 60 mL (3x20 mL) EtOH/diethyl 

ether (DE) (1:1) and 60 mL (3x20 mL) DE to remove eventual degradation products.  
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The washed and vacuum dried powders (H/T-MPX-A/B-C, see Figure 19) were 

characterized using diverse techniques including FTIR, TGA and SAXS.  

The ester hydrolysis was inspired from literature.175 The materials synthesized from 

the precursor P3 (H-MP3-A-C, H-MP3-B-C, T-MP3-A-C, T-MP3-B-C, 1 eq) were 

stirred in a solution containing LiBr (5 eq), NEt3 (5 eq) in acetonitrile/water (94/6) for 3 

days at 50 °C. The reaction scheme is displayed in Scheme 16. The obtained materials 

were washed using 60 mL (3x20 mL) acetonitrile, 60 mL (3x20 mL) EtOH/1 M HCl 

(1:1) to remove any base residues, 60 mL (3x20 mL) EtOH/water (1:1), 60 mL 

(3x20 mL) EtOH, 60 mL (3x20 mL) EtOH/diethyl ether (DE) (1:1) and 60 mL (3x20 mL) 

DE to progressively remove any salt or solvent residues. The washed and vacuum dried 

materials were characterized using FTIR, TGA and SAXS. 

 

2 Silsesquioxane characterization 

 

In order to investigate the effects of the solvent and the catalysis conditions on the 

composition, the local structure and the supramolecular organization of the 

silsesquioxanes, the characterization results are presented and discussed separately for 

each precursor. First, the material formation without potentially strongly interacting 

functional groups is examined. To this end, the materials elaborated from the precursor 

exhibiting a propyl chain instead of a functional group the (P2) are investigated. Second, 

the other silsesquioxanes synthesized from the precursors having functional groups (P1, 

P3-P5) are presented and discussed. 

 

2.1 Propyl headgroup (H/T-MP2-A/B-C) 

 

i. Composition and local structure motifs 

The materials were synthesized using the precursor 4-propyl-1-(11-

(triethoxysilyl)undecyl)-1H-1,2,3-triazole (P2 in Figure 18). The chemical composition 

of the materials was investigated by FTIR. The obtained spectra are displayed in Figure 

20.  
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Figure 20. FTIR spectra of the fresh and thermally treated materials obtained from the precursor P2 

using a) water or b) THF as solvent in the synthesis.  
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In the spectra, the typical signals of SHMs are found. All spectra show common peaks 

at 3130 cm-1 (ν1) attributed to the C-H stretching modes in the triazole group, 2920 cm-1 

(ν2) and 2850 cm-1 (ν3) attributed to the CH2 asymmetric and symmetric stretching modes, 

1460 cm-1 (ν4) attributed to the C=C stretching in the triazole group, 1210 cm-1 (ν5) 

attributed to the Si-CH2- stretching mode and 1020-930 cm-1 (ν6) attributed to the Si-OH 

stretching modes.176–178 These peaks attest the presence of the triazole group and the 

retention of the Si-C bond. The broad peak in the region of 3600 to 2800 cm-1 that is 

visible in all fresh materials, is assigned to the O-H stretching band which can be 

attributed to the presence of uncondensed Si-OH groups and residual water. The peak 

disappears after thermal treatment indicating the further polymerization of the siloxane 

network and the evaporation of the residual water.  

In order to obtain information on the alkyl chain configuration and the silica 

connectivity, the C-H stretching modes and the Si-O-Si modes are investigated in the 

same way as in literature.179–182 First, the position of the asymmetric C-H stretching mode 

and the ratio 𝑅𝑎𝑙𝑘𝑦𝑙 =
𝐼(𝑣2)

𝐼(𝑣3)
 reveal the conformation of the alkyl chains. Here, for all the 

materials, the peak positions are between 2919-2920 cm-1 and the ratios 𝑅𝑎𝑙𝑘𝑦𝑙 =
𝐼(𝑣2)

𝐼(𝑣3)
 are 

comprised between 1.40 and 1.34 which confirms the all-trans conformation. This result 

indicates that the alkyl chains are fully extended. 

Second, the broad peaks in the range between 1200 and 800 cm-1 are attributed to the 

siloxane bridges. In every spectrum, two broad peaks are identified that can be assigned 

to cage-like condensed motifs (PT, ~1110 cm-1) or open chain or ladder-like motifs (PL, 

1025 cm-1).181,183 As apparent in Figure 20, the peak shapes depends on the catalysis 

conditions and the solvent. It is modified after thermal treatment. Moreover, the ratio 

𝑅𝑠𝑖𝑙𝑖𝑐𝑎 =
𝐼(𝑃𝑇)

𝐼(𝑃𝐿)
 gives information on the predominant structure motif. It attests that the 

consolidated materials synthesized from aqueous solution show a higher content of cage-

like motifs especially under basic conditions (Rsilica = 0.74 for acid catalysis and 0.98 for 

base catalysis) than the materials synthesized form THF solutions. In the latter, both 

catalysis conditions show similar ratios (Rsilica = 0.44 for acid catalysis and 0.43 for base 

catalysis). This behavior is attributed to experimental conditions and the precursor 

solubility. Albert S. Lee et al.173,184 identified the precursor and water concentrations as 

major determinants for the selective formation of structural motifs (ladder- or cage-like). 

When performing the reaction in THF, the precursor solubility and reasonable water 

concentration favor the formation of high molecular weight, ladder-like or open 

structures. In water, the precursor solubility is limited. Therefore, cage-like structures are 

favored. Additionally, the hydrolysis rate under basic conditions is slow.185 This hinders 

the formation of more soluble hydrolyzed species before the onset of condensation. 

Another factor is the tendency towards condensation between already linked species 

under basic conditions. This further promotes the formation of cage-like motifs. After 

thermal treatment, the structure evolves as predetermined in the fresh materials. 
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In order to determine the molecular weight of the synthesized materials, TGA was 

performed. The results are shown in Figure 21. 

 

Figure 21. TGA weight loss curves in percent of the original mass during heating to 1000 °C. The 

dashed grey line indicates the residual mass percentage at 700 °C. 

Figure 21 a) and b) show a continuous weight loss with increasing temperature. At 

700 °C, the residual mass remains constant. The weight loss occurs in consecutive, 

overlapping stages. The first weight loss of ~55 w% occurs at different temperatures 

depending on the material. For the materials H-MP2-B-C, T-MP2-A-C and T-MP2-B-C, 

the onset is around 300 °C while it is around 200 °C for the material H-MP2-A-C. The 

second weight loss of ~36 w% has the onset around 450 °C for all materials. The first 

weight loss includes the decomposition of the triazole moiety186 which theoretically 

accounts for a weight loss of ~27 w%. In the consecutive steps the rest of the carbon 

skeleton is decomposed. The constant mass until ~200 °C attests the successful silica 

consolidation and the water removal during the thermal treatment. For the calculation of 

the molecular weight, it was assumed that the residual mass at > 700 °C corresponds to 

fully condensed SiO2. This is supported by the FTIR spectrum of the residual material 

(Figure A.1) where a mix of cristobalite and amorphous silica is found.177  

Thus, using 

 

 
𝑀𝑇𝐺𝐴 = 100 ∗

𝑀𝑆𝑖𝑂2

𝑤700°𝐶 ⁡
 (6) 

 

where MTGA is the molecular mass of the material as determined by TGA, MSiO2 the 

molecular mass of silica (60.09 g mol-1) and w700°C the residual mass percentage at 

700 °C, the molecular mass was calculated. The results are listed in Table 4. 
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Table 4. Residual masses at 700 °C and calculated molar masses MTGAof the materials H/T-MP2-A/B-

C. 

Material w700°C (w%) MTGA(g.mol-1) 

H-MP2-A-C 17.5±1 343±20 

H-MP2-B-C 17.5±1 343±20 

T-MP2-A-C 18±1 334±20 

T-MP2-B-C 19±1 317±17 

 

The calculated values are in reasonable agreement with the theoretical molecular mass 

of the material (317 g mol-1). Thus, as suggested by the FTIR spectra, the molecular 

structure was not degraded in the sol-gel process or during the thermal treatment. 

A striking feature of the weight loss curves, however, is the differing onset temperature 

of the first weight loss for H-MP2-A-C. All other characteristics being similar, the 

difference can be correlated to the local structure. (see Figure 20). Seemingly, the 

difference of the supramolecular structure modifies the thermal stability of the organic 

function. 

ii. Supramolecular organization 

To investigate the supramolecular organization, SAXS was performed on the 

materials. The recorded scattering patterns are displayed in Figure 22. 
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Figure 22. SAXS patterns of the silsesquioxanes elaborated from the precursor P2 in water (a) and 

THF (b). The indicated slopes serve as visual guide. The labels qn00 indicate the Bragg peak positions. 



Materials from Organosilanes 

54 

 

The SAXS patterns show several common features. For the following discussion, a 

visual aid is given in Figure 23. In all patterns, at q > 1 nm-1, Bragg peaks are observed 

at equidistant integer positions. This is characteristic for lamellar structures.187 The peaks 

are denoted qn00 where n indicates the n-order peak. The peaks of even order show a 

decreased intensity compared to odd-order peaks. The first order peak (q100) describes the 

average repeat unit length (dr in Figure 23 a)) while the higher order peaks (qn00 with 

n = 2, 3, 4…) give information on the degree of long-range order. The repeat unit length 

is around 4.1 nm for all materials which corresponds to two extended P2 molecules. 

Sharper peaks and the visibility of higher order peaks indicate a higher long-range order. 

This includes a higher number of stacked repeat units and less uneven sheets. The 

materials synthesized in aqueous solution reveal sharper peaks than the materials 

synthesized in THF. In the former, H-MP2-A shows sharper peaks than H-MP2-B. Thus, 

increasing lamellar characteristics are found in the order T-MP2-A ≈ T-MP2-B < H-

MP2-B << H-MP2-A. The thermal treatment leads to a slight smoothing of the Bragg 

peaks for all materials. It is concluded that some amount of long-range order is lost upon 

heating. An exception is peak q100 in H-MP2-B. This will be discussed later. It should be 

noted that the reason for the attenuation of the even-order Bragg peaks (q200 and q400) is 

the similar thickness of the sheets in the lamellar structure. At close-to-equal thickness, 

even-order Bragg peaks are completely extinguished.188,189 Furthermore, the 

unexpectedly high intensity of peak q300 can be explained by an overlay with the triazole-

triazole distance (d(t-t) in Figure 22 and Figure 23). 

 

Figure 23. Scheme of the supramolecular arragement of the MP2 materials when looking at two 

repeat units (a, Red = SiO1.5, Blue = triazole) or a stack of several repeat units (b) with height H and 

length L. 

At low q, a slope proportional to q-α is observed. The value of α varies depending on 

the material from values around 2 (T-MP2-A) to 3.9 (H-MP2-A). Upon thermal 

treatment, α remains unchanged. However, the observed intensity at low q decreases. (ΔT 

in Figure 22). Fractal objects are excluded because earlier studies on similar materials 

showed no fractal properties.11,108,190 Therefore, these values are typical for intermediate 

objects between smooth disk-like (α = 2) or spherical (α = 4) objects. Knowing that all 

materials contain some share of lamellar structure, they are assumed to assemble to form 
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similar objects. Indeed, an object that can cause this variation of α is an oblate ellipsoid 

defined by the two diameters L and H (see Figure 23 b)). H would, therefore, be 

proportional to the number of stacked repeat units. The two slopes observed for the 

material T-MP2-A (α ≈ 2 and 3) support this hypothesis because they are characteristic 

for oblate ellipsoids with a flat top (final lamellar sheet).191 Considering a high 

polydispersity, an ellipsoid can take any of the observed slopes by changing the ratio 

height/length (H/L). By approaching H/L to 1, the ellipsoid approaches a spherical shape 

and α becomes 4. At the same time, the number of repeat units increases and, thus, the 

long-range order increases. Both is observed for material H-MP2-A. With decreasing 

H/L, the flat (2D) character of the lamellar sheets becomes more important and α 

approaches 2. Simultaneously, the long-range order decreases. This is observed when 

comparing the materials H-MP2-B, T-MP2-A and T-MP2-B with H-MP2-A. Upon 

thermal treatment, the changing slope intensity can be related to a change of the ellipsoid 

size or number. However, α indicates a conservation of the object shape. 

H-MP2-B is the only material that shows an increasing Bragg peak intensity after the 

thermal treatment. This is related to the particular supramolecular motifs that were 

observed in the FTIR spectra (see Figure 20). H-MP2-B-C exhibited the largest share of 

cage-like motifs. These motifs, contrarily to the ladder-like motifs, are unable to form 

extended structures. Hence, they produce defects in the lamellar structure. Nonetheless, 

they are at the same distance from each other as the lamellar layers. Therefore, the peak 

q100 and the d(t-t) contribution are not influenced. On the contrary, the advancing 

polymerization reaction increases the SLD of the cages and, thus, their contrast with the 

organic part. Consequently, the intensity of peak q100 increases. 
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iii. Summary 

To resume, the precursor P2 was effectively polymerized and the obtained materials 

were consolidated without the degradation of any of the organic functions as revealed by 

FTIR and TGA. The materials polymerize to form a mixture of different supramolecular 

motifs depending on the synthesis conditions. The materials synthesized in THF 

polymerize mostly in a ladder-like fashion whereas the materials synthesized in water 

display a larger share of cage-like features. Generally, more cage-like motifs are formed 

under basic conditions. The supramolecular motifs, then, assemble in stacked layers as 

observed by SAXS. Depending on the dominant feature (cage- or ladder-like), the thermal 

treatment impacts the supramolecular organization differently. A striking difference is 

the temperature of decomposition found by TGA. The material H-MP2-A-C which also 

shows the largest share of cage-like structures, decomposes at lower temperatures than 

the others. Since the materials are chemically identical, it appears that this is due to the 

different supramolecular motifs. 

 

2.2 Amine headgroup (H/T-MP1-A/B-C) 

 

The materials were synthesized using the precursor (1-(11-(triethoxysilyl)undecyl)-

1H-1,2,3-triazol-4-yl)methanamine (P1 in Figure 18). Many studies have been conducted 

using organotrialkoxysilanes with amine headgroups.11,119,192 In this work, the structure 

formation in the presence of newly introduced, neighboring triazole group will be 

investigated. 

i. Composition and local structure motifs 

To examine the chemical composition of the materials, FTIR spectroscopy was 

performed. The results are displayed in Figure 24. 
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Figure 24 FTIR spectra of the fersh and thermally treated materials obtained from the precursor P1 

using a) water or b) THF as solvent in the synthesis.  
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In the recorded spectra, the peak assignment is identical to that of the FTIR spectra of 

the P2 materials (see Figure 20). Additionally, the signal at 1660 cm-1 (δ1) is attributed 

to the N-H bending mode of the primary amine and the broad peak between 3600 and 

2800 cm-1 is now assigned to X-H vibrations where X can be Si-O, H-O or N. Like 

explained earlier, the decreasing intensity of the large signal is, amongst other things, due 

to the reaction of the free silanol groups and the removal of residual water. The reaction 

is also indicated by the decrease of the Si-OH peak (ν6). However, a residual broad peak 

remains. This may be caused by the presence of the amine group. For the materials H-

MP1-A and T-MP1-A, a broad peak can be observed between 3000 and 2800 cm-1. This 

signal is attributed to the primary ammonium group formed under acidic conditions. The 

simultaneous absence of peak δ1 and the disappearance of the signal after washing with a 

basic solution support this attribution.  

Next, the alkyl chain configuration and the supramolecular structures are examined. 

Like for the materials synthesized from P2, the asymmetric vibration mode of the alkyl 

chain (ν2) is at typical wavenumbers (2919-2920 cm-1) for an all-trans configuration. This 

is also confirmed by the ratio 𝑅𝑎𝑙𝑘𝑦𝑙 =
𝐼(𝑣2)

𝐼(𝑣3)
 of the all materials with values comprised 

between 1.27 and 1.30. Thus, for these materials, it can be also concluded that the alkyl 

chains are extended. 

Following the earlier argumentation, the intensity of the signals at ~1110 cm-1 and 

~1025 cm-1 is interpreted as a measure of the silica connectivity. At ratios >1, cage-like 

motifs and at ratios <1, ladder-like motifs are predominant. Contrarily to the P2 materials, 

the share of cage-like motifs is higher when the materials are synthesized in THF 

(Rsilica = 0.9 for T-MP1-A-C and 1.18 for T-MP1-B-C versus 0.77 for H-MP1-A-C and 

0.81 for H-MP1-B-C). Here, basic conditions lead to a bigger share of cage-like motifs 

than acidic conditions. Compared to the materials synthesized from P2, overall higher 

shares of cage-like motifs are observed. The reasons are manifold. The higher solubility 

of P1 in water compared to P2 and/or the electrostatic interactions and H-bonding of the 

potentially protonated amine group can be responsible. Nevertheless, the preference for 

cage-like motifs under basic conditions is consistent. Here, it is pronounced for the 

materials synthesized in THF. It is reminded that this might be caused by the higher 

reactivity of already condensed silanol species with monomers under basic conditions.30 

This favors more compact structures. 

To obtain further information on the silica matrix, 29Si-NMR spectroscopy was 

performed. The results are shown in Figure 25. 
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Figure 25. 29Si(HPDEC)-NMR spectra of the materials H/T-MP1-A/B-C. The two contributions 

coming from different silanol species (T2 and T3) were fitted. Open circles represent the measured 

data. The blue line represents the cumulative fit obtained by the addition of the two contributions 

(red an green lines). The determined percentage of each contribution to the total area is indicated. It 

is used to calculate the degree of polycondensation (τCond). 

In the nuclear magnetic resonance (NMR) spectra, only signals from T units (Tx, R-

Si(OH)(3-x)y(O)(x*0.5) with 0 ≤ x ≤ 3) were observed. This confirms the retention of the Si-

C bond. All spectra contain a combination of T2 and T3 units indicating highly condensed 

materials. By peak decomposition, the individual contributions of T2 ((T2)) and T3 

((T3)) units to the global signal are obtained (red and green lines in Figure 25).  

Defining T3 as 100 % and T2 as 66.7 % condensed, the overall degree of condensation 

of the material (τCond) is calculated via  

 

 𝜏𝐶𝑜𝑛𝑑 = 100% ∗ 𝜙(𝑇3) + 66.7% ∗ 𝜙(𝑇2) (7) 

 

Generally, base catalysis leads to higher condensation degrees than acid catalysis. 

Comparing the solvents, a synthesis in THF leads to slightly higher degrees of 

condensation than in aqueous solution. The differences originate from the different local 

structure which, in turn, depends on the synthesis conditions like discussed for Figure 20 
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and Figure 24. Materials synthesized under basic conditions show denser networks due 

to the chemistry of the base catalyzed condensation. 

In order to determine the molecular weight of the synthesized materials, TGA was 

performed. The results are shown in Figure 26. 

 

Figure 26. TGA weight loss curves of the P1 materials in percent of the original mass during heating 

to 1000 °C. The dashed grey line indicates the residual mass percentage at 700 °C. 

The TGA curves show a continuous weight loss at increasing temperature. At 700 °C 

the residual mass remains constant. Like for the P2 materials, the weight loss occurs in 

consecutive, overlapping stages. For all materials, the first weight loss of ~40 w% occurs 

at around 260 °C. The second weight loss of ~42 w% has the onset around 400 °C. During 

the two steps, the organic part is degraded. The residual mass is SiO2. Using the residual 

mass, the molecular weight was calculated like explained earlier. The results are 

displayed in Table 5. 

Table 5. Residual masses at 700 °C and calculated molar masses MTGAof the materials H/T-MP1-A/B-

C. 

Material w700°C (w%) MTGA(g.mol-1) 

H-MP1-A-C 19±1 316±20 

H-MP1-B-C 20±1 300±20 

T-MP1-A-C 19±1 316±20 

T-MP1-B-C 18±1 333±20 

 

The calculated values are in reasonable agreement with the theoretical molecular mass 

of the material (303 g mol-1). Thus, like inferred from the FTIR spectra, the molecular 

structure of the precursor is conserved. 
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ii. Supramolecular organization 

To investigate the mesoscale structuring of the materials, SAXS was performed. The 

patterns are shown in Figure 27. 
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Figure 27. SAXS patterns of the materials produced from the precursor P1 in water (a) and THF (b). 

The indicated slopes serve as visual guide. The labels q indicate the Bragg peak positions. 
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At low q, the SAXS patterns, show a slope proportional to ~q-4 which indicates smooth 

surfaces. Complementary transmission electron microscopy (TEM) measurements 

confirm this observation for the materials T-MP1-A-C and T-MP1-B-C (see Figure 28). 

The Bragg peaks at q > 1 nm-1 reveal a lamellar structure for the materials H-MP1-B-C 

and T-MP1-A-C. Here, the labels qn00 (with n = 1, 2, 3, 4) designate the order. The 

determined repeat unit length of 3.6 nm corresponds to two extended precursor 

molecules.119 The lamellar structure is confirmed by the TEM image for T-MP1-A-C (see 

Figure 28 a)) with a repeat unit length of ~4 nm. The structure assignment for materials 

H-MP1-A-C and T-MP1-B-C is more ambiguous. The Bragg peaks are large indicating 

a rather disordered structure. For T-MP1-B-C, this is confirmed by TEM (see Figure 28) 

where no characteristic structure is identified. For material H-MP1-A-C the situation is 

similar. Lamellar characteristics can be suspected but the peak width and the absence of 

higher order peaks prevent a final conclusion. All materials show a shift of the Bragg 

peaks towards higher q after thermal treatment. This indicates the contraction of the 

structure due to the siloxane bridge formation. The effect is more pronounced for the 

materials synthesized under basic conditions. This might be caused by the loss of CO2 as 

reported in earlier work.119  

In aqueous solution, basic conditions appear to be more effective for the long-range 

structuring of the material. However, like reported earlier119, a considerable degree of 

amorphization is observed after thermal treatment. P1 forms less organized structures 

under acidic conditions than AUT. This might be due to the steric demand of the triazole 

group or the increased molecular length. In THF, the effect of the catalysis conditions on 

the supramolecular organization is inversed. Here, basic conditions lead to a less 

structured material. Interestingly, a correlation with the high share of cage-like motifs can 

be noticed. Thus, basic conditions seemingly lead to compact cage-like motifs that 

aggregate in a disordered fashion. Under acidic conditions, the best structuration is 

observed. The reason might be the formation of a hydrophilic ammonium chloride 

pseudophase between the headgroups. This pseudophase would be insoluble in THF and 

could isolate itself by the formation of bilayers. Consequently, the polymerization would 

take place in this shape. 

  



Materials from Organosilanes 

64 

 

. 

 

Figure 28. TEM images of the samples T-MP1-A-C (a) and T-MP1-B-C (b) 
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iii. Summary 

To sum up, P1 was effectively polymerized in all tested conditions without 

degradation. After the thermal treatment, all materials showed high degrees of 

condensation. The degrees of condensation were higher for the materials synthesized 

under basic conditions. At the same time, basic conditions lead to materials with a higher 

share of cage-like motifs. Both observations emerge from the nature of base catalysis. At 

a larger scale, the motifs then assemble to form bigger and occasionally lamellar 

structures. The most pronounced lamellar structure was observed for T-MP1-A-C. This 

is suspected to be driven by the formation a self-assembled structure involving the 

formation of a hydrophilic ammonium chloride pseudophase. 

 

2.3 Methyl ester headgroup (H/T-MP3-A/B-C) 

 

In this section, the materials synthesized from methyl 1-(11-(triethoxysilyl)undecyl)-

1H-1,2,3-triazole-4-carboxylate (P3 in Figure 18) are characterized. 

i. Composition and local structure motifs 

The local structure and chemical composition were investigated by FTIR. The spectra 

are shown in Figure 29.  
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Figure 29. FTIR spectra of the fersh and thermally treated materials obtained from the precursor P3 

using a) water or b) THF as solvent in the synthesis. 
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The conservation of the molecular structure is confirmed by the peaks indicated ν1-ν6. 

The assignment is identical to that for the materials produced from P2 (see Figure 20). 

Peak ν4 shows a particularity for this precursor. The C=C stretching modes are enhanced 

due to the presence of the conjugation with the carbonyl group. The peak at1540 cm-1 is, 

therefore, enhanced and indicated with ν4a. Another C=C mode is indicated by ν4b. The 

C=O stretching mode is marked νC=O. The peak is at the typical position for conjugated 

esters.193 The spectra of materials T-MP3-B(-C) show an enlarging between 3400 and 

2400 cm-1, around the C=O mode and around 1400 cm-1. This is due to residual NH4Cl 

formed by the unplanned addition of HCl at the material work-up that was not properly 

removed after sample preparation. The enlarged regions correspond to the peaks found 

for NH4Cl.194 Because of the addition during work-up, the local structure (silica 

connectivity) formed during synthesis is considered unchanged. Upon thermal treatment, 

the materials show the same changes as observed earlier. The broad peak attributed to the 

O-H vibration modes and the peak attributed to the Si-OH mode (ν6) disappear (see 

Figure 20). 

Concerning the alkyl chain configuration, the peak position of the asymmetric C-H 

stretching mode (ν2) between 2920 (H-MP3-A-C) and 2921 (T-MP3-A-C) indicates an 

all-trans configuration. This is confirmed by 𝑅𝑎𝑙𝑘𝑦𝑙 =
𝐼(𝑣2)

𝐼(𝑣3)
 between 1.31 (T-MP3-B-C) 

and 1.36 (H-MP3-B-C). Hence, the alkyl chains are extended. 

The local structure motifs of the silica matrix are examined in the region between 

1200 cm-1 and 800 cm-1 like explained earlier (see Figure 20). Similarly to the P1 

materials, synthesis in THF leads to a higher share of cage-like motifs than in aqueous 

solutions. In the latter, acid and base catalysis lead to similar values (Rsilica = 0.75 for H-

MP3-A-C and 0.71 for H-MP3-B-C). In THF, base catalysis leads to more cage-like 

motifs than acid catalysis (Rsilica = 0.79 for T-MP3-A-C versus 0.94 for T-MP3-B-C). 

Like wise to the P1 materials, the reason is the nature of base catalysis that leads to more 

compact structures. These results have to be treated carefully, because the C-O stretching 

mode of the ester is also found in this region.  

In order to determine the molecular weight of the synthesized materials, TGA was 

performed. The results are shown in Figure 30. 
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Figure 30. TGA weight loss curves of the P3 materials in percent of the original mass during heating 

to 1000 °C. The dashed grey line indicates the residual mass percentage at 700 °C. 

The TGA curves show a continuous weight loss at increasing temperature. At 700 °C 

the residual mass remains constant. As observed for the P2 materials, the weight loss 

occurs in consecutive, overlapping stages. Like mentioned, NH4Cl is present in material 

T-MP3-B-C. Therefore, the weight loss follows a different evolution. For the other 

materials, the first weight loss of ~25 w% occurs at ~200 °C. The second weight loss of 

~35 w% has the onset at around 350 °C. The final weight loss of ~25 w% is observed at 

around 460 °C. Like before, the residue is pure SiO2. For the material T-MP3-B-C, the 

same weight loss temperatures are found which indicates the presence of the material. 

However, a sharp weight loss at ~170 °C is observed that is assigned to the decomposition 

of NH4Cl. Consequently, the weight losses attributed to the material are modified. Using 

the residual mass, the molecular weight was calculated, for all materials except T-MP3-

B-C. The results are displayed in Table 5. 

Table 6. Residual masses at 700 °C and calculated molar masses MTGAof the materials H/T-MP3-A/B-

C. 

Material w700°C (w%)  MTGA(g.mol-1) 

H-MP3-A-C 16±1 376±25 

H-MP3-B-C 16±1 376±25 

T-MP3-A-C 17.5±1 342±25 

 

The calculated values are in reasonable agreement with the theoretical molecular mass 

of the material (332 g mol-1). Thus, like inferred from the FTIR spectra, the molecular 

structure of the precursor is conserved.  
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ii. Supramolecular organization 

To obtained information on the mesoscale structuring, SAXS was performed. The 

results are shown in Figure 31. 
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Figure 31. SAXS patterns of the materials produced from the precursor P3 in water (a) and THF (b). 

The indicated slopes serve as visual guide. The labels q indicate the Bragg peak positions. 
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The SAXS patterns of T-MP3-B(-C) are added for completeness and will not be 

discussed. The other patterns are separated into two regions. At q > 1 nm-1, excess 

scattering with a slope proportional to q-α is observed. For all materials, α is close to 3.5. 

This indicates solid objects with a rough surface. Upon thermal treatment, α remains 

unchanged but the slope intensity decreases. At q < 1 nm-1, different arrangements of 

Bragg peaks are found. The peaks are well defined for the materials synthesized in 

aqueous solution. In H-MP3-A, a lamellar structure (qn00 with n = 1, 2, 3, 4…) is 

identified with corresponding Bragg peaks up to the eighth order. The repeat unit length 

corresponds well to two molecular lengths (d = 4.3 nm). The first order peak (q100) is 

extinguished due to the structure organization. This phenomenon is analogous to the 

extinction of the even ordered peaks explained for the materials synthesized from P2. An 

illustration of this is given in Figure A.2. After thermal treatment, the lamellar structure 

is conserved and contracted (d = 4 nm after thermal treatment). Thanks to this 

contraction, the first order peak is enhanced. However, the less sharp peaks indicate the 

loss of long-range order. The material H-MP3-B shows Bragg peaks that are assigned to 

a D-bicontinous mesophase in a cubic lattice.187 After thermal treatment, this structuring 

is not observed anymore. The Bragg peaks for T-MP3-A are large. This complicates the 

structural assignment. Using the highlighted peaks, a 2D hexagonal structuring can be 

identified. Nonetheless, a high degree of disorder is observed. After thermal treatment, 

the observed structure is further disordered. The absence of long-range order impedes the 

mesophase identification. 

The deviation from lamellar structures in some of the materials synthesized from P3 

is explained by the molecular geometry. Indeed, different to the precursors discussed 

beforehand, P3 has a branched headgroup with a rather stiff geometry due to the 

conjugation with the triazole group. This increases the packing parameter. Contrarily to 

the lamellar structures due to a packing parameter close to 1 observed earlier (see Figure 

22 and Figure 27), this ultimately leads to inversed structures (cubic bicontinous, 2D 

hexagonal). They are energetically more favorable than a lamellar phase when the 

packing parameter becomes slightly higher than 1.29 However, in the case of bicontinous 

phases, the average curvature remains close to 0 like for lamellar phases. 

Concerning the discussed spectra, aqueous conditions appear to favor the long-range 

structuring of the materials compared to the synthesis in THF. In the fresh materials, the 

eighth order peaks of a lamellar (H-MP3-A) or cubic (H-MP3-B) phase are observed. 

However, only the lamellar structure is conserved after thermal treatment. Apparently, 

the consolidation of the silica matrix severely deforms the cubic structure. Only Bragg 

peaks that can be assigned to molecular dimensions remain. In the same way, the 2D 

hexagonal structuring observed for T-MP3-A is deformed. 
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iii. Summary 

To resume, the precursor P3 was successfully polymerized without degradation. The 

silica matrix of the synthesized materials appears to form more ladder-like motifs in 

aqueous synthesis conditions compared to THF. Similar to the materials investigated in 

previous sections, basic conditions lead to materials with higher shares of cage-like 

structures. This effect is more pronounced for the materials synthesized in THF. For the 

materials synthesized in water, the long-range order is well defined. The material T-MP3-

A shows a less consistent long-range order. The formation of non-lamellar mesophases 

indicates a packing parameter of P3 above 1. This is caused by the steric demand of the 

branched, conjugated headgroup. However, after thermal treatment the non-lamellar 

structures are degraded. 

 

2.4 Carboxylic acid headgroup (H/T-MP3-A/B-C-H) 

 

For applications e.g. extraction or post-synthetic modification, the conversion into a 

carboxylic acid is desirable. Keeping in mind the all-in-one concept of this thesis, several 

routes are possible. An overview is given in Scheme 15. 

 

Scheme 15. Possible synthesis routes to the carboxylic acid containing material (H/T-MP3-A/B-C-H). 

The upper horizontal arrows in Scheme 15 labeled 1A and 2A show the synthesis that 

was described earlier (see Figure 19). From this synthesis, several derivations to the 

carboxylic acid species are conceivable. First, the synthesis of an alternative precursor 

(P3-H) via 1B using propiolic acid as a coupling reagent in the studied Click-chemistry 

conditions was tested. The reaction failed because the carboxylic acid group poisons the 

copper catalyst. Next, the simultaneous ester hydrolysis during the polymerization was 

examined (2B in Scheme 15). The hydrolyzed product was partially obtained in some 

conditions. The detailed results are described for Figure A.3. However, the conversion 

being far from completion in most conditions, this option was discarded. Finally, the post-

synthetic hydrolysis of the materials H/T-MP3-A/B-C (3 in Scheme 15) was tested using 

the conditions displayed in Scheme 16. 
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Scheme 16. Hydrolysis reaction of the materials H/T-MP3-A/B-C.175 

 

i. Composition and local structure motifs 

The completion of the reaction was verified by FTIR. The results are shown in Figure 

32. 
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Figure 32. FTIR spectra of the P3 materials before (dashed lines) and  after (solid lines) the hydrolysis 

reaction. 

The reaction completion is confirmed by the shift of the C=O stretching mode from 

~1730 cm-1 to ~1690 cm-1. Additionally, the presence of a broad peak between 3600 cm-

1 and 2400 cm-1 attests the presence of the carboxylic acid O-H groups and residual 

water. Here, the broad peaks around 2600 cm-1 are typical for carboxylic acid overtones. 
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Concerning the local structure motifs, no change is observed. It is concluded that the silica 

matrix is unaffected by the hydrolysis reaction. 

TGA measurements were performed to confirm the molecular weight of the 

hydrolyzed precursor. The results are shown in Figure 33. 

 

Figure 33. TGA weight loss curves of the hydrolyzed materials in percent of the original mass during 

heating to 1000 °C. The dashed grey line indicates the residual mass percentage at 700 °C. 

For all materials, the weight loss curves show a weight loss in consecutive, partially 

overlapping stages. The first weight loss of ~15 w% occurs at 160 °C. For H-MP3-A-C-

H the slope less steep than for the others. Considering the theoretical molecular weight of 

the material (318 g mol-1), a loss of 48 g mol-1 is inferred. This corresponds well to the 

loss of CO2 by the degradation of the carboxylic acid. In two consecutive weight losses, 

the rest of the molecule is degraded until only SiO2 remains. From the residual masses 

the molecular weight was calculated. The results are displayed in Table 7. 
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Table 7. Residual masses at 700 °C and calculated molar masses MTGAof the materials H/T-MP3-A/B-

C-H. 

Material w700°C (w%) MTGA(g.mol-1) 

H-MP3-A-C-H 20±1 308±20 

H-MP3-B-C-H 19.5±1 316±20 

T-MP3-A-C-H 19±1 300±20 

T-MP3-A-C-H 18.5±1 324±20 

 

The obtained values are in good agreement with the theoretical molecular weight 

(318 g mol-1). The hydrolysis is, thus, considered complete without the occurrence of side 

reactions. 

ii. Supramolecular organization 

Finally, the long-range order of the obtained materials was investigated using SAXS. 

The obtained scattering patterns are shown in Figure 34. 
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Figure 34. SAXS patterns of the hydrolyzed P3 materials. The labels q indicate the Bragg peak 

positions. 

At q > 1 nm-1, Bragg peaks that correspond to a lamellar structure with a repeat unit 

length of ~4 nm are clearly identified for H-MP3-A-C-H. They are at similar positions as 

for H-MP3-A-C. The Bragg peaks for the other materials are significantly less sharp. The 

structure identification is impossible because of the absence of further peaks. 

Nonetheless, a peak corresponding approximately to two extended P3-H molecules is 

identified at q = 1.8 nm-1. At q < 1 nm-1, a slope proportional to q-α is observed for all 
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materials. The values of α between 3.5 and 3.8 indicate the presence of rough mesoscale 

objects. For T-MP3-B-C-H, a slight decline of α to ~2.1 is found at q < 0.6 nm-1 

(corresponding to >10.5 nm in real space). Excluding fractal objects, this probably 

originates from the presence of two-dimensional features of the mesoscale objects. 

However, the structure is severely disordered. 

 

iii. Summary 

Resuming, the hydrolysis of the P3 materials was quantitatively achieved. The 

integrity of the silica matrix appears unchanged after the reaction. However, long-range 

order is absent for most of the materials except for H-MP3-A-C-H. Here, the retention of 

the lamellar structure after hydrolysis is identified.  

 

2.5 Diglycolic acid amide headgroup (H-MP4-B-C and H/T-MP5-B-C) 

 

Finally, the materials synthesized from N,N-diethyl-2-(2-oxo-2-(((1-(11-

(triethoxysilyl)undecyl)-1H-1,2,3-triazol-4-yl)methyl)amino)ethoxy)acetamide (P4 in 

Figure 18) and methyl 2-(2-oxo-2-(((1-(11-(triethoxysilyl)undecyl)-1H-1,2,3-triazol-4-

yl)methyl)amino)ethoxy)acetate (P5 in Figure 18) are investigated in this section. 

Synthesis was not performed under acidic conditions because the precursors were 

degraded. No solid was obtained for T-MP4-B even after three weeks of reaction at 50 °C. 

i. Composition and local structure motifs 

To obtain information on the functional groups and the local structure, FTIR was 

performed. The results are displayed in Figure 35. 



Materials from Organosilanes 

79 

 

 

Figure 35. FTIR spectra of the fersh and thermally treated materials obtained from the precursors 

P4 (a) or P5 (b).  
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Not considering the diglycolic amide headgroup, the peaks highlighted ν1 to ν6 attest 

the retention of the molecular structure. The peak assignment is identical to the earlier 

FTIR spectra. Likewise, the broad peak between 3600 and 2800 cm-1 that is assigned to 

the X-H vibration modes, decreases after thermal treatment. The remarkable feature of 

this region is a sharp peak at 3280 cm-1. This is indicative of a specific water H-bonding 

(see below).195–197 After thermal treatment, the residual broad peak at 3400 to 3200 cm-1 

is attributed to the N-H vibration of the secondary (2°) amide. The decrease of the other 

modes is due to the reaction of the free silanol groups and the evaporation of the residual 

water. Additionally, the disappearance of ν6 assigned to the Si-OH stretching mode, 

attests the advancement of the silane polymerization. The asymmetric position of the C-

H stretching mode (ν2) around 2920 cm-1 and the ratios 𝑅𝑎𝑙𝑘𝑦𝑙 =
𝐼(𝑣2)

𝐼(𝑣3)
 between 1.34 and 

1.5 indicate an extended conformation of the alkyl chains. 

Between 1800 and 1600 cm-1, the C=O stretching modes and, here around 1640 cm-1, 

the water bending modes are found. For H-MP4-B(-C) the peak at 1640 cm-1 is also 

assigned to the tertiary (3°) amide. The presence of the headgroup is, thus, confirmed. For 

the P5 materials, a zoom of this region is shown in Figure 36. 

 

Figure 36. Zoom of the FTIR spectra of the P5 materials. The assigned modes illustrated above. 

Comparing the FTIR spectra of A4 and A5 (see Figure A.6) with the spectra displayed 

in Figure 36, three peaks are identified confirming the retention of the headgroup. The 

peak at ~1740 cm-1 is attributed to the ester. After thermal treatment, its position remains 

unchanged but the intensity decreases. The other two peaks are attributed to the 2° amide. 

H-bonded carbonyls being typically red-shifted, the peak at ~1650 cm-1 is assigned to the 
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H-bonded 2° amide and the peak at ~1690 cm-1 is assigned to the free 2° amide.198 The 

former is probably overlapped with the water bending mode. The attribution of the peak 

at ~1650 cm-1 to the formation of an e.g. 3° amide or carboxylic acid during the sol-gel 

process is excluded because of the blue-shift after thermal treatment. In the investigated 

materials, the residual water, the uncondensed silanol groups or the 2° amide are potential 

H-bond donors that can be responsible for the red-shift of the 2° amide peak. 

To determine the molecular weight of the synthesized materials and to verify the 

retention of the functional groups, TGA was performed. The results are plotted in Figure 

37. 

 

Figure 37. TGA weight loss curves of H-MP4-B-C (a) and H/T-MP5-B-C (b) in percent of the original 

mass during heating to 1000 °C. The dashed grey line indicates the residual mass percentage at 

700 °C. 

The weight loss curves show several consecutive weight losses corresponding to the 

degradation of the organic part of the materials. For H-MP4-B-C, a first weight loss of 

60 w% takes place at ~300 °C. The second weight loss of 28 w% is observed at ~460 °C. 

For the materials produced from the precursor P5, the situation is similar. A first weight 

loss is observed at an onset temperature of ~250 °C. In this step, 40 w% (H-MP5-B-C) or 

30 w% (T-MP5-B-C) are lost depending on the material. The final weight loss of 45 w% 

(H-MP5-B-C) or 55 w% (T-MP5-B-C) takes place at ~450 °C. Like explained earlier, 

only silica remains at T > 600 °C. Using these results, the molecular weight of the 

materials was calculated. The results are shown in Table 8. 
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Table 8. Residual masses at 700 °C and calculated molar masses MTGAof the materials H-MP4-B-C 

and H/T-MP5-B-C. 

Material w700°C (w%) MTGA(g.mol-1) 

H-MP4-B-C 12.5±1 481±30 

H-MP5-B-C 15±1 401±30 

T-MP5-B-C 15±1 401±30 

 

The calculated molecular masses are in reasonable agreement with the theoretical 

values (475 g mol-1 for H-MP4-B-C and 432 g mol-1 for H/T-MP5-B-C). Hence, the 

functional groups are considered to be retained. Slight differences of the thermal stability 

are noticed between the materials H-MP5-B-C and T-MP5-B-C. 

ii. Supramolecular organization 

In order to obtain further structural information on the materials, SAXS was 

performed. The results are shown in Figure 38. 
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Figure 38. SAXS patterns of the materials synthesized from P4 (a), and P5 in water (b) or THF (c). 

The labels q indicate the Bragg peak positions. 
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All SAXS patterns show excess scattering at q < 2 nm-1 in the observation window 

with a slope proportional to q-4. This indicates the presence of solid objects with a smooth 

surface. Furthermore, Bragg peaks are observable that allow the identification of the 

mesophases. In all patterns, a large peak at ~4 nm-1 is observed. For H-MP4-B(-C) (see 

Figure 38 a)), the absence of further peaks prevents the structure identification. For H-

MP5-B(-C) (see Figure 38 b)), a 2D hexagonal structure can be identified using the Bragg 

peaks indicated qH1 to qH5. Here, the first order peak qH1 at ~1 nm-1 (corresponding to a 

distance of 6-7 nm in real space) is barely visible because of its position on the slope. 

After thermal treatment, the enlarging of the peaks indicates the disordering of the 

structure. For T-MP5-B(-C) (Figure 38 c)), a lamellar structure is identified using a 

qualitative fit similar to that explained for Figure 31. It should be noted, that the fit was 

calculated without taking disorder into consideration. Nonetheless, the second order peak 

(q200 in Figure 38 c)) and some higher order peak positions for H-MP5-B are in good 

agreement with the fit. The lamellar structure shows an expansion from 6 nm to 6.7 nm-1 

after thermal treatment. It is important to note that several Bragg peaks were identified in 

the WAXS part of the patterns of H-MP5-B and T-MP5-B (see Figure A.7). The peaks 

are more pronounced for T-MP5-B. For both materials, they disappear after the thermal 

treatment. 

A proposition of material evolution after the thermal treatment is illustrated with the 

scheme in Figure 39. 
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Figure 39. Scheme of the structural evolution of the material T-MP5-B during thermal treatment. 

The inset graph shows the SLD model used for the SAXS fits in Figure 38 c). 

All results obtained so far for the material H-MP5-B indicate a lamellar structure with 

intercalated headgroups that are H-bonded to each other and with residual water (blue 

circle in Figure 39). After thermal treatment, the residual water is evaporated and the 

intercalation is broken. The H-bonding observed by FTIR (see Figure 36) and the Bragg 

peaks observed in the WAXS patterns (see Figure A.7) for the fresh materials that 

disappear after thermal treatment, support the hypothesis of an ordered intercalated phase. 

For the materials H-MP5-B(-C), the presence of similar features indicates that the 

situation is analogous but for cylindrical objects in a 2D hexagonal arrangement. 

The different morphologies of the materials synthesized in water and THF may be 

explained by the formation of favorable H-bonds. Indeed, in organic solvents, H-bonds 

can persist up to high dilutions leading to the formation of agglomerates. Therefore, in 

THF, a H-bonded pseudophase can be supposed consisting of the headgroups and water. 

The silanols, then, would polymerize in a lamellar organization due to the geometric 

constraints of the precursor. In water, sufficient amounts of H-bond donors and acceptors 

are present and the headgroups can be hydrated. Consequently, the hydration of the 

headgroup would lead to an apparent increase of the packing parameter and this favors 

the formation of a 2D hexagonal phase.120 After freeze drying, the formed structures 
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would remain thanks to the H-bonds through the means of the residual water. Once the 

water is removed, the driving force for the intercalation disappears and the structures 

dilate. None of this is observed for the precursor P4. The reason could be the steric 

demand of the diethyl amide group that prevents the close approach of the molecules. 

iii. Summary 

Resuming, the diglycolamic acid precursors P4 and P5 were readily polymerized 

under basic, aqueous conditions. In THF, a small yield was obtained for P5 and no 

material was obtained for P4. Under acidic conditions, the degradation of the headgroup 

was observed. While no structure was determined for H-MP4-B(-C), two different 

mesophases were identified for H-MP5-B(-C) and T-MP5-B(-C). H-bonds between the 

headgroups and water presence are supposed to be at the origin of the formation of the 

different mesophases. 
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3 Conclusion 

 

The investigation of the polymerization of the five newly synthesized precursors in 

water and THF under acidic and basic conditions allowed the identification of several 

methods to influence the mesoscale organization of silsesquioxanes. An overview of the 

results is given in Figure 40. 
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Figure 40. Overiew of the identified methods to influence the mesoscale structure of the linear 

silsesquioxane precursors AUT10 and PX (this work).  
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The results of Besnard et al.10 and Alauzun et al.11 were discussed earlier (see I). Their 

employed methods were not reinvestigated in this work. The polymerization of the newly 

synthesized precursors (PX) revealed the application of fundamental interactions to tailor 

the mesostructured of the fresh materials. Strong coulomb forces led to the formation of 

lamellar structures of T-MP1-A. A combination of vdW-interactions and π-stacking lead 

to highly ordered materials from P2 regardless of the solvent or the catalyst. When using 

P3, the existence of structures with an overall curvature towards the silica matrix is 

correlated to the steric demand of the rigid, conjugated ester headgroup. Finally, for P5, 

the formation of a H-bond rich pseudophase between the head-groups is suspected to 

induce either a 2D hexagonal or a lamellar mesophase depending on the solvent. 

Moreover, in this study, it was shown that the specific headgroup interactions and the 

chemical affinity/reactivity between silanol groups drive the local connectivity of the 

siloxane network and the mesostructure in the final SHM. It is apparent that both are 

simultaneously responsible for the obtained morphology. In any case, the structures were 

found to be more defined before the thermal treatment. During the consolidation, the 

formation of new siloxane bonds severely twists non-lamellar mesophases leading to a 

loss of order. Lamellar structures, however, are found to be more resistant due to the one-

dimensionality of the siloxane network contraction.
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IV MATERIALS FROM TEOS 

IN MIXED SOLVENTS 
This chapter will investigate the impact of solvent structuring on the acid-catalyzed 

sol-gel process using TEOS. Figure 41. indicates the place of this chapter in the strategy 

outline. 

 

Figure 41. Illustration of the physical interaction hierarchy in systems containing water, co-solvent 

(CS), TEOS and a surfactant-like organosilane precursor (OP). A detailed explanation is given with 

Figure 13. The black circle marks the system discussed in Materials from TEOS in mixed solventsIV. 

In the present conditions, aerogels are obtained.30 A part of the results from this chapter 

was published.199   
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1 Introduction 

 

Silica aerogels are industrially widely applied materials200–203 due to their unique 

properties such as low thermal conductivity, low refractive index, optical transmission, 

low density, and high specific surface areas.204 Especially their high porosity and high 

specific surface area make them a useful choice for many applications like thermal 

insulation205, oil-water separation 206, analytics207 and depollution.208 Furthermore, their 

production is nowadays easily scalable. The crucial factor of aerogel synthesis is the 

conservation of the wet gel structure during drying. To this end, the capillary forces must 

be minimized by using a low surface tension solvent during drying like supercritical 

CO2.
30 To create wet gels that exhibit the desired properties, well-reported templating 

approaches can be used.78,209–212 Also, high internal phase emulsions can lead to foams 

exhibiting interesting properties.96 Conventionally, large, self-assembling molecules 

known as surfactants are used because their free energy of structure formation is strongly 

favorable.213 However, in a recent study66, the effect of water/ethanol/dichloromethane 

microemulsion on the ammonia catalyzed silica polymerization was investigated. They 

found a connection between the type of microemulsion (W/O, bicontinuous or O/W)214 

and the obtained silica morphology, thus, proving the possibility of templating by 

surfactant-less microemulsions. In this paper, we investigate the fundamental aspects of 

using structured solvents in silica aerogel elaboration. 

Such structures have been observed in mixtures of small amphiphilic molecules like 

EtOH or -most prominently- TBA and a hydrophilic solvent.215–220 The addition of 

hydrophobic molecules like 1-octanol amplifies this structuring.63,221–223 Here, subtle 

balances between hydration forces, entropy and curvature play important roles in the 

solvent structuring on the mesoscale.55,224,225 It is more reasonable to speak of fluctuating 

hydrophobic and hydrophilic domains instead of defined structures. In spite of their 

shapeless nature, such compartments show an influence on chemical reactivity.226–229 

Among the studies on chemical reactions in such structured solvents, very few deal 

with the synthesis of polymers230 or the sol-gel process.66 Another recent study231 showed 

that even the presence of binary mixtures of a deep-eutectic solvent and water is able to 

influence the silica morphology. A surprising result was reported by Wang et al.232 where 

a small amount of a co-solvent is responsible for the formation of silica nanosheets. 

In this study, the sol-gel process is performed in a system that contains only the 

essential components: TEOS as Si-source, water for hydrolysis, an alcohol to assure 

solubilization and HCl as catalyst. TEOS content and HCl/TEOS ratio are kept constant, 

in order to reduce experimental variables. To investigate the effect of structuring, like 

mentioned before, TBA is the ideal candidate.218 For comparison, EtOH was chosen as 

non-structuring counterpart. 
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2 Sample preparation 

 

From the ternary diagrams, several water/alcohol ratios were selected and are referred 

to as Acx to Gcx with X=2 for ethanol and X=4 for tert-butanol (Table 9). For the sample 

HREF, no alcohol was added. The materials were prepared using an acid catalyzed sol-gel 

process. Ethanol or TBA, water and 37 w% HCl were mixed in the appropriate ratios 

indicated in Table 9. After stirring, TEOS was added and the container was closed. 

Biphasic samples were vortexed until complete mixing. The longest time required to 

obtain a monophasic sample was 3 min for HREF (Table 9). Afterwards, the sols were 

kept in an oven at 50°C until two days after gelification. Then, the gels were transferred 

into 100 mL of ethanol and aged for one day at room temperature. Next, ethanol was 

decanted from the transparent gels and 100 mL of acetone were added. After ageing for 

24h, the decanted gels were dried using SC CO2 process. This was performed with a 

SEPAREX supercritical fluid extractor using a SC CO2 flow of 30 g/min, at 100 bar and 

60°C during 3 hours. The obtained white powders were kept in the glove box to prevent 

degradation. The sample references and compositions are presented in the Table 9.  
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Table 9. References, weight and molar fractions of alcohol and water in the samples containing 

7.5 w% TEOS and 3.6 w% HCl (n(TEOS)/n(HCl) = 2.78). Their localization in a ternary phase 

diagram is shown in Figure 42 

Co-solvent Reference 
Weight fractions Molar fractions 

wwater walcohol xwater xalcohol 

Ethanol 

AC2 0.1 0.79 0.24 0.71 

BC2 0.15 0.74 0.32 0.63 

CC2 0.24 0.65 0.47 0.49 

DC2 0.33 0.56 0.58 0.38 

EC2 0.43 0.46 0.68 0.29 

FC2 0.61 0.28 0.82 0.15 

GC2 0.8 0.09 0.93 0.04 

Tert-butanol 

AC4 0.1 0.79 0.32 0.6 

BC4 0.15 0.74 0.42 0.51 

CC4 0.24 0.65 0.57 0.37 

DC4 0.33 0.56 0.68 0.27 

EC4 0.43 0.46 0.76 0.2 

FC4 0.61 0.28 0.87 0.1 

GC4 0.8 0.09 0.94 0.03 

Ref. without 

alcohol 
HREF 0.89 0 0.97 0 
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Table 10. Samples used for the SAXS measurements (see Figure 43 b) and d)) All sample contain 

7.5 w% TEOS. 

Co-solvent Reference 
Weight fractions Molar fractions 

wwater walcohol xwater xalcohol 

Ethanol 

(SAXS at t0) 

AC2* 0.14 0.79 0.28 0.71 

BC2* 0.19 0.74 0.36 0.63 

CC2* 0.28 0.65 0.50 0.49 

DC2* 0.37 0.56 0.61 0.38 

EC2* 0.46 0.46 0.70 0.29 

Tert-butanol 

(SAXS at t0) 

AC4* 0.14 0.79 0.38 0.6 

BC4* 0.19 0.74 0.47 0.51 

CC4* 0.28 0.65 0.61 0.37 

DC4* 0.37 0.56 0.71 0.27 

EC4* 0.46 0.46 0.79 0.2 
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3 Phase behavior of the ternary system 

 

In order to determine the solubility of TEOS in the binary mixtures of alcohol/water 

and to choose the most suitable sol compositions, first, the phase diagrams of the systems 

TEOS/alcohol/water were determined. Since TEOS hydrolyzes very fast at low pH, the 

phase diagram was prepared without catalyst addition. The phase diagrams are presented 

in Figure 42.The sample compositions are also displayed. “A” to “G” denote both AC2 

and AC4 to GC2 and GC4. For presentability in Figure 42 the water and the HCl weight 

fraction in the prepared samples (see Table 9 for compositions) were added to give 

“wwater” in the diagram. 

 

Figure 42. Ternary phase diagrams of the systems water/TBA/TEOS and water/EtOH/TEOS in 

weight fractions determined at 25 ± 0.5°C. The mono- and biphasic regions are indicated in the 

respective areas. The selected sols are referred A to H (see Table 9 for compositions). “A” to “G” 

denote both AC2 and AC4 to GC2 and GC4. For presentability, the water and the HCl weight fraction in 

the prepared samples (see Table 9 for compositions) were added to give “wwater” in the diagram. 
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Both phase diagrams show the classical behavior of systems containing two 

immiscible components, in this case water and TEOS, and a co-solvent, which is 

completely miscible with the other two. When adding a certain quantity of co-solvent 

(here: EtOH or TBA) the system can be mixed. The necessary amount to reach the 

monophasic region depends on the ratio of the immiscible components and the nature of 

the co-solvent. In addition, for considerations on the solubilization capacity of the co-

solvent, a ternary phase diagram in molar fractions is illustrated in Figure A.8. The 

biphasic area is slightly smaller with TBA than with EtOH. Several reasons for this 

difference are identified: (i) the nature of the co-solvent, for example, its polarity or its 

molecular structure55,213,233, and (ii) the co-solvent-co-solvent and co-solvent-solute 

interactions.63,234 According to earlier work63, the high concentration of a solute with 

weak co-solvent-solute interactions favors solubilization by the integration of the solute 

in a hydrophobic pseudophase. In our case, the presence of a sufficient amount of TBA 

leads to a pre-structuring where the hydrophobic TEOS can be solubilized. In the case of 

EtOH, this pre-structuring does not exist and the solubilization of strongly hydrophobic 

compounds is less efficient. 

 

4 Impact of the TEOS addition on the sol structuring  

 

To gain further information on the samples, their structuring on the mesoscale was 

investigated by SWAXS at room temperature. The changes associated with the heating to 

50 °C are considered to be not fundamentally important.235 The scattering patterns of the 

samples without HCl just after the addition of the 7.5 w% TEOS and of their associated 

binary mixtures are shown in Figure 43. The data in Figure 43c) were already published 

earlier.63 The SAXS patterns of samples Fcx to HREF are not displayed in Figure 43 

because they are biphasic and, therefore, not comparable to the systems without TEOS. 

The weight fractions of water of samples ACX were adjusted to 0.1 in binary mixtures and 

0.0925 in ternary mixtures to be compared with the data from the literature. 
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Figure 43. a) and c) SWAXS patterns of binary alcohol/water mixtures. b) and d) SWAXS spectra of 

ternary TEOS/alcohol/water mixtures at neutral pH just after the 7.5 w% TEOS addition. Data for 

c) was already published earlier.63 Sample compositions of ternary mixtures are given in Table 10. 

These SWAXS patterns display several results which depend on the solvent. First, at 

high q (q > 3 nm-1) several peaks attributed to the various pair correlations are visible. 

First, the peak at 20 nm-1 assigned to O-O pair correlations in the H-bonding network of 

water are visible in all patterns. It shifts slightly to smaller q with increasing alcohol 

contents. This corresponds to an increase of the distances in real space and may indicate 

the partial disruption of the H-bonded network.236 Second, the peaks at 15.5 nm-1 for the 

samples with EtOH and at 13 nm-1 for the samples with TBA corresponds to 

characteristics distances of approximately 0.4 nm and 0.5 nm respectively and are 

assigned to the pair correlations between the alkyl chains.237 Whereas their intensity 

depends on the alcohol content, their position does not shift significantly with the 

concentrations. The apparent shift of this peak to higher q in EtOH containing samples is 

due to the superposition with the peak assigned to O-O pair correlations. The apparent 

broadening upon addition of TEOS is due to the emergence of Si-Si pair correlations at 

9 nm-1 and 16 nm-1. In these mixtures, the peaks of TEOS are not clearly visible due to 

its low concentration. Thus, the positions of these peaks were determined using the 

SWAXS spectrum of pure TEOS. (see Figure A.9). Third, the peaks at 8 nm-1 (0.8 nm in 

real space) for EtOH and at 7 nm-1 (0.9 nm in real space) for TBA are attributed to the O-

O correlation distance of the alcohol –OH groups.237 Accordingly, the peak intensity 

decreases with lower alcohol contents. 
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In the low q region of the pattern (q < 3 nm-1), significant differences between the two 

co-solvents can be noticed. In the samples with EtOH, the addition of TEOS, leads to a 

significant scattering increase presenting various slopes depending on the mixture: For 

the samples AC2 and BC2 a constant increase (q-1 for AC2 to q-2.4 for BC2) and no plateau 

are visible. For sample CC2, DC2 and EC2 a plateau is reached. The plateau shifts to lower 

q values with increasing water contents. In the samples with TBA without TEOS, the 

scattering intensity increases with the water content from xwater > 0.638. A plateau is 

visible that shifts to lower q with increasing water content. After the TEOS addition, this 

scattering intensity increases noticeably whereas the shape remains the same (around one 

order of magnitude for sample EC4) and the plateau shifts to lower q. 

This intensity increase at low q indicates a structuring at the mesoscale.238 In the case 

of EtOH two different behaviors are observed. For lower water content (AC2 and BC2), the 

maximum intensity is not inside the observation window indicating organization on a 

very large scale. The steeper slope for BC2 compared to AC2 indicates a structuring change. 

For CC2 and the samples with higher water contents, the intensity limit is in the observed 

q-range. This may be explained by the formation of large structures with trace amounts 

of highly hydrophobic compounds.223 In this case, the highly hydrophobic compounds 

may be the polycondensed oligomers of TEOS which are formed in the commercial 

product after the first opening due to air humidity.239 Thus, the excess scattering at low q 

for samples AC2 and BC2 is assumed to be caused by large shapeless aggregates. When 

adding more water, these aggregates get increasingly constrained by the H-bonding 

network of water formed around them (BC2) until reaching objects of less than 30 nm in 

size (CC2 to EC2).  

In the binary system TBA/water, organization is due to rapidly fluctuating water- or 

TBA-rich aggregates.63 This is typical for short chain alcohol/water mixtures.215–219 The 

visibility of these aggregates in SAXS patterns depends on their size and on their 

electronic density contrast to the rest of the solution. In EtOH/water mixtures, for 

example, the aggregates are too small and do not have a sufficiently high contrast to their 

surroundings to be visible.217 When adding the hydrophobic TEOS a transition to a “pre-

Ouzo” system is observed. Depending on the type and the weight percentage of co-solvent 

this leads to an enhanced structuring.55,63,240 In the case of TBA, the preformed structures 

are swollen by TEOS and this is visible in SAXS pattern by an increase of the intensity 

and the plateau shift to smaller q. This is due to a higher solubility of TEOS in the TBA-

rich domains than in the water-rich domains Samples which do not present any scattering 

intensity at low q in the binary mixtures remain unchanged upon addition of TEOS.  

A size analysis of the aggregates in the structured systems gives insight on its 

morphology. Characteristic sizes were evaluated by the fitting of SAXS data. Classically, 

the SAXS patterns of surfactant-free microemulsions can be fitted using then Ornstein-

Zernicke (OZ) function. The samples DC4 and EC4 and their corresponding binary 

mixtures show good agreement with the fit. In the samples without TEOS correlation 
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lengths of 0.65 nm for the binary mixture corresponding to DC4 and 0.77 nm for the binary 

mixture corresponding to EC4 are obtained. This is in agreement with literature.63 In the 

samples with TEOS, correlation lengths of 0.88 nm for DC4 and 2.82 nm for EC4 have 

been found. Supposing spherical aggregates, the respective aggregate dimensions are 3.52 

nm and 11.23 nm. The samples CC2, DC2 and EC2 are fitted increasingly worse using the 

OZ function because the slopes at low q are too steep. However, approximatively, 

correlation lengths between 1.8 nm (CC2) and 2.5 nm (EC2) are obtained. The results are 

in agreement with an O/W microemulsion. The addition of TEOS enhances structuring 

by swelling the existing structure in the case of TBA or inciting the aggregation of the 

co-solvent around it in the case of EtOH. When decreasing the alcohol/water ratio (e.g. 

DC4→EC4), the system minimizes the interphase formed by the alcohol. This is done by 

increasing the aggregate size. The results agree with the literature for similar systems. A 

swollen network of H-bonded groups is probably at the origin of the structuring.62 For 

ternary mixtures with low hydrophobic phase content close to the demixing line, 

structures resembling O/W aggregates were proposed.241 

To summarize, ternary mixture TEOS/alcohol/water (where “alcohol” can be EtOH or 

TBA) are typical surfactant-free microemulsions. The components take their roles as 

hydrophilic component (water), hydrophobic component (TEOS) and co-solvent or –

more generally – hydrotrope (EtOH or TBA). The organization of components at the 

mesoscale increases when approaching the phase boundary.222,242,243 The type and the 

extend of structuring depends on the co-solvent. When using TBA, the aggregation is 

heavily influenced by structuring which is already present in the binary mixture 

TBA/water. They will allow the TEOS solubilization. With EtOH, structures which allow 

solubilization of TEOS are formed only in the ternary system.63,222 

 

5 Study of the sol-gel transition 

 

After the addition of HCl used as a catalyst to initiate the TEOS hydrolysis, the 

durations until gelification at 50°C were determined by naked eye for both series. To 

confirm the results obtained by these observations for the TBA series and to reduce the 

error margins, gel time determination was also performed by dynamic light scattering 

(DLS).244 Upon TEOS addition, a slight heating was noticed that indicates the start of 

hydrolysis. The results are presented in Figure 44. 
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Figure 44. Gel times of the samples as a function of the molar fraction of water xwater as determined 

by observation and by DLS. 

Comparing the results obtained by observation and DLS, overall shorter times were 

observed with the DLS method. However, all trends remain consistent. First, the gel times 

of the sols with EtOH at xwater < 0.7 are three times longer than the ones with TBA. This 

difference is reduced when the water content increases. Second, whatever the solvent, the 

gel time globally decreases with increasing water content. This evolution follows three 

stages. Up to xwater = 0.5, the gel time decreases almost linearly with the water content. 

For xwater higher than 0.5, the gel time decrease follows two different behaviors depending 

on the solvent. For sols containing EtOH, the gel time decreases linearly from xwater = 0.5 

to xwater = 0.8 with a lower slope than at lower water contents. For sols containing TBA, 

the gel time evolution between xwater = 0.5 and xwater = 0.8 presents a minimum for the 

sample DC4 (xwater = 0.677). Finally, at high water contents (xwater > 0.9 for TBA and 

xwater > 0.8 for EtOH), a strong decrease of gel time is observed. Gel-time depends on the 

volume fraction occupied by the growing aggregate. Consequently, the aggregate 

structure has an important influence. 

To investigate the morphology of the growing structures with the gel time, the structure 

evolution was followed by SAXS. The SAXS pattern evolution of the two sols CC4 and 

CC2 were chosen to illustrate the behavior and are presented in Figure 45 a). 
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Figure 45. a) Evolution of the SAXS patterns of the sols CC4 and CC2 during the sol-gel transition. 

The symbol color intensifies with sample ageing. b) evolutions of the scattering intensity at q=0.3 nm-

1 of the SAXS patterns as a function of time. 
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As discussed earlier, immediately after TEOS addition, the observed scattering 

originates from the mesoscale organization of unreacted components (t0 in Figure 45 a)). 

During the polymerization, the low q scattering develops the same way for all sols. Three 

aspects should be highlighted. First, all SAXS patterns present a slope proportional to ~ q-

2.1 (Figure 45 a)). A plateau marks the end of this slope at low q. The intensity evolution 

rate of this plateau is proportional to the gel time as highlighted by the scattering patterns 

of CC4 8 h and CC2 24 h recorded at similar points during the polymerization (
𝑡

𝑡𝐺
≈ 0.12). 

During polymerization the plateau shifts to increasingly low q and higher intensities. 

Finally, after 
𝑡

𝑡𝐺
≈ 0.3 no plateau is observable. Second, the slope is proportional to ~ q-

2.1 giving evidence of the nature of polymerization. Third, the initial organization of the 

water and the alcohol is not visible anymore after TEOS addition probably because its 

scattering is hidden under that of the developing silica polymer.  

The evolution of the low q scattering pattern is characteristic for objects that primarily 

increase in size and not in number.30 Logically, the disappearance of the plateau after 
𝑡

𝑡𝐺
≈

0.3⁡indicates that the correlation lengths become too large for the observation window. In 

Figure 45 b), the scattering intensities of selected samples at q = 0.3 nm-1 as a function 

of time are plotted. For all samples, like mentioned before, an increasing intensity is 

observed at longer times. The intensity increase is accelerated at higher water contents. 

The acceleration is directly correlated to the gel time of the samples. The shorter the gel 

times the faster the intensity increases. This is also observed for the development of Si-

O-Si bonds as observed in the FTIR spectra (see Figure A.10). 

The constant slope of ~ q-2.1 is characteristic of the formation of fractal objects via a 

reaction limited cluster-cluster growth (RLCA) or a diffusion limited cluster-cluster 

growth (DLCA).30,31,245 Evidence has shown that rearrangements can lead to the same 

fractal dimensions.246 From the SAXS spectra we conclude that the polymerization rate 

is proportional to the gel time observed for the sols. Polymerization occurs via cluster-

cluster aggregation of primary particles that are formed early in the process. The structural 

evolution is identical for all samples. 

With the obtained structural information, the two different behaviors with EtOH and 

TBA in the region of samples ACX to FCX can be explained by several experimental factors. 

In order to simplify the explanation, it is assumed that hydrolysis was very advanced in 

all samples after several minutes and, thus, does not contribute to the gel time. This last 

assumption is reported in literature40,41 and supported by the fact that under acidic 

conditions, the hydrolysis is generally faster than condensation and the high 

[H2O]/[TEOS] ratio ([H2O]/[TEOS] = 15.7 for samples ACX) increases that effect.30 This 

is also visible in the FTIR spectra of all samples which display a peak at 950 cm-1 

corresponding to the ≡Si-O stretching of non-hydrolyzed TEOS only just after the TEOS 

addition. Moreover, the initially biphasic sample HREF becomes monophasic after 3 min 
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of vortexing due to the increasing hydrophilicity of hydrolyzed species and the production 

of solubilizing EtOH during the reaction.  

The first factor which affects the condensation rate is the concentration of catalytic 

species. A higher concentration increases the hydrolysis/condensation rate. Here, the 

catalysis occurs via the protonation of silica species and is proportional to the H3O
+ 

concentration.31 The qualitative inspection of FTIR spectra (see Figure A.11) recorded 

along the polymerization showed that, indeed, the concentration of H3O
+ increases with 

increasing water content. This is accordance with the observed trends. 

Second, the re-esterification of hydrolyzed species may also impact the gel time. 

Indeed, partial re-esterification (RE) of hydrolyzed species is possible due to the 

reversibility of the hydrolysis reaction and can occur with reactive alkoxy species. 

Furthermore, RE is favored under acidic conditions.30 TBA is too unreactive whereas 

EtOH is sufficiently reactive for this process to be considered.247,248 For our two systems, 

due to the high concentrations of EtOH compared to the strong dilution of silicate species, 

it is probable that RE leads to an overall decrease of silicate species reactivity. This effect 

is more pronounced at higher alcohol concentrations. In mixtures with high water content 

xwater > 0.8 this effect vanishes. 

Third, the reaction rate is influenced by the repulsive forces between the charged 

primary particles and their diffusion. This is described by the aggregation rate constant k. 

The exact theoretical description of the aggregation rate constant k between two 

aggregates i and j is given by four terms.249 
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 𝑘𝑖𝑗 = 𝑘𝑖𝑗
𝐷𝑖𝑓𝑓

𝑊−1𝑃𝑖𝑗𝐵𝑖𝑗

=
2𝑘𝐵𝑇

3𝜂
𝑊−1(𝑖𝑗)𝜆 (𝑖

1
𝐷𝑓 + 𝑗

1
𝐷𝑓)(𝑖

−
1
𝐷𝑓 + 𝑗

−
1
𝐷𝑓) 

(8) 

 

Here, 𝑘𝑖𝑗
𝐷𝑖𝑓𝑓

is the aggregation rate constant from Brownian diffusion, kB the Boltzmann 

constant, T the temperature, η the dynamic viscosity, W the Fuchs stability ratio, λ the 

scaling constant (λ = 0 for DLCA and λ = 0.5 for RLCA) and Df the fractal dimension of 

the aggregates. Evaluating the term⁡(𝑖𝑗)𝜆, the reaction between two identical aggregates 

has the highest rate and, therefore, determines the overall rate. With growing object sizes, 

the reaction rate increases. From scattering experiments (see Figure 45), it is known that 

the fractal dimension Df of the objects remains constant with aggregate size. Therefore, it 

is sufficient to evaluate the reaction rate of two identical primary particles (i = 1 and j = 1) 

to analyze the aggregation behavior. This significantly reduces the complexity of Eq (8) 

to 
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𝑒𝑥𝑝 (−
𝑉𝑒𝑙
𝑘𝐵𝑇
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(9) 

 

Here, h is the distance between particles, λD the Debye length, r0 the primary particle 

radius, V(h) the interaction potential at distance h and Vel the electric potential of two 

identical particles at contact.250 The last expression contains the approximation by 

Reerink and Overbeek.251 This model only considers interaction potentials between 

surfaces from the classical DLVO theory. Nonetheless, the estimation of the electrostatic 

interactions gives indication about the behavior of the overall potential energies since the 

hydration of silica arises from surface charge.252,253 For the calculation of k the primary 

particle radii from the SAXS measurements (see Table 11), the viscosities254,255 (see 

Figure A.12) and the dielectric constants256,257 (see Figure A.13) were used. For the 

estimation of the electric potential, it is valid to approximate the primary particles to point 

charges. To determine the total charge of such a point charge, the surface charge density 

for silica determined at pH 0258 was applied on the spherical surface of the primary 

particles. The values of the surface potential are confirmed for the oppositely charged 

values at ~pH 9.258–260 A surface charge density of 1 charge /nm2 was found valid. Figure 

46 shows the resulting reaction parameter k. 
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Figure 46. Reaction constants for the different sols estimated considering the electrostatic repulsion 

between primary particles. 

Overall, the estimated reaction rate increases with increasing water concentration. For 

one, the viscosity decreases with increasing water concentration. Thus, the diffusion 

increases and objects potentially encounter each other more frequently. The encounters 

are moderated by repulsive forces between the objects. The increasing dielectric constant 

with increasing water concentrations attenuates the repulsive forces and the reaction rate 

accelerates. 

While most of the gel time tendencies can be explained by these factors, the minimum 

of gel time for the sample DC4 cannot be explained by any of the mentioned factors 

because they describe continuous trends. A hypothesis allowing the explanation of this 

behavior is proposed in the discussion part. 
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6 Influence of the sol composition on the material structure 

 

In order to obtain aerogels, first, a solvent exchange with EtOH was performed to 

induce the re-esterification of the materials surface making it more hydrophobic.261,262 

This re-esterification reduces the capillary forces during solvent removal and, thus, 

minimizes the material modification during drying. Second, another solvent exchange 

with acetone and SC CO2 was performed. Acetone was used for its high solubility in SC 

CO2.The obtained materials were analyzed by nitrogen adsorption-desorption 

experiments. The specific surface areas SBET obtained as a function of xwater are shown in 

Figure 47. 

 

Figure 47. Specific surface areas (SBET) of aerogels obtained by the BET method as a function of the 

molar fraction of water xwater in the corresponding sol. 

Except for the samples DC4 and EC4, whatever the solvent, aerogels have a similar SBET 

of as around 1000 m2/g. For aerogels obtained from sols DC4 and EC4 SBET of 1400 m2/g 

and 2100 m2/g are obtained respectively. This result can be related to the particular 

behavior in the sol-gel process already observed. The solvent of the samples DC4 and EC4 

showed the most pronounced scattering.(see Figure 43 c)) Furthermore, the samples DC4 

and EC4 displayed unexpectedly low gel times.(see Figure 44 b)) 

To investigate the morphology at a scale of 1 to 30 nm SAXS was performed. The 

obtained scattering patterns are shown in Figure 48.  
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Figure 48. SAXS patterns of the aerogels with their corresponding fits. Data was multiplied by a 

factor of 10x for better visibility. a) shows the SAXS patterns for aerogels obtained from ethanol 

containing samples and b) from TBA containing samples. 
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In all patterns, the same scattering evolution is observed. The data can be fitted using  

 

 
𝑆(𝑞, 𝜉, 𝐷, 𝑟0) = 𝐵𝐺 +

𝐷Γ(𝐷 − 1)sin⁡([𝐷 − 1] arctan(𝑞𝜉))

(𝑞𝑟0)𝐷[1 +
1

𝑞2𝜉2
](𝐷−1)/2

 
(10) 

 

where BG is the scattering intensity at high q (> 10 nm-1), q is the scattering vector, ζ 

the cut-off length of the fractal correlations, D the fractal dimension and r0 the radius of 

the smallest scatterers. This function corresponds to a fractal structure with an exponential 

decay.263 This pattern is characteristic for aerogels produced from one-step acid 

catalysis.264,265 The scattering intensity starts to increase noticeably at q < 8 nm-1 

indicating the formation of sub-nanometer sized particles. For the samples GC2 and HREF 

and second contribution of fractal nature need to be added to achieve a good fit. The 

introduction of a second characteristic size is explained by the aggregation of primary 

particles into denser secondary particles. The complete fit results are given in Table 11. 

The values for D and ζ must be treated carefully because of the limited observation 

window in the present SAXS set-up. 
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Table 11. Results of the fits of the SAXS patterns of aerogels (see Figure 48). r0 is the radius of the 

primary particles, D the fractal dimension and ζ the correlation length. The R-factor of the obtained 

fit is indicated in the last column. A good R-factor is below 0.1. 

Co-solvent Reference r0 /nm D ζ /nm R-factor 

Ethanol 

CC2 0.4±0.1 2.75 4.2 0.04 

DC2 0.3±0.1 2.74 4.1 0.04 

EC2 0.3±0.1 2.74 5.0 0.042 

FC2 0.3±0.1 2.82 4.0 0.045 

GC2 0.3±0.1 2.85 2.0 0.019 

Tert-butanol 

AC4 0.2±0.1 2.70 5.4 0.033 

BC4 0.3±0.1 2.87 6.7 0.026 

CC4 0.3±0.1 2.73 12.3 0.034 

DC4 0.4±0.1 2.84 3.7 0.037 

EC4 0.3±0.1 2.81 4.1 0.046 

FC4 0.3±0.1 2.76 4.1 0.056 

GC4 0.2±0.1 2.78 3.9 0.067 

Ref. without 

alcohol 
HREF 0.3 2.97 1.4 0.008 
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The samples were also characterized by TEM. A selection of the images is shown in 

Figure 49. 

 

Figure 49. TEM images of aerogels produced from different sols: a) BC2, b) EC2, c) GC2, d) HREF, e) 

AC4, f) DC4, g) EC4, h) FC4. Scale bar = 100 nm.  
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The TEM images show the typical granular structure of aerogels consisting in 

nanoparticles with radii of 0.2 to 0.8 nm. This agrees well with the sizes obtained by 

SAXS where radii from 0.23 to 0.36 nm were obtained. The structure at the scale of tens 

of nanometers varies between the samples. Samples where the solvent shows no excess 

scattering at low q are densely aggregated clusters (see Figure 49 a) – e) and h). Aerogels 

that were produced in solvents where excess scattering at low q has been observed show 

an open network at the mesoscale (see Figure 49 f) and g)). This coincides with the 

samples that display increased specific surface areas. It is important to distinguish the 

porosity observed in samples DC4 and EC4 from the openings observable in the other 

samples. In DC4 and EC4 the surroundings of pores are like elongated bridges and flat 

surfaces. The openings observed in the other samples show the roughness at the size scale 

of primary particles and, therefore, merely represent holes due to sample preparation. 

Thus, TEM images indicate that the particular behavior observed for the sample DC4 and 

EC4 originates from structural differences. 
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7 Discussion 

 

Binary mixtures of water and alcohol show interesting properties for the application 

as solvents in the sol-gel process. In the present comparison of EtOH and TBA, the typical 

formation of a surfactant-free microemulsion in the ternary mixture of 

water/alcohol/TEOS was observed. This mesoscale structuring, induced by the addition 

of hydrophobic TEOS, however, can be considered unimportant for the sol-gel process at 

low pH. The reason is the rapid hydrolysis of TEOS in the examined conditions which 

eradicates the induced structuring by the elimination of the hydrophobic compound. 

Then, the resulting hydrolyzed silicate species react to form sub-nanometer sized primary 

particles. By further Si-O-Si bond formation between the particles, an open silica network 

with fractal character is formed. The ratio of water/alcohol or the choice of alcohol does 

not change the mechanism of polymerization allowing the direct comparison. The 

network formation proceeds at different rates depending on the water/alcohol ratio which 

was observed by SAXS, FTIR and gel time measurements. As discussed, several 

experimental factors are responsible for the different rates. Investigations on the aerogels 

obtained after drying by SC CO2, allow the conclusion that, indeed, a network of primary 

particles was formed during the sol-gel process. The aerogels displayed typical properties 

concerning specific surface areas and SAXS patterns and a typical morphology. However, 

two samples from the TBA-series display exceptional features that will be discussed in 

the following. The hypothesis on the mechanism is depicted in Figure 50 in which the 

water content increases along the axis. The images illustrate the solvent behavior around 

the silica polymer. Light blue is water-rich phase, dark blue the hydration layer around 

silica and green the TBA-rich phase. In the picture illustrating pure water and the mixture 

25 w% water in TBA (or TBA in water) the solution is considered as a homogeneous 

mixture. At the 50/50 mixture the solvent is considered heterogeneous. Here, it creates 

voids in the silica matrix after the sol-gel process.  
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Figure 50. Simplified illustration of the structuring at the mesoscale during the sol-gel process 

according to the proposed mechanism. 

Specific case of the CC4 and DC4 samples: impact of the solvent structuring 

All the results obtained for the samples, n(TBA)/n(water) of 0.404 (DC4) and 0.264 

(EC4), suggest that compartmentation into water- and TBA-rich domains in mixed 

solvents is responsible for the gel time and the high specific surface area through the 

modification of the immediate environment of the growing silica polymer. Those ratios 

n(TBA)/n(water) are similar to the ratios in the TBA/water binary mixtures for which 

structuring has been observed.220,227 However, this structuring is different from the 

classical templating the aggregation of large amphiphilic molecules. The free energy gain 

of structure formation in the present binary mixtures is very little. Therefore, the 

introduction of highly hydrophilic silica will influence the morphology of separated TBA-

rich and water-rich domains instead of forming silica around existing domains. In this 

case, water-rich domains cover the surface of the growing silica polymer while TBA-rich 

domains are not in contact with silica. (see Figure 50) The reason is the positive surface 

charge on the silica surface that exists at the high acid concentrations (≈ 1mol/L) in our 

experiments.266 The resulting counter-ion layer of solvated chloride ions supports the 

hydrophilicity. Thus, the immediate environment of the silica polymer can be considered 

as a bulk water phase above xwater ≈ 0.5. As visible by the highest reaction rate observed 

for HREF, a solution containing more water has an accelerating effect. The accelerating 
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effect is most pronounced at sample DC4 because the catalyst concentration in the water-

rich domain is the highest. When adding more water, the catalyst in the water-rich domain 

gets diluted. This modification of the immediate environment appears to have an 

important effect on the specific surface area. The TBA-rich domains, although strongly 

fluctuating, are volumes that are excluded for the growing silica polymer. The excluded 

volumes will lead to pores in the aerogel (see Figure 50) which ultimately lead to unique 

structural features like observed in the TEM images. The size discrepancy between the 

solvent structuring in the binary case water/TBA and the observed morphological features 

is well documented in literature.267,268 These excluded volume pores connect the typical 

microporosity. In the case of unstructured solvents, the microporosity is inaccessible to 

N2 for measurement. When mesoscale structuring is present, however, microporosity is 

accessible and leads to a significant increase of specific surface area. 

 

8 Conclusion 

 

In this study, the influence of a structured solvent on the kinetics and the resulting 

morphology of the sol-gel process was investigated. The results are promising for 

applications in several domains where high specific surface areas are 

important.205,206,269,270 For the investigation, binary mixtures of water/EtOH and 

water/tert-butanol were chosen as representatives of non-structured (EtOH containing) 

and structured (tert-butanol containing) solvents. Upon the addition of hydrophobic 

TEOS, enhanced structuring was observed for several samples, which agrees with 

literature.63 After the rapid hydrolysis of TEOS (< 3 min) which was at the origin of the 

enhanced solvent structuration the solvents are assumed to return to their state in the 

binary mixtures. Here, the reaction conditions and structuring on the mesoscale determine 

the size of primary particles. Small silica particles (radii between 0.2 and 0.5 nm) then 

react with each other to form a fractal network. Discontinuity of the reaction rate between 

the samples was observed in sols containing the structured solvent (tert-butanol) by 

observation, DLS, FTIR and SAXS. Furthermore, the aerogels obtained by drying with 

SC CO2 display noticeable morphological features and specific surface areas when 

resulting from structured solvents. These criteria lead to the conclusion that the solvent 

structuring in the immediate environment of the silica particles is responsible for the 

behavior observed. A hypothesis of the influence of the solvent structuring on the 

polymerization mechanism is proposed where the silica particles aggregate in a different 

manner depending on the solvent composition in their close surrounding. In structured 

solvents water-rich domains cover the silica particles. This leads to reaction conditions 

that are similar to those in pure water while tert-butanol-rich domains form regions were 

polymerization does not take place.   



Materials from TEOS in mixed solvents 

116 

 

9 Outlook 

 

It should be noted that current investigations lead to the proposal of another hypothesis. 

In that case, the increase of entropy by the release of solvent molecules bound to the silica 

nanoparticle surface upon aggregation plays a major role in the reaction kinetics. Consider 

the change of the mixing entropy when adding one molecule of alcohol to the binary 

mixture shown in Figure 51. 

 

Figure 51. Mixing entropy gain per molecule alcohol when adding one molecule of alcohol into the 

solution. 

Indeed, when supposing that the alcohol adsorbs preferentially on the nanoparticle 

surface, the release of physiosorbed alcohol at low water contents decreases the entropy. 

This is unfavorable and the reaction is slowed down. At high water contents, the release 

of alcohol from the nanoparticle surface leads to an increase of the system entropy and 

the reaction accelerates. However, the calculations are far from complete and need further 

investigation. 

This study offers promising perspectives in fundamental research and application. 

Concerning the fundamental research, the materials can be further investigated by Raman 

spectroscopy and 29Si-NMR studies. This can help to understand the connectivity of the 

silica primary particles. By performing neutron scattering experiments with varying 

scattering contrast, the mechanism proposed in this chapter could be confirmed or refuted. 
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To generalize the results, it would be necessary to vary the parameters of sol-gel 

processing. This can, for example, be done by changing the type of co-solvent, the 

quantity of TEOS, the concentration or type of catalyst or salt addition. Concerning 

applications, the classic areas of interest of aerogels are concerned. The highly open 

structure of the aerogels developed herein can be of advantage. Another application is the 

incorporation of functionalized molecules into these aerogels. This will be investigated 

in the following chapter. 
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V MATERIALS FROM CO-

CONDENSATION 
 

1 The quaternary system – Co-condensation in structured media 

 

With the interactions that govern the condensation in the ternary systems known, the 

aim is to understand the interplay of components in the quaternary system at the center of 

the strategy outline (see Figure 52). In the following chapter, the first exploratory results 

are presented and discussed. 

 

Figure 52. The strategy outline as developed in the introduction. The subject of the present chapter 

is highlighted by the black rectangle. 

In this approach, two different kinds of silanes are used: the organosilane developed 

and synthesized in Chapter II and applied in Chapter III and TEOS. This essentially 

describes a co-condensation approach with well-known challenges. First, like mentioned 

in Chapter I, the chemical reactivity of silanes slows down upon substitution with alkyl 

groups.30 Thus, the functionalized precursor may not be incorporated in the material in 

the quantity that was intended from the starting sol composition. The different reaction 
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rates of structurally different silanes lead to a tendency of homocondensation. 

Consequently, the different species of silanes may not cross-link uniformly. This can lead 

to a heterogeneous material composition.106 Second, the orientation of the incorporated 

functional groups is an issue. Co-condensation approaches classically use sacrificial 

structuring agents. Depending on the polarity of the structuring agent and the functional 

group, the functionalization can be oriented towards the solid matrix.107,271 Third, the 

addition of a sacrificial structuring agent requires it elimination after synthesis. 

Classically, methods like washing with an organic solvent or SC CO2, oxidation272 or 

calcination are applied. However, care must be taken because some of these methods can 

damage the functional groups.106 For the system chosen in this chapter, the mentioned 

risks must be evaluated. Here, the role of the structure-directing agent is played directly 

by the organosilane. Therefore, there is no need for an additional removal method. The 

problems resulting from polarity and reaction rate issues, however, persist. In order to 

evaluate the incorporation of the organoprecursor into the material and its direction, a 

kinetic study is conducted. The approach is based on the materials developed in Chapter 

IV. Consider again the sample with the biggest derivation from ideal behavior EC4 which 

was synthesized from a solvent composition of water/TBA 1:1. Here, the solvent 

heterogeneities were most pronounced and a high specific surface area was measured for 

the obtained material. In the present chapter, to benefit from the solvent heterogeneities, 

the precursor P2 was added with a molar ratio [P2]/[TEOS] = 0.1 at increasing delay 

times after the starting sol preparation. To limit strong physical interactions, the 

organosilane P2 (see Figure 53) is selected to start the investigations of the quaternary 

system. In the following, the material morphology and the incorporation of the 

organosilane precursor are investigated. 

 

Figure 53. Molecular structure of 4-propyl-1-(11-(triethoxysilyl)undecyl)-1H-1,2,3-triazole (P2).  
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2 Sample preparation 

 

The samples compositions are shown in Table 12. The order of addition is the same 

as the order of columns: 1) water 2) TBA 3) HCl (37w%) 4) TEOS 5) P2 (optional, 

delayed). After the addition of P2 the samples were vortexed. After 72 h the samples 

CoCo-1 to CoCo-4 and after 90 h the samples CoCo-5 and CoCo-Ref were freeze dried 

and washed with acetone. After the evaporation of acetone under vacuum, the analyses 

were performed on the freshly prepared materials. 

Table 12. References, compositions in weight fractions and the time of P2 addition of the samples. 

Reference wwater wTBA wHCl wTEOS wP2 tAddition(P2) /h Tfreeze drying /h 

CoCo-1 0.42 0.45 0.035 0.074 0.015 0 72 

CoCo-2 0.42 0.45 0.035 0.074 0.015 10 72 

CoCo-3 0.42 0.45 0.035 0.074 0.015 24 72 

CoCo-4 0.42 0.45 0.035 0.074 0.015 31 72 

CoCo-5 0.42 0.45 0.035 0.074 0.015 48 90 

CoCo-Ref 0.43 0.46 0.036 0.075 0 / 90 
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3 Organosilane incorporation in the material 

 

To study the organosilane incorporation, six samples were prepared. The samples 

CoCo-1 to CoCo-5 contain the organosilane P2 that was added at increasing delay after 

the TEOS addition (see Table 12). The sample CoCo-Ref was prepared without P2. 

In order to verify the organic content in the materials thermogravimetric analysis was 

performed. The results are shown in Figure 54. 

 

Figure 54. TGA weight loss curves for the different materials obtained by the co-condensation 

approach. The weight loss curve of sample H-MP2-B-C from chapter III is plotted for clarity. The 

lines (a) and (b) mark important features as discussed in the text. 

The material H-MP2-B-C containing only P2 was plotted for comparison. All samples 

show a constant weight loss with increasing temperature. The weight loss occurs in three 

steps. First, a weight loss of approximately 10 w% is observed until 200 °C (a). This 

weight loss is more pronounced in the order CoCo-Ref > ... >CoCo-1. The sample H-

MP2-B-C shows no weight loss in this area. Then, from 200 °C to 800 °C (a to b), the 

samples CoCo-1 to CoCo-5 lose between 12 w% (CoCo-5) and 21 w% (CoCo-1). In this 

range, the sample CoCo-Ref shows a small weight loss of approximately 3 w%. The 

sample H-MP2-B-C loses 83 w% as mentioned in III. Finally, after (b) no weight loss is 

observed and the materials show an increasing residual mass in the order CoCo-

1 < … < CoCo-Ref. The first weight loss can be attributed to the release of water during 

the reaction of remaining free silanol groups. No weight less is observed for H-MP2-B-

C because the polymerization is already advanced thanks to a previous thermal treatment. 

The other samples show an increasing weight loss in the order CoCo-1 < … < CoCo-Ref. 

This indicates that the share of SiOx in the materials goes up with increasing P2 addition 

delay. Accordingly, from (a) to (b), the increasing weight loss in the inversed order is due 
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to the increasing organic share. By comparison with H-MP2-B-C, it can be assigned to 

the thermal degradation of P2. The weight loss of CoCo-Ref in this temperature range is 

attributed to the calcination of the silica matrix. After point (b), the residue of all samples 

is purely inorganic SiO2. 

Assuming that the weight loss from (a) to (b) is caused by the thermal degradation of 

the fully condensed MP2, the organic content is quantified. The weight loss of sample 

CoCo-Ref in this temperature range is subtracted to eliminate the residual influence of 

the silica calcination. 

 

 
𝑤𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙(𝑷𝟐) =

∆𝑤

𝑚𝑓(𝑜𝑟𝑔)
=
𝑤(𝑎) − 𝑤(𝑏) − ∆𝑤(𝐶𝑜𝐶𝑜 − 𝑅𝑒𝑓)

(1 −
𝑀(𝑆𝑖𝑂1.5)
𝑀(𝑀𝑃2)

)
 

(11) 

 

Here wmaterial(P2) is the weight percentage of incorporated P2 in the material, w(a) the 

residual mass percentage at (a), w(b) the residual mass percentage at (b), Δw(CoCo-Ref) 

the blank subtraction for the remaining silica consolidation, and M(SiO1.5) and M(MP2) 

the molar masses of SiO1.5 and the fully condensed organosilane P2. The results of this 

calculation are shown in Figure 55. 
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Figure 55. Molar percentage of the incorporated organosilane P2 in the material as a function of its 

time of addition a) after TEOS or b) before drying. The red line marks the initial percentage in the 

starting sol. The dashed blue line is a linear fit of the samples CoCo-1 to CoCo-4 (a) or CoCo-1 to 

CoCo-5 (b). 
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The molar percentage of the incorporated organosilane is displayed as a function of 

the time of addition of P2 measured from (a) the moment of sample preparation or (b) 

the moment of drying. The incorporated share of P2 is always lower than the initial molar 

ratio of 0.1 (red line in Figure 55) and decreases linearly (dashed blue line in Figure 55) 

with the addition delay. Arbitrarily, a lower share of P2 than the initial ratio implies that 

the organoprecursor has a smaller reaction rate than TEOS. The decreasing share with 

increasing delay times has the same origin. The longer the reaction time the more the 

system approaches equilibrium (10 mol%). The sample CoCo-5 is particular due to its 

longer reaction time (see Figure 55 a)). By performing the drying 18 hours after the other 

samples, a larger proportion of P2 was incorporated than for sample CoCo-4. Plotted as 

a function of the moment of drying (see Figure 55 b)), the sample CoCo-5 corresponds 

well to the linear decrease. 

To obtain further information on the material composition, FTIR was performed. The 

recorded spectra are shown in Figure 56. 

 

Figure 56. FTIR spectra of the materials obtained by the co-condensation approach. The spectrum 

of H-MP2-B-C from Chapter III is plotted for clarity. Points (a)-(d) designate important signals are 

discussed in the text. 

The FTIR spectrum of sample H-MP2-B-C is added for clarity. The spectra display 

signals that are typical of SHMs. First, the signals assigned to the inorganic matrix are 

identified. The large peak in the region from 3800 to 3000 cm-1 is attributed to the O-H 

stretching modes. Here, the O-H groups are unreacted Si-O-H groups and residual water. 

The signal at 1600 cm-1 is attributed to the typical water bending mode. The signals at 

1040 cm-1 and 790 cm-1 (d) are attributed to the asymmetric stretching modes of the Si-

O-Si bonds while those at 950 cm-1 (c) and 550 cm-1 are attributed to the Si-OH stretching 

and rocking modes. Second, the signals from the organic part of the hybrid material are 

identified. The signals at 2930 cm-1 (a) and 2857 cm-1 (b) are attributed to the CH2 

asymmetric and symmetric vibration modes. The signal at 1460 cm-1 is attributed to the 

stretching modes of the 1,2,3-triazol group. Qualitatively, the FT IR spectra confirm the 
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incorporation of P2 into the material. All sufficiently strong signals from H-MP2-B-C are 

found in the co-condensed materials indicating that the organic part was not degraded 

during synthesis. The water bending signal indicates the presence of residual water. The 

signals attributed to the silica matrix show an advanced condensation. For a quantitative 

analysis, the evolution of the signal intensities of the highlighted modes ((a)-(d) in Figure 

56) was investigated. The results are shown in Figure 57 and Figure 58. 
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Figure 57. Intensity ratio (Rx/y) of the CH2 signals to the silica matrix signal in Figure 56 as a function 

of the time of P2 addition a) after TEOS or b) before drying. 

First, the incorporation of P2 was investigated. To this end, the intensities of the two 

characteristic CH2 signals ((a) and (b) in Figure 56) to the silica matrix signal ((d) in 

Figure 56) were investigated. The ratios of (a)/(d) and (b)/(d) become smaller in the order 

CoCo-1 > … > CoCo-4 > CoCo-5. Like explained concerning Figure 55, this 

inconsistency is due to the longer reaction time of CoCo-5 compared to CoCo-4. The plot 
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of the ratios as a function of the moment of drying (see Figure 57 b)) reveals this issue. 

Here, the ratios follow a continuous decrease. 

 

Figure 58. Intensity ratio (Rc/d) of the signals attributed to the free Si-OH and the siloxane bridges in 

the silica matrix in Figure 56 as a function of the time of P2 addition after TEOS for sample CoCo-1 

to CoCo-5. The sample CoCo-Ref is plotted for comparison. The dashed lines indicate characteristic 

y-values as discussed in the text. Error bars of 5% are plotted. 

Second, the effect of the P2 incorporation on the condensation of the silica matrix is 

investigated. To this purpose, the intensity ratio of the signals attributed to the free Si-OH 

and the siloxane bridges was determined as a function of the time of P2 addition. The 

sample CoCo-Ref was also plotted for comparison. The ratio shows an overall decrease 

going from CoCo-1 to CoCo-Ref. This indicates a decreasing number of free Si-OH 

bonds and, therefore, a more condensed silica network. Three characteristic degrees of 

condensation can be identified (dashed lines in Figure 58). CoCo-1 shows the lowest 

(dashed black line in Figure 58) and CoCo-Ref the highest (dashed red line in Figure 58) 

degree of condensation. The remaining samples show a comparable degree of 

condensation (dashed blue line in Figure 58). Considering the lowest value for CoCo-

Ref, the addition of P2 appears to decrease the degree of condensation found in the final 

material. Concerning the addition delay, the direct addition to the starting sol (CoCo-1) 

and the delayed addition (CoCo-2 to CoCo-5) must be distinguished. Considering that for 

the condensation reaction two free Si-OH bonds must come in contact, the conclusion is 

that P2 hinders that contact by forming a steric barrier. In the case of CoCo-1, this barrier 

is most efficient. The barrier is equally efficient for samples CoCo-2 to CoCo-5 and, 

evidently, not present for CoCo-Ref. In any case, this difference is strongly related to the 

situation of P2 in the material. Thus, from the three different condensation degrees, three 

different types of morphology can be inferred. 



Materials from Co-Condensation 

129 

 

Resuming, P2 is readily incorporated into the material. A maximum value of 6 mol% 

for the sample CoCo-1 reflects the naturally different reaction rates of the 

tetraethoxysilane (TEOS) and the alkyl triethoxysilane (P2). Using FTIR, this result was 

confirmed. Furthermore, the spectra indicated three different degrees of condensation 

which were ascribed to three different types of morphology. In the following the 

morphology is investigated. 

 

4 Morphology of the co-condensed materials. 

 

The porosity is a fundamental characteristic of the material morphology and important 

for applications. To investigate the porosity, nitrogen sorption experiments were 

performed. The adsorption isotherms are displayed in Figure 59. 

.
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Figure 59. Nitrogen adsorption isotherms of the samples CoCo-1, CoCo-2, CoCo-3 and CoCo-Ref. 

Gas adsorption isotherms are categorized into six types by IUPAC.273 An illustration 

of the different curves is given in the Figure A.14. In the present case, the samples CoCo-

1 to CoCo-3 show a type II isotherm while the sample CoCo-Ref shows a type I(b) 

isotherm. Type II isotherms are observed for non-porous or macroporous samples. The 
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constant increase of adsorbed gas is due to the subsequent adsorption of N2 layers. Type 

I(b) isotherms are characteristic for microporous materials. Here, the biggest part of 

adsorption occurs at low pressures and is due to pores with widths of several nm. 

Comparing the obtained isotherms, the slope between relative pressures of 0.1 and 0.7 

increases in the order CoCo-1 to CoCo-Ref. Furthermore, the specific adsorbed quantity 

at relative pressures below 0.05 increases in the same order. This is evidence that the 

microporosity in the obtained materials increases. By fitting the obtained isotherms using 

the Brunauer Emmett Teller (BET) theory and the t-plot, the contribution of the 

microporosity to the specific surface area can be quantified. Using  

 

 
𝜙𝑆𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 =

𝑆𝑡−𝑝𝑙𝑜𝑡

𝑆𝐵𝐸𝑇
 (12) 

and 

 
𝜙𝑉𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒𝑠 =

𝑉𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒𝑠

𝑉𝑝𝑜𝑟𝑜𝑢𝑠,𝑡𝑜𝑡𝑎𝑙
 (13) 

 

where 𝜙𝑆𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is the surface fraction of the non-porous surface to the total measured 

surface area, 𝑆𝑡−𝑝𝑙𝑜𝑡 the non-porous surface area as determined by the t-plot, SBET the 

surface area as determined by the BET method, 𝜙𝑉𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒𝑠 the volume fraction of the 

microporosity, 𝑉𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒𝑠 the microporous volume as determined by the linear 

transformed BET equation and 𝑉𝑝𝑜𝑟𝑜𝑢𝑠,𝑡𝑜𝑡𝑎𝑙 the total pore volume as determined by the t-

plot, the obtained results are put into relation. This is shown in more detail in the appendix 

(see Figure A.15) The results are displayed in Figure 60. 
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Figure 60. Results from N2 sorption experiments for the materials obtained by co-condensation. The 

specific surface obtained by the BET method SBET is plotted on a log-scale. The external specific 

surface area fraction of SBET is obtained from the Harkins and Jura t-plot. The microporous volume 

fraction of the total pore volume is obtained from the linear transformed BET equation. 

The specific surface area SBET increase from Sample CoCo-1 to CoCo-Ref from 6.88 

to 550 m2g-1. At the same time, the porous volume fraction from micropores 𝜙𝑉𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒𝑠 

increases from 0.11 to 0.97. On the other hand, the contribution of the non-porous surface 

𝜙𝑆𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 decreases from 0.35 to 0.01. The observed trends indicate an increasing 

microporosity at more delayed additions of P2. The microporosity originates from the 

pre-condensation before the addition of the organosilane. Here, a fractal network is 

formed that classically results in a microporous material after drying. 

To obtain further insight on the morphology, SAXS was performed on the materials. 

The resulting scattering patterns are displayed in Figure 61. 
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Figure 61. SAXS patterns of the materials produced by co-condensation. The measured patterns are 

represented by the open symbols. The corresponding fits are superimposed as red lines. The Teubner-

Strey (T-S) contribution (C1(q)) is added as a blue dashed line) For better presentability, the patterns 

were shifted by a factor of ten. Important features are indicated by (i) and (ii) and are described in 

the text. 

All SAXS patterns show two features denoted (i) and (ii) in Figure 61. At lower q, (i) 

gives information on the mesoscale organization of the material. The primary objects that 

compose the material are described by (ii). For the latter, at q ≈ 3 nm-1 (ii), a broad peak 

is observed. From CoCo-1 to CoCo-Ref, this peak decreases in intensity and appears to 

shift towards larger q. At q < 2 nm-1 (i), an increasing excess scattering is observed. Two 

shapes can be distinguished. The sample CoCo-1 shows a constant slope proportional to 

q-4 without a limit at very low q. The patterns from samples CoCo-2 to CoCo-Ref show 

decreasingly steep slopes where the limit can be suspected from sample CoCo-3. The 

observed limits exhibit a shift towards higher q from sample CoCo-3 to CoCo-Ref.  

To obtain information on the scattering objects, microscopy was performed. A 

selection of the recorded SEM and TEM images is displayed in Figure 62. 
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Figure 62. SEM and TEM images of the co-condensed materials: a) SEM CoCo-1 with zoomed inset, 

b) TEM CoCo-1, c) SEM CoCo-2, d) TEM CoCo-2, e) SEM CoCo-5, f) TEM CoCo-3, g) SEM CoCo-

Ref, h) TEM CoCo-Ref. Scale bars are displayed in the images. 

The microscopy images indicate characteristic sizes and give indications regarding the 

material morphology. Concerning the sample CoCo-1 where P2 was added to the starting 

mixture, the SEM (a) and TEM (b) images show similar structures. The material is 

formed by sphere shaped, coagulated objects with smooth surfaces. The cross section of 
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these objects varies between 100 and 500 nm. The SEM (c) and TEM (d) images of 

sample CoCo-2 where P2 was added after 10 h, show an aggregated structure of 

mesoscale particles with a rough surface. The particle diameter distinguishable in the 

TEM image (d) is around 10-50 nm. When going to more delayed P2 addition times, the 

SEM images ((e) for CoCo-5) show a similar structure for the samples CoCo-2 to CoCo-

5. When investigating the TEM images of the samples CoCo-3 to CoCo-5, solid materials 

with sheet-like structures can be observed. This is illustrated with TEM image of sample 

CoCo-3 (f). For this sample, sheets of 3-4 nm thickness were found that were strongly 

folded. For the samples CoCo-4 and CoCo-5 (not displayed), the structure observed by 

TEM bears resemblances with CoCo-3. However, the sheets are thicker (13 nm found for 

CoCo-5) and less folded. The SEM image of sample CoCo-Ref (g) without P2 shows flat 

surfaces with patches of craters. At bigger zoom, in the TEM image for sample CoCo-

Ref (h), the aggregation of nanoscale primary particles is seen. 

Using this information, it is possible to effectively fit the SAXS patterns (see Figure 

61). The fit parameters are listed in Table 13.  
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Table 13. Fit parameters from the SAXS patterns in Figure 61. 

Sample 

C1(q) C2(q) 

R-factor 

η*104 /nm-2 d /nm ξTS /nm 

r /nm ΔSLD /nm-2 

core shell core shell 

CoCo-1a) 2.60 1.87 0.66 122.67 1.47 0.0012 0.00079 0.0463 

Sample η*104 /nm-2 d /nm ξTS /nm I(0)*10-7 /nm-1 Rg /nm D R-factor 

CoCo-2b) 2.83 2.01 0.62 9957.8 42.58 2.95 0.0534 

CoCo-3b) 2.52 2.09 0.58 122.76 3.41 2.89 0.0460 

CoCo-4b) 2.40 2.24 0.55 102.01 2.40 3.00 0.0366 

CoCo-5b) 2.64 2.42 0.53 186.62 2.38 3.00 0.0307 

CoCo-Refb) 2.75 2.68 0.47 101.9 2.02 2.95 0.0159 

a) C1(q): Teubner-Strey, C2(q): Core-Shell, Gaussian size distribution 
b) C1(q): Teubner-Strey, C2(q): Mass fractal, Exponential cut-off 

 

Every pattern can be fitted with two contributions. Common to all materials, the first 

contribution is the Teubner-Strey (T-S) model274. Originally developed for the scattering 

of microemulsions, this model is also applied to the scattering patterns of materials.275,276 

For networks of interconnected, coagulated particles, the T-S model is proven to provide 

a more reasonable fit than a hard sphere model.275,277 The contribution of the T-S to the 

overall fit is plotted as dashed blue lines in Figure 61. For the T-S model, the two fitted 

structural parameters are the characteristic domain size ξTS and the characteristic periodic 

inter-domain distance d.277 From this, the correlation length lc
TS is obtained using277 

 

 
𝑙𝑐
𝑇𝑆 =

𝑑

𝜋
𝑎𝑟𝑐𝑡𝑎𝑛 (

2𝜋𝜉𝑇𝑆
𝑑

) (14) 

 

The results of the T-S contribution are displayed in Figure 63.  
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Figure 63. Correlation length lc
TS and experimental scattering invariant 𝐐̃𝐞𝐱𝐩 obtained from the 

SAXS patterns of the co-condensed materials (Figure 61). Only Teubner-Strey (T-S) contributions 

(dashed blue line in Figure 61) were intergrated for the calculation of the experimental scattering 

invariant. 

The correlation length increases slightly in the order CoCo-1 > CoCo-5 from 0.68 nm 

to 0.73 nm. For the sample without P2, a decrease to 0.71 nm is found. These values are 

in the order of magnitude of the primary particle radii observed in IV. In the former 

chapter, in the case of EC4, the primary particle radius was determined to be 0.28 nm. 

More precisely, the calculated lc
TS are two times bigger than the radius and, thus, probably 

represent their center-to-center distance. This indicates that lc
TS is closely related to the 

primary particle size. It is inferred that the T-S contribution describes the coagulated silica 

structure. The calculation of the scattering invariant 𝑄̃𝑒𝑥𝑝 of the T-S contribution, 

therefore, gives information on the composition of the scattering volume of this 

coagulated silica structure.278 The calculated values are close to 1.4*10-6 nm-4for all 

samples. This indicates that all materials consist of similar fundamental structures.  
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Using the definition of the theoretical invariant 

 

 𝑄̃𝑡ℎ = 2𝜋2𝜙𝑎(1 − 𝜙𝑎)Δ𝑆𝐿𝐷
2 (15) 

 

where 𝜙𝑎 is the volume fraction of phase a and Δ𝑆𝐿𝐷 the scattering contrast, the 

volume fraction can be approximated. For the calculation, a Δ𝑆𝐿𝐷 of 0.0012 nm-2 is 

reasonable because the silica matrix consolidation is far from complete under acidic 

conditions.279 In this case, volume fractions 𝜙𝑎 of 0.04 to 0.08 are obtained. These volume 

fractions can be attributed to the bulk silica or the porosity of the material. Inspecting the 

TEM and SEM images, the materials were found to be highly porous. Therefore, an 

attribution of 𝜙𝑎 to the bulk silica appears more reasonable.  

The second fit contribution is different depending on the sample. The patterns of 

samples CoCo-2 to CoCo-5 can be fitted with a fractal model. This sort of structure is 

typical for one-step HCl-catalyzed xerogels.30 Here, a decreasing radius of gyration Rg 

with fractal dimensions close to 3 is observed in the order CoCo-2 > CoCo-Ref. (see 

Table 13). For CoCo-2 the determined radius of gyration is close to the size of the 

observed structures in the TEM images (see Figure 62 d). A decreasing radius of gyration 

indicates smaller coherent domains. Thus, at more delayed additions of P2, the materials 

present heterogeneities at decreasing lengths. This confirms the tendencies from the 

nitrogen adsorption experiments and the microscopy images where an increasing 

microporosity was observed.  

For sample CoCo-1 a core-shell sphere structure is proposed. Using the information 

obtained by nitrogen sorption measurements, the microscopy images and the TGA results, 

the complete morphology of the sample was resolved. For the explanation, a simplified 

illustration drawn to scale is given in Figure 64. 
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Figure 64. Simplified illustration of the fit model of CoCo-1. The illustration is drawn to scale. 

The core radius (RC) is given with a gaussian distribution of radii around 122.67 nm 

with a FWHM of 14.71 nm while the shell radius (RS) is fixed to 1.47 nm. In this way, 

RC corresponds to the polydisperse objects observed in the TEM images (see Figure 62 

a) and b)) and RS to the length of an extended P2. The scattering length density of the 

core (ΔSLDC) is that of the incompletely condensed silica matrix that was used earlier. 

(see Eq. (15)) The coagulated silica network discussed earlier is considered homogeneous 

at this scale. The SLD of the shell (ΔSLDS) is assumed to be that of a typical hydrocarbon 

chain. The model is verified by the experimental results from the TGA and nitrogen 

sorption experiments. 

First, the volume fraction of the modeled spheres in the sample is calculated. To this 

end, the sphere volume is multiplied with the particle number density NSpheres obtained 

via: 

 

 𝐼(0) = 𝑁𝑆𝑝ℎ𝑒𝑟𝑒𝑠 ∗ ∆𝑆𝐿𝐷
2 ∗ 𝑉𝑆𝑝ℎ𝑒𝑟𝑒

2  (16) 

 

where ΔSLD is the scattering contrast, VSphere the volume of one sphere and P(0) the 

applied form factor at q = 0 and I(0) the extrapolated measured intensity at q = 0. The 

resulting volume fraction 𝑉𝑆𝑝ℎ𝑒𝑟𝑒 ∗ 𝑁𝑆𝑝ℎ𝑒𝑟𝑒𝑠 = 7.73*106 nm3 * 1.13*10-8 nm-3 = 0.087 

agrees well with the volume fraction obtained from the T-S invariant. Since the 

microscopy images reveal that only one type of structure is present in the sample, it is 

concluded that the inner sphere volume is made up of the bicontinous silica network 

discussed earlier. The higher volume fraction of the modeled spheres is reasonable 

because contained silica matrix is made up of the silica primary particles and the porosity 

described by the T-S model. Second, this volume fraction is multiplied by the density of 
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silica (2.2 g cm-3) to estimate the number of spheres per sample mass ΓSphere. Taking SBET 

of the sample into account (see Figure 60), the surface per sphere ASphere,BET is estimated. 

The sphere radius rsphere,BET corresponding to this surface is, thus, obtained by 

 

 

𝑟𝑆𝑝ℎ𝑒𝑟𝑒,𝐵𝐸𝑇 = √
𝐴𝑆𝑝ℎ𝑒𝑟𝑒,𝐵𝐸𝑇

4𝜋
= √

𝑆𝐵𝐸𝑇
𝛤𝑆𝑝ℎ𝑒𝑟𝑒4𝜋

= 96⁡𝑛𝑚 (17) 

 

The obtained radius of 96 nm is in good agreement with the fitted radius (122.67 nm, 

see Table 13). This indicates that the measured specific surface area is that of the modeled 

core-shell spheres. The, compared to the fit result, inferior calculated radius is explained 

by the connections between the modeled spheres. The fit model of independent spheres 

neglects the lower surface-to-volume ratio in the real system that is caused by the 

coagulated connections between the spheres. Finally, it is possible to attribute the 

measured surface area to the quantity of incorporated P2. From TGA measurements, the 

weight fraction of incorporated P2 is known (see Figure 55). Using ΓSphere, the number 

of P2 per sphere NP2,Sphere is determined which is transformed to the area per P2 AP2 with 

the help of ASphere,BET. Approximating the occupied area of the R-SiO1.5 group (AP2) by 

that of a circle, the corresponding radius rP2 is calculated. 

 

 

𝑟𝑷𝟐 = √
𝐴𝑃2
𝜋

= √
𝐴𝑆𝑝ℎ𝑒𝑟𝑒,𝐵𝐸𝑇

𝑁𝑷𝟐,𝑆𝑝ℎ𝑒𝑟𝑒𝜋
= √

𝐴𝑆𝑝ℎ𝑒𝑟𝑒,𝐵𝐸𝑇𝛤𝑆𝑝ℎ𝑒𝑟𝑒

𝛤𝑷𝟐𝜋
= 0.67⁡𝑛𝑚 (18) 

 

Here, ΓP2 is the number of molecules P2 per gram of material. The calculated radius 

of 0.67 nm is in good agreement with the midsphere radius of a regular SiO2 tetrahedron 

rmidsphere = 0.91 nm (dSi-O=1.6 Å).280 Therefore, it is valid to assume that determined 

quantity of P2 in the material is distributed over the measured SBET. The SBET, in turn, was 

found to be the exterior of the observed spherical objects (see Figure 62 a and b). 

 

5 Discussion 

 

The obtained results allow for a hypothesis concerning the formation of the material. 

The structure and the P2 content of the material are a result of chemical and 

physicochemical factors in the sol. Chemically the incorporation of the organosilane 

precursor into the material is limited by reaction rate. From the TGA results, it can be 

concluded that the condensation is not completed at the moment of drying. This can be 
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inferred from the composition of CoCo-1 (see Figure 55). Despite the longest reaction 

time, the share of incorporated P2 is below the share in the starting sol. The FTIR results 

confirm this observation. Furthermore, by examining the completion of the silica network 

via FTIR (Figure 58), it was possible to predict three different types of morphology 

depending on the degree of condensation. The reason of this difference is of 

physicochemical origin. The organosilane and TEOS have two different spontaneous 

outcoming structures in the present system. More precisely, like examined in IV, the acid 

catalyzed polymerization of pure TEOS leads to a fibrillar, fractal network that ultimately 

percolates. On the other hand, the organosilane precursor is unable to polymerize in three 

dimensions due to its molecular structure. At the same time, the long hydrocarbon chain 

gives the molecule surfactant-like properties that allow the formation of emulsions. The 

emulsion formed upon the addition of P2 is that of a silica-rich and a solvent rich phase. 

It is most likely that the silica-rich phase has a large water content at the beginning of the 

reaction which decreases during the network consolidation. Between the two different 

spontaneous arrangements, that of P2 appears to be the directing one. This is visible for 

the sample CoCo-1 which exhibits an emulsion-like structure with few pores and covered 

by the organosilane. It is the first type of morphology predicted from the FTIR spectra. 

When later addition times of P2 are chosen, TEOS has the time to develop its spontaneous 

structure. However, the addition of P2 still redirects the structuring upon addition. The 

influence is, nonetheless, attenuated. For example, the TEM images of the sample CoCo-

2 still show the formation of larger (ca. 50 nm) aggregates. At later addition times, this 

kind of morphology is not observable anymore. It can be said that P2 becomes unable to 

direct the morphology by emulsion formation but still impacts the obtained structure. This 

leads to the second type of morphology as predicted from the FTIR spectra. Finally, when 

no P2 is added at all, the resulting microporous xerogel is the third type of morphology. 

In any case, in absence of the organosilane or at different addition delays, the coagulated 

silica structure is very similar. This was shown by fitting the scattering patterns of all 

samples using the Teubner-Strey model. All the samples consist of a coagulated network 

of primary particles like they were found in IV. Thus, it is concluded that the condensation 

processes of TEOS and P2 occur separated and heterogeneously. The addition of P2 is 

confining the space where the condensation of primary particles takes place. When the 

primary particle network formation is too advanced (later addition delays than CoCo-2), 

the organosilane grafts onto the surface. 

 

6 Conclusion 

 

In this study, it was possible to explore the effect of the delayed addition of an 

amphiphile-like organotrialkoxysilane to a sol composed of a non-ideal solvent and a 

tetraalkoxysilane on the properties of the resulting material. The precursor P2 (see Figure 

53) was selected as organotrialkoxysilane for this study because of its inability to interact 
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strongly via hydrogen bonding or ionic forces with the other components. Upon 

hydrolysis, P2 develops an amphiphilic character with an ionic silicate headgroup. The 

emulsion-forming properties lead to a macroscale morphology where the hydrolyzed P2 

is located at the interphase between a silica-rich and a solvent-rich domain. In this case 

P2 drives the obtained morphology where the silica headgroup is grafted on the surface 

and the triazole group is turned towards the pores. When the addition of P2 is delayed, 

the gel-forming mechanism of TEOS determines the material morphology. In this case, 

the obtained materials become increasingly microporous. For the samples with delayed 

addition, the morphology is more complex and the exact localization of the organosilane 

could not be determined. In any case, the co-condensation was found to be heterogeneous. 

The primary particles originating from TEOS react with each other while the organosilane 

is grafted on the available surfaces. Other organosilane precursor may impact the material 

formation differently due to interactions that are specific to their organic functions or a 

change of their solubility. 
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VI EXTRACTION CAPACITIES 

OF THE SILSESQUIOXANES 
1 System selection 

 

Like stated earlier, nowadays, the recycling of REEs is a major challenge. Many 

possible recovery routes are available. REEs can be retrieved by the recycling of 

manufacturing scraps, industrial waste (phosphogypsum, red mud) or the urban mining 

of EOL products.8 To date, the high in-use stocks of REE in NdFeB magnets indicate a 

promising resource for urban mining.281 However, for large magnets, metallurgical routes 

are already highly effective.282 Concerning smaller magnets, the REE extraction from 

NdFeB magnets used in hard-disk drives has potential. Unfortunately, high contents of 

iron in the leachate of typical scraps can hinder extraction.283 Thus, the employed material 

for separation must be highly selective towards REEs and mechanically resistant. In 

literature, dyglycolamic acid derivatives embedded in silica materials or organic 

polymers meet these criteria in solid-liquid extraction.284–288 

The materials synthesized in III fulfill the requirements for an application in solid-

liquid extraction. To investigate their affinity towards REE, extraction experiments were 

performed using the materials that were synthesized in sufficient quantity. Namely, H/T-

MP1-A/B-C, H-MP2-A-C, H-MP3-B-C-H, T-MP3-A-C-H, H-MP4-B-C and H-MP5-

B-C were tested. The structural formula of the corresponding functional groups are shown 

in Figure 65. 

 

Figure 65. Extracting groups of the materials used in VI. 

In the following, the obtained results are presented and discussed.  
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2 Extraction experiments 

 

The metal containing aqueous solutions engaged in sorption experiments were 

prepared by the dilution of ICP standard solutions obtained from SCP Science. Nd stock 

solutions (from 1 to 250 ppm) were prepared at the desired acidity ([HNO3]= 1.10-4 – 

1.10-1 M) from 1000 or 10000 mg/L ICP standard solutions (aqueous solution with 4% of 

nitric acid).  

A simulated leachate of NdFeB magnets was prepared from B (1.1 w%; 10 ppm), 

Co(1.6 w%; 15 ppm), Dy (1.3 w%; 12 ppm), Fe (67.2 w%; 630 ppm), Nd (24.5 w%; 

230 ppm), Ni (0.6 w%; 6 ppm), Pr (3.7 w%; 35 ppm) from 10000 mg/L and 1000 mg/L 

ICP standard solutions. The desired concentrations were attained by dilution with 

ultrapure water (Milli-Q, Millipore, 18 MΩ/cm) and the acidity was adjusted to pH 1 with 

1 M nitric acid solution.  

Batch contacts were performed for 24 h under rotary agitation (1 rotation/s) at 25°C. 

Various volume to solid ratio (V/m) have been used from 5000 (0.2 g/L) to 100 (10 g/L). 

After the contact, the mixtures were centrifuged and then filtered through a 0.2-μm 

cellulose acetate membrane. The initial and the remaining metal ion concentrations in the 

liquid phase were determined by ICP/AES or ICP/MS. 

Metal concentrations were measured before and after extraction by inductively 

coupled plasma/atomic emission spectroscopy (ICP/AES) using a SPECTRO ARCOS 

spectrometer or Inductively Coupled Plasma Mass Spectrometry (ICP/MS) using a 

Thermo Scientific iCAP RQ instrument. 

For the ICP/AES, the wavelengths were chosen to avoid any spectral interference 

between the elements: B (249.773, 249.677, 182.641 nm); Co (228.616, 238.892, 

230.786 nm); Dy (353.170, 394.468, 340.780 nm); Fe (259.941, 238.204, 239.562 nm); 

Nd (401.225, 430.358, 406.109 nm); Ni (231.604, 221.648, 232.003 nm); Pr (411.846, 

422.535, 414.311 nm). 

For the ICP/MS standard mode, no gas (STD) and He mode with kinetic energy 

discrimination (KED) were used for the following elements: 10B (KED); 58Ni (KED); 
59Co (STD); 141Pr (KED); 162Dy (KED). 

The cation uptake capacity Qe (mg/g or mmol/g) and adsorption efficiency E(%) were 

calculated respectively using the Eq. Qe = (Ci-Cf)×V/m and E = ((Ci-Cf)/Ci)×100. Ci 

refers to the initial concentration of the metal ion in solution while Cf is the residual metal 

ion concentration after the batch contact, V/m is the ratio of the volume of the solution to 

the mass of the solid (V = volume of the treated solution and m = mass of the material 

used). The separation factor SF(M1/M2) between two metals (M1 and M2) was determined 

according to the eq. SF(M1/M2) = QM1/QM2. 
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Langmuir or Freundlich isotherm was estimated using the equation: 

𝑄𝑒 = 𝑄𝑚𝑎𝑥
𝐿⁡𝐶𝑒

1+𝐿⁡𝐶𝑒
   or   𝑄𝑒 = 𝐾𝐹𝐶𝑒

1/𝑛⁡where Qe is the amount of adsorbed metal ions 

at equilibrium, L is the Langmuir constant, which is related to adsorption energy, Qm is 

the adsorption capacity of the adsorbent, and Ce is the equilibrium concentration of rare 

earth metal ions in the solution, KF is the Freundlich adsorption capacity constant. 
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3 Metal separation using silsesquioxanes 

1.1 Screening of the extraction properties at different pH 

 

The extraction behavior of the materials was first evaluated using batch extractions on 

pure Nd solutions at pH 1, 2 and 4 with a ligand-to-metal ratio (L/M) of 10. The molar 

masses were used as determined in TGA experiments (see III). The efficiencies are 

described by the capacity or adsorption ability Qe (mmol g-1 or mg g-1) of the material to 

extract the Nd. The equilibrium was considered to be reached after 24 h of contact at 

25 °C since no exact data of the kinetics is present at the moment. The results are shown 

in Figure 66.  

.

 

Figure 66. Qe of the Neodymium extraction of the tested materials at pH 1 to pH 4 (a) and a zoom on 

the results for H-MP4-B-C (b).  

Figure 66 a) shows that a considerable extraction of Nd is only observed for the 

materials containing the carboxylic acid (H-MP3-B-C-H, T-MP3-A-C-H) and the 

diglycolic diamide (H-MP4-B-C) headgroup. The absence of extraction for material H-

MP2-A-C indicates, that the triazole group does not participate in the extraction which is 

in agreement with the literature.289 The pH has a significant impact on the extraction 

behavior. For the carboxylic acid function, extraction was only observed at pH 4. This 

suggests that the extraction is driven by the ion exchange between the proton and the Nd-

ion. The extraction by simple carboxylic acids via the described mechanism is known but 

unspecific towards REE.290 For H-MP4-B-C (see Figure 66 b)), the tendency is inversed 

and a higher nitric acid concentration leads to better extraction performance. The results 
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are in good agreement with the behavior observed in liquid-liquid extraction systems 

using neutral ligands (solvating agents). Generally, an increase in the nitric acid 

concentration leads to an increase in the distribution ratio values.291,292 Regarding these 

observations, the Nd could be desorbed by adjusting the pH.  

To confirm this hypothesis, after the adsorption of Nd from a solution at pH 1 on H-

MP4-B-C, the material was submitted to a stripping step with Milli-Q water (pH 6.5) with 

a similar volume to solid ratio as the extraction step (typically V = 10 mL, m = 7 mg). 

The data show that approximately up to 80% of extracted REEs could be recovered from 

the material (see Table 14) 

Table 14. Results of the extraction and stripping experiments performed on H-MP4-B-C 

 [C] /g L-1 V/m Ci /ppm Cf /ppm %efficiency 

Extraction 
0.7 1350 

14.53 8.49 42% 

Stripping 6.04 4.98 82% 

 

1.2 Mechanism of the Nd extraction by H-MP4-B-C 

 

To evaluate the maximum extraction capacity Qmax of H-MP4-B-C concerning Nd, an 

isotherm at 298 K was recorded. To this end, the initial concentration of Nd was varied 

from 1 to 250 mg/L, while other parameters were kept constant (V/m = 10, 1 M HNO3). 

The results are presented in Figure 67. 
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Figure 67. Uptake capacity Qe (black) as a function of the equilbrium concentration of Nd (1 M 

HNO3) after 24 h of contact with H-MP4-B-C. The red graph is the linear refression of the Langmuir 

model (Ce/Qe =5.95(±0.13)*x + 0.1001(±0.0009) with R2 = 0.996). 

The R2 value (0.9962) of the Langmuir isotherms confirms the validity of the model 

for our system. From this it is concluded that all sites where Nd is adsorbed are similar in 

energy and a monolayer is formed. The adsorption isotherm based on the Freundlich 

equation 𝑄𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛 was also investigated from the plot ln(Qe)=f(ln(Ce) but the 

obtained R2 value of 0.94 disqualifies the Freundlich model.  

The maximum extraction capacity Qmax for the Nd was calculated to 0.168 mmol g-1 

(24.25 mg g-1). In comparison to the literature, this value is higher than the value proposed 

by Juère et al.288 (200 µg g-1) using a diethyl diglycolamide-functionalized mesoporous 

silica and of the same order of magnitude as the materials used by Ogata et al.285 with 

diglycol amic acid functional groups with Qmax = 16 mg g-1.  
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To obtain further information on the Nd uptake in material H-MP4-B-C SEM images 

were recorded. In addition Energy-dispersive X-ray spectroscopy (EDX) was performed. 

The results are shown in Figure 68. 

 

Figure 68. SEM images of H-MP4-B-C after the contact with a Nd containing solution. A) shows the 

morphology of the materials while b) visualizes the spacial distirbution of Nd. In c) the corresponding 

EDX spectrum is shown. 

At the observed scale, the images suggest a homogenous distribution of Nd in the H-

MP4-B-C after the extraction (see Figure 68 b). This indicates that the solution diffused 

entirely into the materials and the equilibrium is effectively reached after 24 h of contact. 

Furthermore, by analyzing the EDX spectrum, a molar ratio of Nd/Si of 0.103 was 

determined. Considering the molecular weight of H-MP4-B-C (481±30 g mol-1, see 

Figure 37), this is slightly superior to the ratio determined from Qmax (0.080±0.005). 

Mathematically, this implies that 10 to 13 headgroups participate in the extraction 

mechanism. For steric reasons, it is improbable that all of them participate in the 

coordination of one ion. It is more probable that this due to the electrostatic repulsion 

between the adsorbed species that limits the ion uptake. 
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1.3 Competitive extraction in a simulated NdFeB magnet leachate 

 

Considering the performance of H-MP4-B-C in the adsorption of Nd, the uptake of 

REE such as Nd, Pr and Dy compared to B, Co, Ni and Fe which are the major 

components in permanent magnets, was investigated. A new set of experiments was 

performed at pH 1 using a simulated leaching solution of permanent magnets with the 

composition provided in Table 15.  

Table 15. Simulated leachate of a NdFeB magnet. 

Elements B Co Dy Fe Nd Ni Pr 

w% 1.1 1.6 1.3 67.2 24.5 0.6 3.7 

Concentration 

/ppm 
11.32 15.45 12.35 641.6 218.7 3.05 34.34 

 

A metal/material ratio was fixed between 125 to 3500 (8 - 0.3 g L-1, V=1 – 25 mL, 

m = 7 mg). The results are shown in Figure 69. 

 

Figure 69. The extraction efficiency of various metals from a simulated NdFeB leachate as a function 

of the quantity of H-MP4-B-C. 

Whatever the conditions, no extraction of B, Co, Fe and Ni by the material was 

observed. The results show that the material selectively extracts the REEs with regards to 

the other cations. These results demonstrate the potential use of H-MP4-B-C concerning 

the selective extraction of REE in the presence of competitive ions, especially iron which 

is the main competing ion in the NdFeB leaching solution. 
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4 Conclusion and outlook 

 

The extraction experiments show the potential application of H-MP4-B-C for the 

selective extraction of REEs from NdFeB magnet leachates. The results show that the 

diethyl diglycolamide headgroup is the only effective and selective extraction function. 

The triazole group that is present in all materials, does not participate in the extraction. 

H-MP4-B-C appears to extract Nd using a non-ionic mechanism. The high number of 

headgroups involved in the extraction indicates a limitation of the ion uptake due to 

electrostatic repulsions. 

However it will be interesting to perform a kinetic study in order to establish the exact 

time to reach the equilibrium and to investigate the controlling mechanism of the sorption 

process thanks to kinetics parameters determined from kinetic models such as pseudo 

first-order, pseudo-second-order models.293 

Also, further experiments must be considered in order to evaluate the reusability of the 

material in consecutive extraction/stripping step and the extraction at higher 

concentration of competitive ions. 
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CONCLUSION 
 

In the context of the implementation of a methodology for sorbent synthesis applicable 

to solid-liquid extraction, new SHMs were elaborated following a multi-step strategy. 

First, new organosilane precursors with amphiphilic characteristics were obtained in more 

than satisfactory yields from commercially available starting materials. This includes the 

synthesis of alkyne-modified diglycolamic acid derivatives and a triethoxy silane azide 

that were combined using Click-chemistry.  

Second, these newly synthesized organosilane precursors were used for the elaboration 

of SHMs via an all-in-one approach. Characterizing the silica network and the various 

morphologies of the SHMs, several parameters such as the solvent (water or THF) and 

the catalysis (acidic or basic) were identified and pinpointed as major factors that 

influence the structuring of the silsesquioxane precursors. The local connectivity and the 

mesoscale structures were related to the specific headgroup interactions of the 

organosilane precursors during polymerization. It was highlighted that both depend 

simultaneously on the precursor organization during polymerization and the chemically 

directed connectivity of the growing siloxane network. This last result allows the 

prediction of the material morphology and structure which may help to control the 

mechanical, optical, insulating and extracting properties. Supplementary work on the 

same type of organosilane precursors still has to be done such as the modification of the 

chain length or the introduction of e.g. cyclic species in order to increase the stability of 

the head group.  

In order to increase the surface of such non-porous materials which may improve their 

extraction properties, an innovative approach using structured binary TBA/water 

mixtures as solvent was used. 

The first step was to investigate the structuring of materials formed from TEOS. The 

specific interactions of the initially formed silica nanoparticles with non-structuring 

ethanol or structuring tert-butanol and water were proposed to be responsible for an 

acceleration of the polymerization kinetics and an increased specific surface area. This 

result can be used to gain further understanding of the stabilization, polymerization and 

dissolution kinetics of metaloxides. Indeed, the affinity of nanoparticles to one solvent in 

a solvent mixture has the potential to be a subtle controlling parameter for the behavior 

of colloidal suspensions. For further studies, variations of the pH, the solvents, the 

precursor and the temperature should be investigated. An exhaustive SANS study with 

matched contrasts of TBA and silica can clarify the exact mechanism. In this case, 

contrast matching should be done by the deuteration of the alkyl positions of TBA in 

order to avoid the perturbation of the H-bonding interactions.  
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In a second step, a newly synthesized, non-functionalized organosilane precursor was 

added during the silica polymerization in structured solvents in order to elaborate porous 

SHMs in an all-in-one approach. The mechanism was investigated by relating the 

obtained material morphology to the addition delay of the non-functionalized 

organosilane precursor. The surfactant characteristics of the organosilane precursor and 

the advancement of the polymerization before the precursor addition were identified as 

the property defining parameters. For continuing studies, many parameters should be 

examined like the chain length in order to influence the surfactant characteristics of the 

precursor. This might enhance the effect of the solvent structuring on the material 

morphology. The variation of the headgroup might be used to further tailor the material 

morphology to, finally, obtain the desired properties. These materials should also be 

investigated concerning their extracting properties. Furthermore, the potential 

microporosity enables the diffusion of gases like CO2 which allows the application for 

depollution. 

During this work, only the non-porous SHMs were tested for REE extraction. The 

diethyl diglycolamide headgroup showed promising results for the selective and efficient 

extraction of REEs in the presence of competitive ions from a simulated NdFeB magnet 

leachate. Futures studies should now be focused on the extraction of REEs using the 

porous SHMs synthesized in chapter V. Supplementary studies should also include the 

variation of the material morphology to tailor the surface density of the headgroups which 

might allow the increase of the extraction efficiency. Moreover, the modification of the 

headgroup by varying the length of the alkyl chains or the amount of diglycolamide 

functions per molecule is possible to optimize the extraction efficiency. All modifications 

should be done keeping the mechanisms that govern the structuring proposed in the 

chapter III in mind. Finally, the reusability after several cycles and the stability of the 

materials regarding the solution is important for extraction and have to be explored. 

Overall, this work offers promising perspectives for the all-in-one synthesis of SHMs 

with direct applications. The knowledge for the mechanistic comprehension is at hand but 

their concrete application to design the synthesis in order to obtain the desired properties 

still requires a large amount of investigations. For industrial application, the study of the 

scalability of the developed synthesis routes is important and will have to be tested. 
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VII RÉSUMÉ EN FRANCAIS 
 

Selon l'IUPAC1, les terres rares sont un groupe de 17 éléments chimiques du tableau 

périodique. Ce sont des éléments dit critiques car utilisés dans beaucoup de dispositifs 

technologiques comme les moteurs électriques, les technologies de l’information, les 

aimants, l’optique...2 Leur extraction minière présentent plusieurs problèmes 

économiques et environnementaux, leur recyclage est très attractif8 et permet notamment 

de passer à une économie circulaire. 

Un des moyens de recycler ces éléments est l’extraction solide-liquide qui peut être 

réalisée à l’aide de matériaux hybrides à base de silice (SHM pour “silica hybrid 

materials”) possédant des groupes fonctionnels spécifiques. La synthèse de SHM est 

généralement réalisée en plusieurs phases. La première de ces phases, consiste à former 

un réseau siloxane afin d’obtenir une structure inorganique via le procédé sol-gel. C’est 

durant cette première phase, que le réglage d’une majorité de paramètres et l’addition 

d’additifs est possible afin de contrôler les propriétés désirées (morphologie, structure…). 

La deuxième phase correspond à l’enlèvement du solvant et la dernière à la 

fonctionnalisation post-synthétique du matériau avec des fonctions organiques. Une telle 

méthodologie peut présenter plusieurs inconvénients comme la nécessité de retirer 

l’additif après le procédé sol-gel et l’inhomogénéité du greffage des molécules 

fonctionnelles à la surface du matériau. 

Une approche “tout-en-un” pour la synthèse de SHM permet d’éliminer une partie de 

ces inconvénients. En modifiant le précurseur siloxane, c’est-à-dire en y ajoutant 

directement la fonction organique, et en optimisant les conditions de synthèse du 

matériau, il est possible d’obtenir un SHM présentant des propriétés d’intérêt. Cette 

approche a déjà fait ses preuves dans des travaux précédents.10,11 En suivant cette même 

approche “tout-en-un”, ce travail de thèse s’est focalisé sur la synthèse de nouveaux 

précurseurs organosilanes possédant un caractère amphiphile et leur utilisation pour 

l’élaboration de SHM dense et poreux par le développement de nouvelles voies de 

synthèse.  

Cinq précurseurs organosilanes présentés ci-dessous (Figure R.1) ont été synthétisés 

à partir de molécules commerciales avec de bonnes valeurs de rendement. Citons, les 

dérivés de l’acide diglycolamique modifié par une fonction alkyne et un triethoxysilane 

avec une fontion azide qui sont ensuite combinés par l’utilisation de la chimie « click ». 
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Figure R.1. Précurseurs organosilanes utilisés dans cette étude. 
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Afin d’utiliser ces précurseurs de manière cohérente pour l’élaboration de SHM, il a 

tout d’abord été nécessaire de comprendre les interactions entre les différents éléments 

présents dans le système réactionnel, soit l’eau, l’organosilane, le co-solvent et le TEOS. 

C’est dans ce but, que la stratégie de l’étude en trois phases présentée ci-dessous (Figure 

R.2) a été mise en place. 

 

Figure R.2: Stratégie employée durant ce travail de thèse. 

Durant la première phase de ce travail, des SHM ont été élaborés par polymérisation 

des cinq nouveaux organosilanes. Avec l’objectif de contrôler l’organisation de la 

structure à l’échelle mesoscopique des organosilanes dans les SHM, plusieurs voies de 

synthèse ont été testées : voie aqueuse et solvant (THF), ainsi que la nature de la catalyse 

acide et basique du procédé sol-gel. La caractérisation des matériaux au cours de leur 

élaboration par spectroscopie infrarouge à Transformée de Fourrier (FTIR), par Analyse 

Thermique Gravimétrique (ATG) et par diffusion des rayons X aux petits angles (SAXS) 

a permis de mettre en évidence les résultats présentés sur la Figure R.3. 
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Figure R.3. Vue d’ensemble des résultats obtenus lors de l’élaboration e SHM à partir des 

précurseurs organosilane. Les paramètres influencant la struture à l’échelle mesoscopique sont 

indiqués. A titre indicatif, les résultats obtenus par Besnard et al et Alauzun et al (AUT10) sont aussi 

inclus. 

L’étude de la polymérisation des précurseurs organosilanes a permis de mettre en 

évidence l’importance des interactions physico-chimiques pour contrôler la 

mesostructure des SHM. Tandis que ce sont des interactions coulombiennes qui 

conduisent à la formation d’une structure lamellaire lors de la synthèse de SHM avec P1, 

c’est une combinaison d’interactions π et de Van der Waals qui entrainent la formation 

de cette même phase avec P2. Lors de l'utilisation de P3, l’encombrement stérique du 

groupe de tête ester rigide est responsable de la formation de mesophases inversées avec 

une courbure vers la silice. Finalement, pour P5, la formation d’une pseudo-phase riche 

en liaisons hydrogène entre les groupes fonctionnels permet la formation d’une phase 

hexagonale 2D en voie aqueuse ou bien d’une phase lamellaire en voie THF. De plus, il 

a pu être mis en évidence par ce travail que ce sont les interactions spécifiques des groupes 

fonctionnels de têtes des précurseurs et l’affinité chimique entre groupes silanols qui 

pilotent la connectivité locale du réseau de silice et la mesostructure dans le SHM final. 

La deuxième phase de ce travail de thèse a consisté à étudier une nouvelle voie de 

synthèse utilisant des systèmes binaires non-structurants (eau/éthanol) et structurants 

(eau/tert-butanol) pour augmenter la surface spécifique des SHM, propriété d’intérêt pour 

l’extraction.205,206,269,270 Afin de comprendre les processus de base, la cinétique de 

polymérisation du réseau de silice a été étudié avec du tétraéthyl orthosilicate (TEOS). 

L’influence de la nature du solvant et de la fraction [H2O]/[solvant] sur le temps de 

gélification et la morphologie du matériau final a été étudiée par FTIR, diffusion de la 

lumière dynamique (DLS), SAXS et microscopie électronique à transmission (TEM). Les 

résultats ont permis de mettre en évidence, qu’avant la condensation, le système 
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eau/alcool/TEOS formait une microémulsion et ce, sans tensioactif. Cette structuration 

disparait dès lors que le TEOS s’hydrolyse et forme des nanoparticules dont la taille de 

0.2 à 0.5 nm de rayon, conditionnée par la fraction [H2O]/[solvant], condensent pour 

former un réseau fractal. Les aérogels obtenus séchés par CO2 supercritique présentent 

des caractéristiques morphologiques et des surfaces spécifiques remarquables, certaines 

supérieures à 1400 m².g-1, lorsqu’ils résultent de solvants structurés. Ces résultats ont 

permis de montrer que la structuration du solvant dans l'environnement immédiat des 

particules de silice est responsable du comportement observé. Une hypothèse de 

l’influence de la structuration du solvant sur le mécanisme de polymérisation est proposée 

dans laquelle les particules de silice s’agrègent de manière différente en fonction de la 

composition du solvant dans leur environnement immédiat. Dans les solvants structurés, 

les domaines riches en eau recouvrent les particules de silice (Figure R.4). Cela conduit 

à des conditions réactionnelles similaires à celles de l'eau pure, alors que les domaines 

riches en tert-butanol forment des régions où la polymérisation n'a pas lieu. Cette étude a 

fait l’objet d’un article.199 

 

Figure R.4. Illustration simplifiée de la structuration mesoscopique du gel de silice en fonction de la 

fraction [H2O]/[tert-butanol]. 

Durant la troisième phase de ce travail, l’organotrialkoxysilane P2 a été intégré dans 

les systèmes eau/tert-butanol/TEOS en étudiant l’effet de son  retard à son addition lors 

du processus sol-gel. P2 a été sélectionné car son groupe fonctionnel de tête ne permet 

pas de former de liaison hydrogène ou de liaison ionique. Ajouté initialement au système, 

le P2 hydrolysé développe un caractère amphiphile avec son groupe de la partie silicate 

ionique conduisant à la formation d'une émulsion. P2 hydrolysé est alors situé à 

l'interphase entre un domaine riche en silice et un domaine riche en solvant. Dans ce cas-

là, c’est P2 qui dirige la morphologie du matériau final et la fonction de tête se situe à la 

surface des macropores. Lorsque l'ajout de P2 est retardé, c’est la formation de gel de 

TEOS qui pilote la morphologie du matériau. Dans ce dernier cas, les SHM obtenus 

deviennent de plus en plus microporeux avec la durée du retard à l’ajout de P2. Pour ces 
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SHM, la morphologie est plus complexe et la situation exacte de l'organosilane n'a pas pu 

être déterminée. Dans tous les cas, la co-condensation s'est avérée hétérogène. Les 

particules primaires provenant de TEOS réagissent les unes avec les autres pendant que 

l’organosilane est greffé sur les surfaces disponibles.  

La dernière partie de ce travail a consisté à tester les propriétés d’extraction des SHM 

synthétisés à partir des précurseurs d'organosilane purs. Les premières expériences 

montrent l'application potentielle du SHM réalisé à partir de P4 par voie aqueuse et 

basique pour l'extraction sélective des terres rares des modèles lixiviats à aimants NdFeB. 

Ce dernier matériau semble extraire le Nd par un mécanisme non ionique. Le nombre 

élevé de groupes fonctionnels impliqués dans l'extraction indique une limitation de 

l'absorption d'ions due aux répulsions électrostatiques. De plus, les résultats montrent que 

le groupe de tête diéthyl diglycolamide est la seule fonction d’extraction efficace et 

sélective. Le groupe triazole, présent dans tous les matériaux, ne participe pas à 

l'extraction.  

Dans l’ensemble, ces travaux offrent des perspectives prometteuses pour la synthèse 

« tout-en-un » de SHM à applications directes. Les connaissances en matière de 

compréhension mécanistique sont à portée de main, mais leur application concrète pour 

concevoir la synthèse en vue d'obtenir les propriétés souhaitées nécessite encore de 

nombreuses recherches. Citons par exemple, l’utilisation des précurseurs possédant des 

groupements fonctionnels susceptibles de générer des interactions physico-chimiques 

pour l’élaboration des matériaux par la voie des systèmes binaires structurants qui n’ont 

pu être étudiés durant ce travail. 

Pour des applications industrielles potentielles, l’étude de l’évolutivité des voies de 

synthèse développées devra être testée.  
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IX EXPERIMENTAL 
1 Chemicals 

 

All chemicals were used without further purification. LiBr (≥99%), MgSO4 (≥99.5%), 

CuBr2 (≥99%), Paladium on charcoal (10w%) and 11-undecen-1-ol (≥99%) were 

obtained from Alfa Aesar (Kandel, Germany). Triethoxysilane (≥97%), and Karstedt’s 

catalyst (2.1-2.4w% Pt) were obtained from abcr GMBH (Karlsruhe, Germany). 1-

Iodooctane (≥98%), dicyclohexylcarbodiimide (DCC, ≥99%), tetraethoxy orthosilicate 

(TEOS, ≥98%), DMF anhydrous (≥99.8%), propargylamine (≥99%), diglycolic 

anhydride (DGA, ≥97%), acetonitrile anhydrous (≥99.9%), 1,4-dioxane anhydrous 

(≥99.8), and THF anhydrous (≥99.5) were purchased from Acros Organics (Geel, 

Belgium). Hydrogen (H2), Argon (Ar), and Nitrogen (N2) were purchased from Air 

Liquide France Industrie (Jay, France). Ethanol absolute anhydrous (p.a), Acetone (tech), 

dichloromethane (DCM, ≥99.8%), chloroform (≥99.95%), ethylacetate (≥99.8%), 

cyclohexane (≥99.8%), toluene (≥99.8%), pentane (≥95%), diethylether (≥99.8%), 

methanol (≥99.9%), and 37% (w/w) HCl were obtained from Carlo Erba (Val-de-Reuil, 

France). Animal charcoal, gadolinium (III) nitrate (Gd(NO3)3, ≥99.9%), and Sodium 

Oxalater (≥99.5%) were obtained from Fisher Scientific SAS (Illkirch, France). 1-

hydroxybenzotriazole (HOBt, ≥98%) was purchased from Honeywell (New Jersey, 

USA). Methyl propiolate (≥98%) was purchased from TCI EUROPE N.V. (Zwijndrecht, 

Belgium). Tert-butnaol (TBA, ≥98%), 28-30% (w/w) NH4OH solution, triethylamine 

(NEt3, ≥99%), methanesulfonyl chloride (≥99.7%), NaCl (≥99%), Celite® S, Silica 

Powder (60 Å, 40-63 µm), diethylamine (≥99.5%), triphenylphosphine (≥99), copper(II) 

bromide (≥99.999%), tris(2-aminoethyl)amine (≥96%), 1-iodooctadecane (≥95%), 1-

pentyne (≥99), 4-bromo-1-butyne (≥97%), phenylacetylene (≥98%), 

trifluoromethanesulfonic acid (TfOH, ≥99%), and sodium azide (NaN3, ≥99%) were 

obtained from Sigma-Aldrich (Lyon, France). 
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2 Methods 

1.1 Dynamic Light Scattering (DLS)  

 

Dynamic light scattering was used for the determination of the gel times in IV. To this 

end, DLS was done at 50°C on a Zetasizer Nano ZS (Malvern Panalytical Ltd., United 

Kingdom) with automatic attenuation in silicone glue sealed 10 mm polystyrene cuvettes. 

Acquisition was performed at 173° for 5 runs of 20 s each every hour and data were 

treated using a method adapted from literature.244 The time of the last correlation function 

consisting of a single monomodal exponential function was chosen as gel-time. 

 

1.2 Gas Chromatography-Mass Spectrometry (GC-MS) 

 

Gas Chromatography analysis was performed with a gas chromatograph mass 

spectrometer Shimadzu GCMS-QP2010 Ultra with a SLB®-5ms Supelco capillary GC 

column (L × I.D. 30 m × 0.25 mm, df 0.25 μm). Sample split injection (2µL) was used 

with a split of 120 and an injector temperature of 250°C, Helium (115 kPa) was used as 

the carrier gas. The following time–temperature program was used for the analysis: 50°C 

(1 min); 50–270 °C at 25°C/min, 275°C (10 min). 

 

1.3 Electrospray Ionization Mass Spectrometry (ESI-MS) 

 

ESI-MS was performed on a Flexar SQ 300 MS instrument. 

 

1.4 Fourier Transformed Infrared Spectroscopy/Attenuated Total Reflection 

(FTIR/ATR) 

 

Fourier Transformed Infrared spectroscopy (FTIR) was performed with a Perkin 

Elmer Spectrum 100 spectrometer in Attenuated Total Reflection (ATR) mode equipped 

with a DTGS/KBR detector. Liquid samples were placed at the surface of the diamond in 

a PTFE set-up to avoid solvent evaporation. Solid samples were pressed on the diamond. 

The spectra were recorded from 380 to 4000 cm−1 adding 4 scans with a 4 cm−1 of 

resolution correcting from the background spectrum for each substrate. Baseline 

adjustments and peak decomposition were performed using the Origin software.  



Experimental 

193 

 

1.5 Nitrogen adsorption-desorption 

 

Nitrogen adsorption-desorption analyses were carried out using a Micromeritics 

apparatus (ASAP 2020). Before analysis, all samples were outgassed at 60 °C during 24 

h under high vacuum (10-5 Pa). Specific surface area was obtained using the 

Brunauer−Emmett−Teller (BET) model. 

 

1.6 Nuclear Magnetic Resonance spectroscopy (NMR) 

 

NMR analyses were performed on a Bruker 400 ultrashield VS spectrometer. 

 

1.7 Small/Wide-Angle X-ray Scattering (SWAXS) 

 

Small and Wide Angle X-ray Scattering (SWAXS) analysis were carried out in 

transmission geometry with a Xenocs setup equipped with a Mo anode (λ = 0.71 Å) using 

a MAR345 2D imaging plate detector. Such short wavelength allows to cover a scattering 

range for standard SWAXS that extends to large wave vectors in order to obtain 

information at a small scale down to few angstroms typically a wavenumber q ranged 

from 0.2 nm-1 to 30 nm-1. The collimation was ensured by a Fox2D multilayer mirror and 

by a set of scatterless slits that delimitated the beam to a square section (0.8 mm side 

length at the sample position). The distance from the sample to the detector was about 

750 mm and was calibrated using silver behenate powder. The samples were analyzed in 

glass capillaries of 2 mm of diameter. Azimuthal averaging of 2D-data recorded by a 

MAR345 imaging plate detector was performed using the FIT2D software taking into 

account the electronic background of the detector, the empty cell subtraction and an 

intensity calibration. The scattered intensity in absolute scale (in cm-1) was expressed 

versus the magnitude of the scattering vector q = (4πsinθ)/λ, where θ was the scattering 

angle. Experimental resolution was Δq/q = 0.02. Data was fitted using the SASfit 

software. The respective fitting procedure is added in the appropriate position in X. 

 

1.8 Scanning Electron Microscopy (SEM) 

 

SEM was performed on a FEI QUANTA 200 ESEM FEG operating at 15 kV equipped 

with a Everhart-Thornley detector.  
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1.9 Transmission electron microscopy (TEM) 

 

For transmission electron microscopy (TEM) and high-resolution transmission 

electron microscopy (HRTEM) measurements, one or more drops of the dilute solution 

of dried sample in ethanol are deposited on the amorphous carbon film. High-resolution 

transmission electron microscopic measurements were carried out using a JEOL 2200FS 

microscope that operates at 200 kV. Transmission electron microscopy observations were 

then carried out using a FEI Tecnaï G2 TEM microscope equipped with a LaB6 filament 

that operates at 200 kV. 

 

1.10 Ternary phase diagrams 

 

Ternary phase diagrams in IV were determined at room temperature using a static and 

dynamic process as described in literature.63 For this purpose, binary mixtures of 

water/alcohol and alcohol/TEOS were prepared. The third component was added 

dropwise and the tube was stirred after every addition. The composition at the moment of 

demixing was noted as the phase boundary. After every addition, the tube was closed and 

then stirred. To limit the TEOS hydrolysis, ultrapure water was used. 

 

1.11 ThermoGravimetric Analysis (TGA) 

 

Thermal analysis (TGA) was performed with a Mettler Toledo Instrument with a 

Type-S thermocouple under air flow with a heating rate of 5 °C/min from 25 to 1000 °C.  
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X APPENDIX/NMR SPECTRA 
1 Chapter II 

 

Protocols and Analysis 

 

Methanesulfonic acid undec-10-enyl ester 2 

 

10-undecen-1-ol (34.058 g, 0.2 mol, 1 eq) and NEt3 (25.5 g, 0.252 mol, 1.26 eq) were 

added to 700 mL CHCl3. Over the course of 90 min MsCl (27.494 g, 0.24 mol, 1.2 eq) 

dissolved in 100 mL of CHCl3 were added dropwise to the stirred solution at room 

temperature. The temperature was controlled by a water bath. Addition of MsCl produced 

HCl which was removed by frequent venting. After 20 h the solution has turned slightly 

yellow. Half of the reaction mixture was washed with 450 mL water. The aqueous phase 

was extracted with CHCl3 (2x100 mL). The same procedure was repeated for the second 

half. All the united aqueous phases were again extracted with CHCl3 (100 mL). The 

organic phases were reduced to 200 mL and washed with brine (100 mL). CHCl3 was 

evaporated and the residue was distilled at 80 °C and 0.5 mbar to remove volatile 

impurities. The resulting dark oil was again distilled at 160 °C and 0.3 mbar to afford the 

product 2 as translucent brown oil (45.12 g, 0.18 mol, 91%) in the distillate. 

1H-NMR (400 MHz, CDCl3): δ = 5.78 (m, 1H), 4.93 (m, 2H), 4.2 (t, J = 6.61 Hz, 2H), 

2.98 (s, 3H), 2 (q, J = 6.97 Hz, 2H), 1.72 (quint, J = 6.85 Hz, 2H), 1.4-1.15 (m, 13H). 
13C-NMR (100 MHz, CDCl3): δ = 139.36, 114.36, 70.4, 37.56, 33.98, 29.54, 29.32, 

29.25, 29.2, 29.08, 25.61. HRMS (ESI) exact mass calc. for C12H24O3S: m/z 248.14, 

found: m/z 248.17 [M+H]+  
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11-methanesulfonic acid undecyl ester triethoxysilane 3 

 

Under N2-atmosphere Karstedt’s catalyst (2.1-2.4 wt% Pt, 0.462 g, 0.02 mmol, 3x10-

4 eq) was added to a stirred mixture of 2 (15 g, 60.05 mmol, 1 eq) and triethoxysilane 

(22.99 g, 139.94 mmol, 2.33 eq) at room temperature. The temperature was kept constant 

using a water bath. After 20 h activated charcoal (2 g) was added and the mixture was 

stirred at 40°C for 1 h. The mixture was filtered and the filtrate distilled at 170°C (0.3 

mbar) to remove more volatile impurities. The product 3 was obtained as brown oil (21.87 

g, 53.06 mmol, 88%). 

1H-NMR (400 MHz, CDCl3): δ = 4.18 (t, J = 6.6 Hz, 2H), 3.77 (q, J = 7.09 Hz, 6H), 

2.96 (s, 3H), 1.7 (quint, J = 7.46 Hz, 2H), 1.4-1.15 (m, 25H), 0.58 (t, J = 8.68 Hz, 2H). 
13C-NMR (100 MHz, CDCl3): δ = 70.5, 58.49, 37.55, 33.38, 29.7 (d, J = 3.67 Hz), 29.62, 

29.35 (t, J = 9.9 Hz), 25.64, 22.97, 18.52, 10.6 

 

11-azidoundecyl triethoxysilane 4 

 

Under N2-atmosphere, NaN3 (7.09 g, 109.14 mmol, 3 eq) suspended in dry CH3CN 

(100 mL) was heated to 85 °C. 3 (15 g, 36.4 mmol, 1 eq) in dry CH3CN (50 mL) was 

added dropwise to the heated mixture. After 48 h the mixture was cooled to 0 °C filtered, 

washing the residue with cold dry CH3CN (2x20 mL). After evaporation of dry CH3CN 

more volatile compounds were removed by distillation at 110 °C (0.6 mbar) for 2 h. The 

residue was distilled 200 °C (0.6 mbar) to afford the product 4 as clear, colorless oil (11.94 

g, 31.75 mmol, 87%) in the distillate. 

1H-NMR (400 MHz, CDCl3): δ = 3.79 (q, J = 6.97 Hz, 6H), 3.23 (t, J = 6.97, 2H), 

1.57 (quint, J = 8.07 Hz, 2H), 1.4-1.15 (m, 27H), 0.58 (t, J = 8.68 Hz, 2H). 13C-NMR 

(100 MHz, CDCl3): δ = 58.26, 51.48, 33.2, 29.6, 29.55, 29.27 (d, J = 7.34 Hz), 28.92, 

26.79, 22.82, 18.32, 10.46. HRMS (ESI) exact mass calc. for C18H41N3O3Si: m/z 375.29, 

found: m/z 375.1 [M+H]+  
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11-aminoundecyl triethoxysilane 5 

 

Under Ar-atmosphere, EtOH anhydr. (500 mL) was added to Palladium supported on 

carbon (Pd/C, 10 w%) (0.2 g, 0.19 mmol, 0.01 eq) and 4 balloons filled with H2 were 

bubbled through. A solution of 4 (7.9 g, 21 mmol, 1 eq) dissolved in EtOH (250 mL) was 

infused by bubbling through one balloon of H2. The solution containing 4 was then added 

dropwise under H2-atmosphere over the course of 1 h. After 2 h of stirring at room 

temperature the solution was filtered over celite® and the solvent of the filtrate was 

evaporated. The residue was dissolved in pentane and the resulting solution containing a 

white precipitate was again filtered over celite®. The pentane was evaporated and the 

product 5 was obtained as a slightly yellow liquid (5.5 g, 16.4 mmol, 78 %) after 

fractionated distillation at 200 °C (0.7 mbar). 

1H-NMR (400 MHz, CDCl3): δ = 3.78 (q, J = 7.09 Hz, 6H), 2.66 (t, J = 6.84 Hz, 2H), 

2.41 (m, 2H), 1.4-1.15 (m, 29H), 0.59 (t, J = 8.31 Hz, 2H). 13C-NMR (100 MHz, CDCl3): 

δ = 58.48, 42.15, 33.42, 29.83, 29.75, 29.69, 29.48, 27.1, 22.97, 18.51, 10.6 

2-(2-(diethylamino)-2-oxoethoxy)acetic acid ADEA 

 

To 2.19 g (30 mmol, 1 eq) of diethyl amine in 40 mL THF, 3.5 g (30 mmol, 1 eq) 

diglycolic anhydride (DGA) were added in portions. The solution was stirred overnight 

and, then, washed with 80 mL of 1 M HCl (2x40 mL). The organic phase was evaporated 

and the yellowish crude product was purified using flash column chromatography 

(EA/CH increasing gradient). The desired product was obtained as a colorless oil (4.3°g, 

22.8 mmol, 76 %). 

1H-NMR (400 MHz, CDCl3): δ = 4.35 (s, 2H), 4.14 (s, 2H), 3.43 (q, J = 7.45 Hz, 2H), 

3.21 (q, J = 7.45 Hz, 2H), 1.21 (t, J = 7.16 Hz, 3H), 1.16 (t, J = 7.16 Hz, 3H). 13C-NMR 

(100 MHz, CDCl3): δ = 171.97, 170.22, 72.59, 71.03, 41.07, 40.92, 13.72, 12.61. Rf (EA-

CH, 5/5) = 0.1. HRMS (ESI) exact mass calc. for C8H15NO4: m/z 190.1, found: m/z 190.1 

[M+H]+ 
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2-(2-methoxy-2-oxoethoxy)acetic acid AE 

 

To 3.5 g (30 mmol, 1 eq) diglycolic anhydride (DGA) in 10 mL DCM, 1.22 mL 

(30 mmol, 1.1 eq) of methanol were added. The solution was refluxed for 2 hours and, 

then, evaporated and the yellowish crude product was purified using flash column 

chromatography (EA/CH increasing gradient). The desired product was obtained as a 

colorless oil (3.67°g, 25 mmol, 83 %). 

1H-NMR (400 MHz, CDCl3): δ = 4.24 (s, 2H), 4.2 (s, 2H), 3.74 (s, 3H). 13C-NMR 

(100 MHz, CDCl3): δ = 173.38, 172.25, 68.64, 68.6, 52.29. Rf (EA-CH, 8/2) = 0.55. 

HRMS (ESI) exact mass calc. for C5H8O5: m/z 149.04, found: m/z 149 [M+H]+ 

 

2-(2-oxo-2-(prop-2-yn-1-ylamino)ethoxy)acetic acid APA 

 

To 3.48 g (30 mmol, 1 eq) diglycolic anhydride (DGA) in 90 mL THF, 1.65 g 

(30 mmol, 1.1 eq) of propargylamine were added in portions. The mixture was evaporated 

and the yellowish crude product was purified using flash column chromatography 

(EA/CH, increasing gradient). The desired product was obtained as a colorless oil (3.9°g, 

22.8 mmol, 76 %). 

1H-NMR (400 MHz, MeOD): δ = 4.2 (s, 2H), 4.09 (s, 2H), 4.03 (d, J = 2.83 Hz, 2H), 

2.58 (t, J = 2.28 Hz, 1H) 13C-NMR (100 MHz, MeOD): δ = 172.28, 170.34, 70.7, 70.74, 

69.9, 67.63, 27.55. HRMS (ESI) exact mass calc. for C7H9NO4: m/z 172.06, found: m/z 

172.1 [M+H]+ 
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N,N-diethyl-2-(2-oxo-2-(prop-2-yn-1-ylamino)ethoxy)acetamide A4 

 

A solution of 4.3 g ADEA (23 mmol, 1 eq), 1.84 mL SOCl2 (25.3 mmol, 1.1 eq) and 

3 drops of DMF in 80 mL DCM was stirred for 3 hours at r.t. Then, the volatile 

components were removed by vacuum distillation and the residue was dissolved in 40 mL 

DCM. In second flask, a solution of 1.62 mL propargylamine (25.3 mmol, 1.1 eq) and 

2.53 g triethylamine (25.3 mmol, 1.1 eq) in 40 mL was prepared. To this solution, the 

distillation residue was added dropwise over 1 hour. The now turbid solution was stirred 

for 2 hours at r.t. and, then, washed with 80 mL 1 M HCl (2x40 mL). The organic phase 

was evaporated and the resulting crude product was purified by flash column 

chromatography. (EA/DCM, increasing gradient). The desired product was isolated as 

colorless oil (2.75 g, 0.12 mmol, 53 %) 

1H-NMR (400 MHz, CDCl3): δ = 7.99 (s, 1H), 4.2 (s, 2H), 4.03 (dd, J = 5.5, 2.5 Hz, 

2H), 3.32 (q, J = 7.1 Hz, 2H), 3.13 (q, J = 7.1 Hz, 2H), 2.15 (t, J = 2.5 Hz, 1H), 1.11 (t, 

J = 7 Hz, 3H), 1.07 (t, J = 7.27 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ = 169.29, 

167.67, 79.34, 71.65, 71.02, 69.52, 40.7, 40.31, 28.28, 14, 12.74. HRMS (ESI) exact 

mass calc. for C11H18N2O3: m/z 227.14, found: m/z 227.1 [M+H]+ 
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Methyl 2-(2-oxo-2-(prop-2-yn-1-ylamino)ethoxy)acetate A5 

 

A solution of 2.96 g AE (20 mmol, 1 eq), 1.6 mL SOCl2 (22 mmol, 1.1 eq) and 3 drops 

of DMF in 80 mL DCM was stirred for 3 hours at r.t. Then, the volatile components were 

removed by vacuum distillation and the residue was dissolved in 40 mL DCM. In second 

flask, a solution of 1.4 mL propargylamine (22 mmol, 1.1 eq) and 2.8 mL triethylamine 

(22 mmol, 1.1 eq) in 40 mL was prepared. To this solution the distillation residue was 

added dropwise over 1 hour. The now turbid solution was stirred for 2 hours at r.t. and, 

then, washed with 80 mL 1 M HCl (2x40 mL). The organic phase was evaporated and the 

resulting crude product was purified by flash column chromatography. (EA/CH, 

increasing gradient). The desired product was isolated as colorless oil (1.96 g, 10.6 mmol, 

53 %) 

1H-NMR (400 MHz, CDCl3): δ = 7.1 (s, 1H), 4.13 (s, 2H), 4.04 (d, J = 7.7 Hz, 2H), 

4.04 (s, 2H), 3.72 (s, 3H), 2.11 (t, J = 2.6 Hz, 1H) 13C-NMR (100 MHz, CDCl3): 

δ = 170.05, 168.49, 79.1, 71.44 (d, J = 2.3 Hz), 70.93 (t, J = 3.6 Hz), 68.46 (t, J = 3.4 Hz), 

52 (q, J = 3.8 Hz), 28.38 (t, J = 2.9 Hz). Rf (EA-CH, 5/5) = 0.25. HRMS (ESI) exact 

mass calc. for C8H11NO4: m/z 186.07, found: m/z 186 [M+H]+ 

4-(prop-2-yn-1-yl)morpholine-3,5-dione AP 

 

This product was obtained following the synthesis for A4 or A5 on APA. After flash 

column chromatography (EA/CH, increasing gradient), the product was isolated as 

colorless solid. 

1H-NMR (400 MHz, CDCl3): δ = 4.5 (d, J = 2.6 Hz, 2H), 4.41 (s, 4H), 2.56 (t, 

J = 2.5 Hz, 1H) 13C-NMR (100 MHz, CDCl3): δ = 169, 77.47, 70.63, 67.09, 26.82. Rf 

(EA-CH, 6/4) = 0.76. HRMS (ESI) exact mass calc. for C7H7NO3: m/z 154.05, found: 

m/z 154.1 [M+H]+ 
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[Cu(PPh3)3]Br C1 

 

C1 was synthesized as described in literature.294 PPh3 (6 g, 22.9 mmol, 4 eq) was 

dissolved in hot (85°C) methanol (100 mL). To this solution, CuBr2 (1.24 g, 5.6 mmol, 

1 eq) was added in portions leading to a white precipitate. Afterwards, the suspension was 

left to cool to r.t. and filtered. After washing with ethanol and diethyl ether and subsequent 

drying in vacuum, C1 was obtained as a white solid (5.22 g, 77%). The presence of the 

desired product was verified by FTIR.295 

IR (neat, cm-1): 3047, 3028, 3006, 1968, 1896, 1826, 1773, 1671, 1605, 1586, 1576, 

1479, 1434, 1335, 1315, 1286, 1187, 1153, 1091, 1070, 1029, 1000, 842, 741, 691, 618, 

517, 506, 480, 437, 427, 412, 401 

 

Synthesis of [Cu(C18tren)]Br C2 

 

Synthesis was adapted from literature.296  

 

Tris(2(dioctadecylamino)ethyl)amine C18tren 

 

To acetonitrile (50 mL) Tris(2-aminoethyl)amine (0.5 g, 3.42 mmol, 1 eq) and K2CO3 

(5.25 g, 37.5 mmol, 11 eq) were added. After the addition of Iodooctadecan (8 g, 

20.9 mmol, 6 eq) the solution was refluxed under agitation. After 48 h the suspension was 

cooled to 0 °C and filtrated. The solid residue was washed with ice-cooled acetonitrile (3 

x 30 mL). The filtrate was washed with cold water (3 x 20 mL) and methanol (2 x 40 mL). 

The filtrate was dried over MgSO4 and recrystallized in 1,4-dioxane. After column 

chromatography on silica gel (DCM/EtOAc (1/1)), the product was isolated as white solid 

(1.79 g, 1.1 mmol, 32%) 

1H-NMR (400 MHz, CDCl3): δ = 2.8-2.36 (m, 24H), 1.73 (m, 12H), 1.47-1.23 (m, 

192H), 0.88 (t, J = 6.79 Hz, 18H). 13C-NMR (100 MHz, CDCl3): δ = 54.86, 53.34, 52.3, 

31.95, 29.75, 29.39, 27.67, 27.11, 22.71, 14.13. HRMS (ESI) exact mass calc. for 

C114H234N4: m/z 1659.18, found: m/z 1661.8 [M+2H]2+. IR (neat, cm-1): 2916, 2849, 1467, 

1377, 1297, 1283, 1094, 1074, 1034, 890, 719   
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[Cu(C18tren)]Br C2 

 

C18tren and CuBr were added to degassed 1,4-Dioxane under Ar atmosphere and the 

solution was stirred at 60 °C during 3 h. Afterwards, the solution was left to cool to r.t. 

and filtrated. The product was obtained as greenish solid after drying under dynamic 

vacuum. 

1H-NMR (400 MHz, CDCl3): δ = 1.8-1.1 (m, 192H), 0.88 (t, J = 5.77 Hz, 18H). 13C-

NMR (100 MHz, CDCl3): δ = 31.95, 29.7, 29.4, 28.26, 22.72, 14.13. IR (neat, cm-1): 

2916, 2849, 1467, 1377, 1289, 1254, 1123, 1084, 888, 875, 720. HRMS (ESI) exact mass 

calc. for C114H234N4BrCu: m/z 1803.5, found: m/z 1803.7  [M+H]+ 

 

General procedure of CuAAC using [Cu(PPh3)3]Br C1 

 

Under Ar atmosphere, azido precursor 4 (1.88 g, 5 mmol, 1 eq) and the alkyne 

precursor (7.5 mmol, 1.5 eq) were added to THF/NEt3 (1:1) (10 mL). C1 (0.047 g, 

0.05 mmol, 0.01 eq) was added and mixture was stirred at 40 °C during 24 h. The solution 

was evaporated at 10 mbar and 50 °C and the residue was dissolved in pentane (10 mL). 

The suspension was filtered over 20 mL compacted celite® using approximately 200 mL 

pentane and the solvent evaporated to obtain the desired product as viscous oil in the 

yields reported in Table 3. 
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General procedure of CuAAC using [Cu(C18tren)]Br C2 

 

Under Ar atmosphere, C2 (0.036 g, 0.02 mmol, 0.01 eq) was dissolved in toluene 

(12 mL). azido precursor 4 (0.752 g, 2 mmol, 1 eq) and the alkyne precursor (3 mmol, 

1.5 eq) were added and the solution was stirred at 40 °C for 5 h. The solution was 

evaporated at 10 mbar and 50 °C and the residue was dissolved in anhydrous ethanol 

(10 mL). The suspension was left to precipitate at -4 °C overnight and filtered using 

0.2 μm syringe filters. After the evaporation of ethanol the desired product was obtained 

as viscous oil in the yields reported in Table 3. 

 

(1-(11-(triethoxysilyl)undecyl)-1H-1,2,3-triazol-4-yl)methanamine P1 

 

1H-NMR (400 MHz, CDCl3): δ = 7.46 (s, 1H), 4.28 (t, J = 6.72 Hz, 2H), 3.77 (q, 

J = 6.96 Hz, 6H), 1.85 (t, J = 6.72 Hz, 2H), 1.4-1.15 (m, 27H), 0.58 (t, J = 8.06 Hz, 2H). 

13C-NMR (100 MHz, CDCl3): δ = 58.26, 58.23, 58.19, 50.54, 33.12, 31.87, 30.1, 29.65, 

29.41, 29.28, 29.16, 28.97, 26.47, 26.35, 22.7, 18.25, 10.33. HRMS (ESI) exact mass 

calc. for C20H42N4O3Si: m/z 415.3, found: m/z 415.3 [M+H]+ 

 

4-propyl-1-(11-(triethoxysilyl)undecyl)-1H-1,2,3-triazole P2 

 

1H-NMR (400 MHz, CDCl3): δ = 7.24 (s, 1H), 4.29 (t, J = 7.28 Hz, 2H), 3.8 (q, J = 7 

Hz, 6H), 2.68 (t, J = 7.58 Hz, 2H), 1.86 (t, J = 7 Hz, 2H), 1.68 (sex, J = 7.46 Hz, 2H), 

1.4-1.15 (m, 27H), 0.61 (t, J = 8.14 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ = 148.13, 

120.37, 58.22, 50.1, 33.11, 30.3, 29.44, 29.4, 29.31, 29.15, 28.95, 27.65, 26.44, 22.69, 

18.24, 13.72, 10.32. HRMS (ESI) exact mass calc. for C22H45N3O3Si: m/z 428.33, found: 

m/z 428.33 [M+H]+  
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Methyl 1-(11-(triethoxysilyl)undecyl)-1H-1,2,3-triazole-4-carboxylate P3 

 

1H-NMR (400 MHz, CDCl3): δ = 8.07 (s, 1H), 4.39 (t, J = 7.22 Hz, 2H), 3.94 (s, 3H), 

3.8 (q, J = 7 Hz, 6H), 1.91 (t, J = 7.06 Hz, 2H), 1.4-1.15 (m, 27H), 0.61 (t, J = 8.16 Hz, 

2H). 13C-NMR (100 MHz, CDCl3): δ = 161.24, 127.25, 58.26, 52.16, 50.71, 33.14, 

30.12, 29.45, 29.41, 29.3, 29.18, 28.9, 26.34, 22.72, 18.27, 10.35. 

 

N,N-diethyl-2-(2-oxo-2-(((1-(11-(triethoxysilyl)undecyl)-1H-1,2,3-triazol-4-

yl)methyl)amino)ethoxy)acetamide P4 

 

1H-NMR (400 MHz, CDCl3): δ = 8.01 (s, 1H), 7.54 (s, 1H), 4.56 (d, J = 5.8 Hz, 2H), 

4.27 (t, J = 7.3 Hz, 2H), 4.21 (s, 2H), 4.08 (s, 2H), 3.78 (q, J = 7 Hz, 6H), 3.34 (q, J = 7.15 

Hz, 2H), 3.17 (q, J = 7.15 Hz, 2H), 1.85 (t, J = 6.82 Hz, 2H), 1.4-1.15 (m, 25H), 0.61 (t, 

J = 8.14 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ = 169.42, 167.51, 71.26, 69.31, 57.92, 

50.25, 40.62, 40.08, 32.81, 29.34, 29.18, 29.12, 29.03, 28.88, 28.68, 22.4. 17.97, 13.85, 

13.78, 12.58, 10.03. HRMS (ESI) exact mass calc. for C28H55N5O6Si: m/z 586.4, found: 

m/z 586.4 [M+H]+  
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Methyl 2-(2-oxo-2-(((1-(11-(triethoxysilyl)undecyl)-1H-1,2,3-triazol-4-

yl)methyl)amino)ethoxy)acetate P5 

 

1H-NMR (400 MHz, CDCl3): δ = 7.35 (s, 1H), 7.35 (s, 1H), 4.58 (d, J = 5.9 Hz, 2H), 

4.31 (t, J = 7.1 Hz, 2H), 4.15 (s, 2H), 4.09 (s, 2H), 3.81 (q, J = 7 Hz, 6H), 3.75 (s, 3H), 

1.88 (t, J = 7.5 Hz, 2H), 1.45-1.15 (m, 25H), 0.62 (t, J = 8.2 Hz, 2H). 13C-NMR 

(100 MHz, CDCl3): δ = 170.05, 168.93, 71.07, 68.54, 58.27 (t, 3.3 Hz), 52.11, 52.07, 

50.42, 34.43, 33.17, 30.25, 29.68, 29.51, 29.46, 29.36, 29.21, 28.99, 26.5, 22.74, 18.29, 

10.37. HRMS (ESI) exact mass calc. for C25H48N4O7Si: m/z 545.33, found: m/z 545.3 

[M+H]+ 

 

4-(bromoethyl)-1-(11-(triethoxysilyl)undecyl)-1H-1,2,3-triazole P7 

 

1H-NMR (400 MHz, CDCl3): δ = 7.39 (s, 1H), 4.28 (t, J = 7.2, 2H), 3.76 (q, J = 6.9 

Hz, 6H), 3.6 (t, J = 6.8 Hz, 2H), 3.24 (t, J = 7 Hz, 2H), 1.84 (quin, J = 6.8 Hz, 2H), 1.4-

1.15 (m, 27H), 0.57 (t, J = 8.1 Hz, 2H). 

4-phenyl-1-(11-(triethoxysilyl)undecyl)-1H-1,2,3-triazole P8 

 

1H-NMR (400 MHz, CDCl3): δ = 7.82 (d, J = 7.28 Hz, 2H), 7.73 (s, 1H), 7.41 (t, 

J = 7.52 Hz, 2H), 7.31 (t, J = 7.36 Hz, 2H), 4.37 (t, J = 7.22 Hz, 2H), 3.8 (q, J = 6.99 Hz, 

6H), 1.93 (t, J = 4.56 Hz, 2H), 1.4-1.15 (m, 27H), 0.61 (t, J = 5.41 Hz, 2H). 13C-NMR 

(100 MHz, CDCl3): δ = 147.66, 130.71, 128.76, 128, 125.63, 119.34, 58.24, 50.39, 33.13, 

30.31, 29.47, 29.42, 29.33, 29.17, 28.98, 26.46, 22.71, 18.26, 10.34.  
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2 Chapter III 

 

Residue after the TGA experiments 

 

Figure A.1. FTIR spectrum of the residue after the TGA experiment. 

The FTIR spectrum of the residue show peaks that can be attributed to a mixture of 

amorphous silica and cristoballite.177 
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MP2 

Table A.1. Peak positions and the ratios 𝑹𝒂𝒍𝒌𝒚𝒍 =
𝑰(𝒗𝟐)

𝑰(𝒗𝟑)
 and 𝑹𝒔𝒊𝒍𝒊𝒄𝒂 =

𝑰(𝑷𝑻)

𝑰(𝑷𝑳)
 in the FTIR spectra of the 

P2 materials. 

Material Pos. (ν2) Pos (ν3) I(ν2)/I(ν3) Pos (PT) Pos (PL) I(PT)/I(PL) 

H-MP2-A-C 2920 2851 1.34 1113 1008 0.74 

H-MP2-B-C 2920 2851 1.4 1114 1028 0.98 

T-MP2-A-C 2919 2850 1.37 1120 1006 0.44 

T-MP2-B-C 2919 2850 1.35 1120 1007 0.43 

 

MP1 

Table A.2. Peak positions and the ratios 𝑹𝒂𝒍𝒌𝒚𝒍 =
𝑰(𝒗𝟐)

𝑰(𝒗𝟑)
 and 𝑹𝒔𝒊𝒍𝒊𝒄𝒂 =

𝑰(𝑷𝑻)

𝑰(𝑷𝑳)
 in the FTIR spectra of the 

P1 materials. 

Material Pos. (ν2) Pos (ν3) I(ν2)/I(ν3) Pos (PT) Pos (PL) I(PT)/I(PL) 

H-MP1-A-C 2921 2851 1.27 1106 1012 0.77 

H-MP1-B-C 2921 2852 1.30 1111 1016 0.81 

T-MP1-A-C 2921 2851 1.25 1100 1021 0.90 

T-MP1-B-C 2921 2852 1.26 1103 1034 1.18 

 

MP3 

Table A.3. Peak positions and the ratios 𝑹𝒂𝒍𝒌𝒚𝒍 =
𝑰(𝒗𝟐)

𝑰(𝒗𝟑)
 and 𝑹𝒔𝒊𝒍𝒊𝒄𝒂 =

𝑰(𝑷𝑻)

𝑰(𝑷𝑳)
 in the FTIR spectra of the 

P3 materials. 

Material Pos. (ν2) Pos (ν3) I(ν2)/I(ν3) Pos (PT) Pos (PL) I(PT)/I(PL) 

H-MP3-A-C 2920 2852 1.34 1109 1009 0.75 

H-MP3-B-C 2920 2851 1.36 1107 1000 0.71 

T-MP3-A-C 2921 2851 1.35 1111 1003 0.79 

T-MP3-B-C 2920 2851 1.31 1109 1007 0.94 
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First order peak extinction in lamellar structures 

 

Figure A.2. Different repeat unit arrangements for the lamellar structure of P3 materials (a) and the 

corresponding simulated SAXS patterns (b). 

Figure A.2 b) shows three simulated form factors of a bilayer with gaussian SLD 

distribution. The SAXS patterns were simulated using the SLDs for dodecane (7.3E10 

cm-2) SiO1.5 (1.2E11 cm-2) and 1,2,3-triazole (1.06E11 cm-2) When the total bilayer 

thickness (D) is set to 4, two cases can be distinguished. First, one SLD is attributed to 

the silica shell and one SLD is attributed to the hydrocarbon interphase (red line). In this 

case, the SAXS pattern shows the typical Bragg peaks with the first visible order at 

q = 1.57 nm-1. Second, an additional SLD is attributed to the core of the interphase 

simulating the headgroup (black line). This must not be confused with the case where the 

repeat unit length is cut in half (green line). Both show the first visible Bragg peak at 

q = 3.14 nm-1. However, in the latter this is the first order peak which is extinct in the 

former case. The distinction can be made using higher order peaks. 
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In-situ hydrolysis tests 

For the following experiments, Methyl 1-octyl-1H-1,2,3-triazole-4-carboxylate (T1) 

was employed. 

 

Figure A.3. Structural formula Methyl 1-octyl-1H-1,2,3-triazole-4-carboxylate (T1) 

The first test reaction was inspired by literature.175 Six samples with a 0.03 M solution 

of T1 in acetonitrile were prepared and separated into two series of three. The first series 

also contained 0.09 M HCl whereas the second contained 0.09 NH4OH. In each series, 

one sample contained 2, 5 and 10 equiv of LiBr as a Lewis catalyst. After 3 days, 10 mL 

were taken from each suspension. After the addition of 10 mL 1 M HCl, the aqueous 

phase was extracted using 20 mL ethyl acetate. After the evaporation of the organic phase 

NMR was performed. The results are shown in Figure A.4. 
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Figure A.4. NMR spectra of the reaction products from the hydrolysis test using LiBr. 

None of the sample showed complete conversion. This can be seen from the presence 

of the methyl group (red circle). However, some progress is seen for 2 and 5 equiv LiBr 

under acidic conditions and 10 equiv LiBr under basic conditions. Under acidic 

conditions, the protonation of the future leaving group is required for the reaction. This 

is unfavorable when Li+ withdraws electron density from the carbonyl function. 

Therefore, the reaction proceeds more slowly when more LiBr is present. Under basic 

conditions, the situation is inversed. The attacking nucleophile OH- prefers the electron 

depleted carbonyl function that is coordinated to Li+. Hence a reaction is observed at the 

highest LiBr concentration. It is concluded, that in close to anhydrous conditions, the 

catalysis using LiBr might be considerable. 
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The second test was performed using the Lewis acid Gd(OTf)3 that was reported to be 

water resistant in literature.297,298 The reaction conditions were inspired from literature.299 

For the test, six samples were prepared that were separated into two series. For each 

series, 0.03 M T1 with 10 mol% Gd(OTf)3 were added to a pure aqueous phase, an 

aqueous phase/THF (1:1) mixture or THF with 5 equiv of water. Concerning the aqueous 

phases, the samples of the first series were prepared using pure water whereas in the 

second series a 1 M HCl solution was used. After 4 h of reaction at 60 °C, 10 mL ethyl 

acetate were added. After the addition of 10 mL 1 M HCl, the aqueous phase was 

extracted using 20 mL ethyl acetate. After the evaporation of the organic phase NMR was 

performed. During purification, the samples that contained no THF were accidentally 

mixed. The results are displayed in Figure A.5. 

 

Figure A.5. NMR spectra of the reaction products of the hydrolysis test using Gd(OTf)3 

None of the sample showed complete conversion. The reactions in pure aqueous 

solution showed very little conversion. The catalyst, thus, is ineffective in these 

conditions and useful for the desired application in the all-in-one approach. The best 

reaction was observed in pure THF with stochiometric amounts of water. This, however, 
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is not new. In these conditions, Lewis acids are known to effectively catalyze hydrolysis 

reactions. 

 

MP4 and MP5 

FTIR peak assignment of the dyglycolic amide derivates 

 

Figure A.6. FTIR spectra of A4 and A5 in the region from 1800 to 1600 cm-1. The spectra were 

recorded in undiluted state and in 0.5 M CDCl3 solution. 

The spectra show the peaks that are attributed to the C=O stretching modes of the 

carbonyl functions. Upon dilution these peaks are blue shifted by ~10 cm-1 indicating the 

strengthening of the C=O bond. This can occur by the decrease of H-bonding of the 

secondary amide and the carbonyl functions.198 
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Table A.4. Peak positions and the ratio 𝑹𝒂𝒍𝒌𝒚𝒍 =
𝑰(𝒗𝟐)

𝑰(𝒗𝟑)
 in the FTIR spectra of the P4 and P5 materials. 

Material Pos. (ν2) Pos (ν3) I(ν2)/I(ν3) 

H-MP4-B-C 2922 2853 1.50 

H-MP5-B-C 2921 2851 1.34 

T-MP5-B-C 2923 2852 1.34 

 

WAXS of H-MP5-B and T-MP5-B 

 

 

Figure A.7. WAXS pattern of the materials H-MP5-B and T-MP5-B. 
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3 Chapter IV 

 

Ternary phase diagrams in molar fractions 

 

Figure A.8. Ternary phase diagrams of the systems water/TBA/TEOS and water/EtOH/TEOS in 

molar fractions determined at 25 ± 0.5°C. The mono- and biphasic regions are indicated in the 

respective areas. 
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SAXS patterns of TEOS/TBA solutions at different ratios 

 

Figure A.9. SAXS patterns of binary mixtures containing TEOS and TBA at different weight ratios. 

The patterns were used to identify peaks in section Figure 43 
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Silica matrix evolution as followed by FTIR 

 

Figure A.10. a) Example to illustrate the development of the Si-O-Si peaks in the FTIR spectra. b) 

shows the normalized absorbance ratio of peak 3 to peak 4 for different sols as a function of their 

polymerization time. Illustrates the trends observed in Figure 45. 
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Exemplary FTIR spectrum of the water and oxonium ion bending modes 

 

Figure A.11. Exemplary FTIR spectrum of sol AC4 at 0 h and the spectra of pure water at different 

HCl concentrations. The spectra of pure water were corrected by multiplication to match the 

absorbance of the sol spectrum. This way, the effective HCl concentration can be estimated by 

comparing the shape of the region between 1500 and 2000 cm-1. Mentioned concerning Figure 44. 
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Viscosities of different water/alcohol mixtures 

 

Figure A.12. Viscosities of binary water/alcohol mixtures as reported in literature.254,255 
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Dielectric constants of different water/alcohol mixtures 

 

Figure A.13. Dielectric constants for binary water/alcohol mixtures as reported in literature.256,257 

Mentioned concerning Figure 44. 
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4 Chapter V 

 

Types of Adsorption/Desorption isotherms 

 

 

Figure A.14. Exemplary adsorption/desoprtion isotherms with their classification accroding to 

IUPAC. 
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Example Analysis of CoCo-3 

 

Figure A.15. Example analysis on CoCo-3. The partial pressures that are suitable for the 

corresponding analysis are marked by a coloured rectangle in the adsorption curve. The BET or t-

plot graph was fitted with a linear equation y = m*x + t. The green arrow indicates the point from 

which the total pore volume was calculated. The procedures were performed as explained in 

literature.300 

 

 

 


