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Abbreviation  

BET   Brunauer-Emmett-Teller 

BJH   Barrett-Joyner-Halenda 

CS   Core-shell 

CMC1/2 Critical Micelle Concentration 

CTAB   Cetyltrimethylammoniumbromide 

DCS   dumbbell core-shell (Particle) 

Cur   Curcumine 

DRIFT Diffuse Reflectance Infrared FourierTtransform (Spectroscopy) 

HPDEC   High-power decoupling 

HPLC High performance liquid chromatography 

IUPAC   International Union of Pure and Applied Chemistry 

KBr   Pottasium bromide 

MCM   Mobil Composition of Matter 

MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

MTMS   Methyltrimethoxysilan 

MerTMS  3-Mercaptopropyltrimethoxysilan 

mmol   Milimolar 

NMR   Nuclear Magnetic Resonance 

O/W   Oil in water 

PVA   Polyvinyl alcohol 

PTMS   Phenyltrimethoxysilane 

QT   Quercetin 

SEM   Scanning Electron Microscope 

TEM   Transmission Electron Microscope 

TEOS   Tetraethoxysilane 

TMOS   Tetramethoxysilane 

VTMS   Vinyltrimethoxysilane 

W/O   Water in oil 

 

 



 Abbreviation 

 II 
 

di   i Quantile of particle diameter (d10, d50, d90) 

d50   Median of the particle diameter 

h   Hours 

nM   Nanomolar 

nm   Nanometer 

µm   Micrometer 

µM   Micromolar 

 ˄   Streching vibration (IR) 

 ɻ   Bending vibration (IR) 

a˄s   Antisymmetric stretching vibration (IR) 

s˄   Symmetrical stretching vibration (IR) 
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Summary 

 

Organosilica particles of a narrow size distribution made from different silanes (VTMS,PTMS 

and MerTMS), were prepared by means of a one-step synthesis. In a one-step synthesis, vinyl, 

phenyl and 3-mercapto-functionalized silica particles with the range of 1.2 to 4.7 µm were 

synthesized by hydrolysis and condensation using the semi-batch process. The particles are 

always monodisperse apart from phenyl-functionalized silica particles. Reaction parameters 

by means the amount of silane, additives (hexane, toluene, mesitylene, n-tridecane), stirring 

speed and dosing rate were systematically investigated and discussed with respect to the 

target variables particle size, particle size distribution, particle morphology and porosity. All 

variants as well as the additives dosing rate interaction have a high influence on the particle 

size, shape and morphology. In most of the cases the addition of additives decreases the final 

particle size but an addition of n-tridecane increases the final particle size. Increasing the 

amount of TEOS gives a bowl like smaller particles in size while silane (VTMS, PTMS) gives 

bigger particles with wrinkle a surface. In the presence of n-tridecane MerTMS form porous 

particles in the range from 1- 2 µm but without n-tridecane non-porous particles are 

generated up to 4.7 µm in size. The particles were characterized with different analytical 

methods. Furthermore, for a better understanding of particle growth, the reaction was 

followed over time.  

Porous microspheres are often used for drug delivery. However, systems for simultaneous 

delivery of multiple drugs are scarce. Here anisotropic and amphiphilic dumbbell core-shell 

silica particles were prepared by a simple etching process that can load and release two drugs. 

The dumbbells consisted of large dense lobes and smaller hollow hemispheres both with shells 

of mesoporous channels as revealed by electron microscopy. The properly adjusted stirring 

speed and the application of ammonium fluoride as etching agent determined the shape and 

the surface anisotropy of the particles. In particular the surface of the dense lobe and the 

small hemisphere differed in their zeta potentials as confirmed by drug loading experiments. 

Confocal Raman microscopy and spectroscopy showed that the two polyphenols curcumin 

(Cur) and quercetin (QT) accumulated in different compartments of the amphiphilic particles. 

The overall drug loading efficiency of Cur plus QT was high for the amphiphilic particles but 

differed widely between Cur and QT compared to controls of core-shell silica microspheres 
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and uniformly charged dumbbell microparticles made by using ammonium carbonate as 

etching agent. For the amphiphilic particles, we found up to 98 % drug loading and 100 % 

release efficiency after 6 h at pH 5.5. Furthermore, Cur and QT loaded microparticles showed 

different cancer cell inhibitory activities. The highest activity was detected for the dual drug 

loaded amphiphilic microparticles (IC50 13.5 nM) in comparison to the controls.  In the 

longterm, amphiphilic microparticles are promising carriers for the simultaneous delivery of 

multiple drugs. 

 



 Zusammanfassung 

 V 
 

Zusammenfassung 

 

Organosilica-Partikel mit enger Größenverteilung, hergestellt aus verschiedenen Silanen 

(VTMS,PTMS und MerTMS), wurden mittels einer einstufigen Synthese hergestellt. In einer 

einstufigen Synthese wurden Vinyl-, Phenyl- und 3-Mercapto-funktionalisierte 

Kieselsäurepartikel im Bereich von 1.2 bis 4.7 µm durch Hydrolyse und anschließende Co-

Kondensation von VTMS, PTMS, MerTMS und TEOS nach dem Semi-Batch-Verfahren 

synthetisiert. Die Partikel sind immer monodispers, abgesehen von phenylfunktionalisierten 

Kieselsäurepartikeln. Reaktionsparameter mittels der Menge an Silan, Additiven (Hexan, 

Toluene, Mesitylen, n-Tridecane), Rührgeschwindigkeit und Dosierrate wurden systematisch 

untersucht und im Hinblick auf die Zielgrößen Partikelgröße, Partikelgrößenverteilung, 

Partikelmorphologie und Porosität diskutiert. Alle Hauptfaktoren sowie die Interaktion der 

Dosierrate der Additive haben einen signifikanten Einfluss auf die Partikelgröße, -form und -

morphologie. In den meisten Fällen verringert die Zugabe von Additiven die Endpartikelgröße, 

aber eine Zugabe von n-Tridecan erhöht die Endpartikelgröße. Eine Erhöhung der Menge an 

TEOS ergibt schüsselartige kleinere Partikel, während Siloxan (VTMS, PTMS) größere Partikel 

mit faltiger Oberfläche ergibt. In Gegenwart von n-Tridecan bilden MerTMS poröse Partikel im 

Bereich von 1- 2 µm, aber ohne n-Tridecan erzeugen nichtporöse Partikel eine Größe von bis 

zu 4.7 µm. Die Partikel wurden mit verschiedenen analytischen Methoden charakterisiert. 

Darüber hinaus wurde zum besseren Verständnis des Partikelwachstums die Reaktion über 

die Zeit verfolgt.  

Poröse Silicapartikel werden häufig für den Transport von Medikamenten verwendet. Systeme 

für die gleichzeitige Verabreichung mehrerer Medikamente sind jedoch rar. Hier werden 

anisotrope und amphiphile Hantel-Kern-Schale-Silicapartikel durch einen einfachen 

Ätzprozess hergestellt, die zwei Medikamente laden und freisetzen können. Die anistropen 

Partikel bestehen aus einer großen dichten von einer Schale umgebenen Kugel an die eine 

kleinere hohle Halbkugel gebunden ist. Die Schalen der großen und kleinen Kugel weisen 

mesoporösen Kanäle auf, wie die Elektronenmikroskopie ergab. Die richtig eingestellte 

Rührgeschwindigkeit und die Anwendung von Ammoniumfluorid als Ätzmittel bestimmten die 

Form und die Oberflächenanisotropie der Partikel. Insbesondere die Oberfläche der großen 

dichten Kugel und die der kleinen Hemisphäre unterschieden sich in ihren Zetapotentialen, 

was durch Experimente zur Medikamentenbeladung bestätigt wurde. Konfokale Raman-
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Mikroskopie und -Spektroskopie zeigten, dass sich die beiden Polyphenole Curcumin (Cur) und 

Quercetin (QT) in verschiedenen Kompartimenten der amphiphilen Partikel anreicherten. Die 

Gesamteffizienz der Wirkstoffbeladung von Cur plus QT war für die amphiphilen Partikel hoch, 

unterschied sich jedoch stark zwischen Cur und QT im Vergleich zu Kontrollen von Kern-

Schale-Silicapartikeln und gleichmäßig geladenen anisotropen Silicapartikeln, die unter 

Verwendung von Ammoniumcarbonat als Ätzmittel hergestellt wurden. Bei den amphiphilen 

Partikeln fanden wir bis zu 98 % Wirkstoffbeladung und 100 % Freisetzungseffizienz nach 6 h 

bei pH 5.5. Darüber hinaus zeigten Cur- und QT-geladene Mikropartikel unterschiedliche 

krebszellhemmende Aktivitäten. Die höchste Aktivität wurde für die mit zwei Medikamenten 

beladenen amphiphilen Mikropartikel (IC50 13,5 nM) im Vergleich zu den Kontrollen 

festgestellt. Auf lange Sicht sind amphiphile Mikropartikel vielversprechende Träger für die 

gleichzeitige Verabreichung mehrerer Medikamente. 

 

 



 Chapter 1. Introduction 

 1 
 

Chapter 1. Introduction 
 

Silicon is one of the most frequently occurring elements on the earth's crust1 with a mass 

fraction of approx. 26% and usually bound in the form of silicates or silicon dioxide (silica). 

Silicon dioxide is present in amorphous or crystalline form are the main components of sand 

and quartz and contribute up to 90% of the mass of the earth's crust. Due to its unique physical 

and chemical properties, silica has become increasingly important, not only in research but 

also in industry.2ς4 Silica has a special position in the production of hybrid particles and is often 

used as an inorganic matrix for coating. This silica coating has several advantages compared 

to other inorganic materials. 

Synthesis of silica particles in the range of nano to micrometre size is now well known in terms 

of defined particle sizes and small particle size distribution. However the demands for nano 

and micro particles as an innovation for modern applications are increasing enormously. In 

addition, new technology and medical applications require silica particles with different types 

of functionalities and structures.5 A general method for the synthesis of inorganic/organic 

materials is the sol-gel process. In the first step, by means of hydrolysis and condensation 

reactions, a colloidal suspension of particles in the nanoscale (Sol) is formed, which in the 

second step unites to form a three dimensional network (Gel). Two distinct processes 

differentiated the synthesis of silica particles with the acid and base catalysed sol-gel process.6 

In recent years, several modification have been identified, such as the use of surfactants, 

polymers as a template, variation in precursors and reaction conditions.7 CTAB is the most 

commonly used surfactant to prepare highly mesoporous silica nano-/microparticles.8 

Transportation of drugs into cells for medical diagnostics and treatment is of fundamental 

importance. Many of the present drugs are suffering from stability problems in a biological 

environment and/or poor water solubility making the drugs less effective.9 Thus drug delivery 

strategies based on different materials have been developed.9ς14  

So far, several types of drug vehicles have been reported which include liposomes,15 

peptides,16 polymers,17ς19 inorganic nano and microparticles20ς25 and organic/inorganic hybrid 

materials.26,27. A drawback of many materials is their low drug loading capabilities. To improve 

their therapeutic efficacy large amounts of carrier have to be applied. Unfortunately, most of 

the carriers are accompanied by drawbacks such as poor biocompatibility, the application of 
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large amounts of surfactants, the requirement for chemical modifications and complex 

preparation protocols that restrict their access. 

Mesoporous silica nano and microparticles provide networks of pores with a large surface 

area and high pore volume.28ς31 The opportunity to tailor particle size and shape as well as to 

tune the pore size on the nanometre scale have made these materials attractive for many  

applications in different fields.32ς34 Moreover, their intrinsic biocompatibility and 

biodegradability make mesoporous silica particles ideal platforms for drug delivery 

systems.23,33,35,36 By trapping the drug in the mesoporous network, mesoporous silica prevents 

the degradation of the drugs and can act as a solubility enhancer generating higher solution 

concentrations compared to the corresponding solid form.22 Thus, this enhancement has led 

to a dramatic increase in the interest of mesoporous silica-based formulations in the last 

decade.9,37 

This work aims the developing silica particles by using different silanes and additives in the 

sol-gel process. First part of this work is dedicated to the synthesis of functionalized silica 

particles with vinyl, phenyl and 3-mercaptopropyl silane. The emphasis is on the systematic 

determination of the influences of selected reaction parameters on the particle size, shape, 

morphology and porosity of the silica particles. 

In the second part of this work deals with the synthesis of core-shell (CS) and anisotropic, 

amphiphilic dumbbell core-shell (DCS) silica particles. The aim is to establish a reproducible 

method. Furthermore, the particles will be comprehensively/systematically characterised. 
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Chapter 2. Theoretical discussion  

2.1  Sol-gel process 38ς41 

The sol-gel process is defined as the synthesis of a sol with the following transition to a gel. 

The sol is a colloidal dispersion of a solid substance that is distributed very finely in a liquid or 

gaseous medium. The sol particles must be floated in the solution due to the Brownian 

motion. A gel is defined as a solid body consisting of two phases. The solid phase forms a 

network which includes the liquid phase. Through the sol-gel process, a colloidal dispersion 

(sol) is obtained in a solution of chemical precursors via hydrolysis and condensation 

processes. Silica sols and silicic acid esters are used as typical production precursors. 

Hydrolysis and condensation of the precursors can be catalysed both acidically and basically 

and further take place according to the principles of substitution reactions. In this case, the 

reaction components hydrolysis and condensation were influenced differently. The sol-gel 

process is relatively fast in an acidic medium, resulting in numerous very small particles. While 

in an alkaline medium, as contrast spherical particles were formed, due to the slow hydrolysis 

reaction produces a stable sol of individual particles. The alcohol used in the sol-gel process 

acts as a co-solvent which is able to dissolve water and silica precursors. The sol-gel process 

allows the production of many other types of materials such as fibres, thin films, non-porous 

glasses and ceramics as well as porous and non-porous, nano and microparticles.42 

2.2  Stöber process 

The Stöber process is a special form of the Sol-gel process. In 1968, Stöber et al. developed a 

process for the controlled synthesis of monodisperse, non-porous and spherical silica particles 

in a size range from 0.05 µm to 2.0 µm.43 The process is based on the ammonia-catalyzed 

hydrolysis of TEOS and consecutive condensation in the presence of ethanol as solvent.44,45  

For synthesis, the tetra alkoxy silicate (methyl-, ethyl, n-propyl-, n-butyl-) is used as a 

precursor, which hydrolyses and condenses in the presence of water and ammonia. There are 

numerous studies in the literature dealing with the effects of reaction conditions on particle 

size. However, due to the frequently inconsistent concentration ranges of the reactants, these 

results are not directly comparable. Therefore, the following statements are  kept general. 
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With more precise control, it is possible to reproduce a certain particle diameter by following 

parameters for controlling the particle size.  

With increasing ammonia concentration43,46,47, water concentration48 and chain length of the 

alkyl residue of the alkoxysilane43 or alcohol43 and in the presence of conducting salts49 , larger 

particles are formed. High temperature leads to smaller particle sizes. 41,50 The reaction 

conditions set at the beginning have a significant influence on the resulting particle size and 

distribution as well as its properties.  

Later Bogush et al51 and LaMer et al52, have proposed different views on the growth process 

of silica particles.  

The mechanism of Bogush and Zukoski is based on a permanent aggregation of silica 

particles51 .In the growth model of LaMer et al;52 the progressive hydrolysis of the precursor 

results in the successive increase of the hydrolysed monomer concentration until 

supersaturation occurs. The supersaturation induces the so-called nucleation, in which nuclei 

are formed from low-molecular silanes. Consequently, the concentration of dissolved 

monomers decreases and the nucleation phase ends. The successive condensation of 

hydrolysed TEOS molecules on the silica particles generates particle growth. 52ς54 As long as 

the critical nucleation concentration is not exceeded again, no new nuclei are formed.  

Typical synthesis processes are the batch and semi-batch process. In the batch process, all 

starting materials are completely added to the reaction solution at the beginning of the 

synthesis. The high accumulation rate leads to smaller particle sizes and a broader particle size 

distribution.55 In the semi-batch process, the precursor is temporarily added to the reaction 

solution by means of a dosing device. The dosing results in larger particles with a narrower 

particle size distribution compared to the batch process under identical reaction conditions.55 

A sufficiently low dosing rate ensures that the critical supersaturation concentration is not 

exceeded again. The renewed exceeding of the supersaturation concentration induces a 

second nucleation phase and leads to bimodal particle size distributions. 

2.3 Microemulsion process 

An alternative process for the production of the metal oxide nanoparticles by sol-gel process 

is the water in oil (W/O) or oil in water (O/W) microemulsion process (Figure 1). Normally 

water and oil are not miscible, due to the high specific interfacial energy, the total interfacial 

energy is minimized by phase separation. A microemulsion is an isotropic and 
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thermodynamically stable single-phase system consisting of three components viz water, oil 

and surfactants (Figure 1). Surfactant molecules reduce the interfacial surface tension 

between water and oil. Consequently, the water-loaded micelles are formed, which allow a 

sol-gel process to take place.56 In a microemulsion condition, except for thermal variations all 

micelles exhibit the same size. Thus the micelles in microemulsions are ideally suitable as 

nanoreactors for synthesis with particle size control. 

 

Figure 1: Structure of microemulsion. 

 

One of the main advantages of the microemulsion process is the possibility of encapsulating 

various nanoparticles in the silica particles. Therefore, this method is used to produce the 

inorganic core-shell particles. In this process nanoparticles consisting of e.g. silver,57 cadmium 

sulphides58 and iron oxides had already been coated with silica.59 These coated particles show 

a good monodispersity and possess a smooth surface.60 It is interesting to note that, the 

nanoparticles with hydrophobic ligands can be coated on the surface with silica by 

microemulsion processes, which has specific significance for the application of these materials 

in biomedicine.61 

2.4  Nomenclature 

The silane (a brief note about silane) species are classified according to the units attached to 

a silicon atom into Q, T, D and M groups (Figure 2). The Q groups have four siloxane bonds (Si-

O-Si) in a three dimensional structure. In the case of T-groups consisting of three siloxane 

bonds lead to the formation of two-dimensional layer structures. The D groups only lead to 

the formation of chains and rings, since only two siloxane bonds can be formed. However the 

M-groups represent a dimeric form, where only one siloxane bond is formed. With the 29 Si 

solid state NMR spectroscopy the groups can be differentiated. Here the displacement ranges 

Hydrophobic part

Surfactant molecule

Hydrophilic part

H2O

Oil

Oil

H2O
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are characterised between -90 and -110 ppm for Q groups and -50 and -80 ppm for T groups 

and -10 and -30 ppm for D groups62.  

 

Figure.2 Schematic nomenclature of silica species 

 

2.5  Core-shell silica material 

Core-shell particles basically consist of a non-porous shell.63 These particles are hybrid 

particles consisting of a core and a shell and there is significant difference in the morphology 

between the core and shell.63 The shell part which is made up of a different material or have 

a different morphology from the core. This allows an extensive combination of different 

materials and therefore gives access to different types of particles with a wide range of 

applications.64 In dependence of the final application the shell materials for the core-shell 

particles are selected. As illustrated  below, the core-shell particles can be classified as 

follows.63 

 

Silica has a specific role in the preparation of core-shell nanoparticles and is also used as a 

coating matrix since it has various advantages over other inorganic materials.65 The 

manipulation of the silica surface makes it possible to synthesize core-with multi shell 

particles,66 which has a special significance in the development of multifunctional particles. 
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2.6  Anisotropic material 

In general, monodisperse, spherical particles are used for diagnostics, chromatography or 

medicine.67ς69Additional isotropic properties70 are introduced by subsequent modifications of 

the particles and the application range is improved. However, production of the particles with 

complex structure is becoming increasingly important. In the context, it is important to 

implement anisotropic properties and create multiple morphologies. Anisotropic compounds 

have diverse features, such as chemical properties, polarity and ability to transform into a 

single molecule, charge and function in many spatially focused areas.71 

The term anisotropic particles refers to sol, a substance that can be represented in various 

forms by targeted synthesis. In comparison to the classical isotropic particles, anisotropic  

particles have complex shapes. Due to their architecture, anisotropic particles can be classified 

into four main categories as shown in Figure 3.72 

 

 

Figure 3: Schemes of anisotropic particles architecture (1) Janus particles; (2) Patchy Janus 

particles; (3) Multi-compartment particles; (4) Patchy particles 

Janus particles have two separate domains. The combination of the different classifications 

results in patchy Janus particles or patchy multi-compartment particles.72 The integration of 

anisotropic properties is achieved by a chemically different structure or surface modification 

of materials. Janus particles are usually produced by templating, electrospinning or Pickering 

emulsions.20ς23 Potential applications include stabilisers in emulsions, water-repellent fabrics, 

catalysis, optical sensors and various devices which are used in medicine.20, 23 

 

 

1 3 42
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2.7  Mesoporous silica materials 

Porosity can be classified by pore size according to IUPAC, porous materials are divided into 

micro, meso and macroporous materials on the basis of their pore diameter.74 The 

microporous, mesoporous and macroporous materials have pore diameters smaller than 2 nm 

and between 2 and 50 nm and larger than 50 nm, respectively. The mesoporous silica based 

materials are an intensely researched class of materials that can be produced by sol-gel 

processes in the presence of surfactant micelles as templates. The mesoporous ordered silica 

materials were first published by Mobile Oil Corporation scientists in 1992.75 The silica 

materials have characteristic properties, such as highly ordered pore systems with sharp pore 

size distributions, large specific surfaces and high thermal stability up to 600°C.76 Most well-

known mesoporous silica materials are MCM-41 and MCM-48.77 The Hexagonal Mesoporous 

Silica (HMS or wormlike),78and materials with large pores diameter are SBA-1,79 SBA-1580 and 

SBA-16.77,30 The MCM materials belong to a class of the best known mesoporous silica 

materials. The MCM-48 is composed of two three-dimensional pore networks that are 

completely independent of each other. Figure 4a, the MCM-48's pore walls consist of X-ray 

amorphous silica units. Figure 4b, in contrast the MCM-41 has a standard structural 

arrangement of cylindrical mesopores, which are aligned hexagonally to each other. 

 

Figure 4: Structure of MCM-48 with template (a) and MCM-41 without template (b)77 
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Chapter 3. Synthesis of T- group particles 

3.1  Introduction:  

Organosilica materials have always been an interesting research topic because of their organic 

and inorganic matrices and interactive characteristics. Their promising properties, such as low 

toxicity, good thermal stability and mechanical strength81 make them useful in various 

applications like colloidal photonics crystal,82 biosensors83 and in biomedical such as 

multicolour imaging84 or an antimicrobial organic coating.85 So far in the studies on 

organosilica particles mainly focused on to modified silica surface by using different functional 

group like vinyltrimethoxysilane (VTMS),82 methyltrimethoxysilane (MTMS),86 

phenyltrimethoxysilane (PTMS)87 and mercaptopropyltrimethoxysilane (MerTMS).88,89 The 

synthesis of organic/inorganic silica particle is typically carried out with the help of 

templates90ς92 or emulsion polymerization.93 These method have various difficulties such as 

continues implementation of required preliminary steps and the use of several chemicals. As 

a consequence, the synthesis of organically functionalized silica particles by one-pot synthesis 

and the replacement of organic solvents by water have recently earned attention.82,88,89,94  

Up to now in the studies on organosilica particles, several types of nonspherical silica particles 

have been synthesized like raspberry-like,95 golfball-like and bowl-like (Scheme 1). Organically 

functionalized silica particles are formed due to stress shrinking.96 Meester et al. synthesized 

silica including crumpled, wrinkled with the rough and smooth surface.97 Zhou et al made-up 

hollow organosilica microspheres like golfball-like with wrinkled surface and proposed 

mechanism based on Ostwald ripening.86 Yang et al. developed a synthesis of organically 

functionalised silica particles in aqueous solution in the presence of VTMS and TEOS. By 

varying the VTMS:TEOS ratio and the ammonia concentration, spherical, golf ball-like or cup-

shaped particles are formed.96 Later there were several mechanism discussed for the synthesis 

of organosilica porous particles with surfactants and further these silica particles behaved 

superiorly in the field of drug delivery and cell imaging.98,99 Whereas Hah et al. prepared 

monodisperse hollow silica particles without using templates.100 
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In Scheme 1, Product a), b) and c) describe by the concentration ratio will be controlled from 

TEOS to VTMS. The sphere particles (a) can only be with VTMS,:TEOS with long reaction time, 

(b) an increase in TEOS penetration leads to bowl-shaped particles however, the 

concentration ratio age of VTMS/TEOS (4:1) golf ball-like particles (c).96 

 

According to Yang et al.the formation of the golf ball-like morphology is due to differences in 

hydrolysis and condensation rates between TEOS and VTMS. With progressive reaction time, 

the degree of condensation inside the particle successively increases. Consequently, a 

pressure builds up at the interface of the inner part to the outer part of the particle, which has 

a higher degree of condensation at the beginning of the reaction. Exceeding the critical 

pressure value generates the golf ball-like surface.96 

According to Zhou et al.86 his theory is based on a core-shell principle with the Ostwald 

ripening (Scheme 2). Due to the more rapid hydrolysis of TEOS compared to MTMS under 

identical conditions,50 aggregates of TEOS form in the first step. MTMS condenses 

consecutively on the aggregates to polymethylsilsesquioxane. The more hydrophilic inner 

silica core migrates to 
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the water phase over time, while the more hydrophobic polymethylsilsesquioxane diffuses 

into the core to eliminate the high surface energy. During this process, the particle 

morphology changes from a spherical shape to a golfball-like shape. The conversion to the 

golfball-like morphology reduces the final particle size. The exclusive condensation of TEOS or 

MTMS does not generate golfball-like particles. Due to the rapid hydrolysis and condensation 

of TEOS, small, spherical particles are quickly formed. The hydrolysis and condensation of 

MTMS produces larger particles compared to the co-condensation of MTMS and TEOS. In the 

investigation of the synthesis particles from TEOS and MTMS a possible reaction mechanism 

was discussed. TEOS under basic conditions is faster hydrolysed than MTMS whereby the 

hydrolysed product of TEOS is converted to silica (SiO2). This is followed by the hydrolysis and 

condensation reaction of MTMS to polymethylsilsesquioxane (PMSQ). Here the resulting 

PMSQ is stored around the previously formed silica particles and forms a core-shell structure. 

PMSQ is due to  its CH3 residues more hydrophobic than silica and therefore insoluble in water. 

In view a thermodynamic imbalance arises, which leads to an expansion of the interior. At the 

same time the migration of polymethylsilsesquioxane takes place inside. This has the 

consequence that the surface morphology changes from smooth to wrinkle. 

 

 

Scheme 2. Mechanism of hollow and wrinkled surface.86 

Here we describe the mechanism of the formation of a bowl like to spherical monodisperse 

organosilica particles without using TEOS. The addition of organic solvents, particle size, shape 

and morphology can be tuned as well as porous particles can form without using templates 

with the controlled monodispersity. These are unique features of this work. This chapter deals 

with the synthesis of non-spherical to spherical and nonporous to porous silica particles in the 

range of 1 µm-5 µm. By the optimization of the synthesis with the variation of feed rate, 

stirring speed, reaction time and concentration of additives. 

PMSQ

SiO2

PMSQ

SiO2

Nucleation Copolycondensation Ostwald repening
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3.2  Result and Discussion 

Preparation of organosilica particles in micrometre size were performed in a one pot 

synthesis, where a stirring solution of water and aqueous ammonium hydroxide is added a 

mixture of the corresponding T group silane; vinyltrimethoxysilane (VTMS), 

Phenyltrimethoxysilane (PTMS) and 3-mercaptopropyltrimethoxysilane (MerTMS) and 

optionally tetraethoxysilane (TEOS) and / or an organic solvent over a period of minutes with 

a syringe pump. 

Table 1 Different approaches which were investigated  

Source of silanes Additives Variations 

VTMS Hexane Molar concentration of TEOS and silane 

PTMS Toluene Amount of additives 

MerTMS Mesitylene Speed of stirring and drop rate of silane 

TEOS n-tridecane Time 

 

3.2.1    Particles V1-V9 made of vinyltrimethoxysilane (VTMS) 

 3.2.1.1  Influence of the reaction time 

This series of experiment was preformed at different reaction times to observe how reaction 

time influences the size, shape and morphology of the particles. Figure 5 shows the SEM 

micrographs of the particles V1-V6, which were generated from VTMS by the variation of 

reaction time from 50 minutes to 20 hours. Comparing the SEM images of V1 and V2 show 

that within minutes monodisperse, uniform particles are formed with a wrinkled surface 

morphology. While the particles V3-V6 obtained with long reaction times are showing 

monodisperse, less wrinkled  surfaces and first decreas and then increase again in their size 

with long reaction time (Figures 5 and 6). 
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Figure 5: The SEM images of the particles V1-V6 influenced by reaction time.  

 

 
Figure 6: Particle size distribution of V1-V6 with variation of reaction time. 
 

The box whisker plot in Figure 6 clarifies the distribution of particle size from left to right where 

V1 and V2 generated particles with the diameter of 4.6 µm, 2.9 µm and thus display a 

significant difference in the particle sizes in a very small time gap. While with increasing 

reaction time the particles of V3-V6 were formed with increasing diameter of 2.7 µm, 2.9 µm, 

3.4 and 3.6 µm, respectively. With the long reaction time barely any wrinkles are found on the 

surface, but particles are compressed and decreased in size. 

 

V1 V2 V3

V4 V5 V6

2 µm

2 µm

2 µm

2 µm

2 µm
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3.2.1.2    Influence of the molar ratio of VTMS and TEOS particles V7-V9 

In the following experiments the ratio of the silanes VTMS:TEOS were changed to see the 

effect on the particles size, shape and morphology. Shown in Figure 7 are the particles V7-V9 

synthesized with the molar ratios of TEOS:VTMS of 1:2, 1:1 and 4:1 respectively. Particles V9 

were molded with more TEOS and less VTMS has a huge effect on the surface morphology 

have been observed. These particles look like bowl-like particles. In the following Images we 

can see whereas V8 has greater effect in terms of size whereas V7 were carrying an equal 

amount of TESO:VTMS and apart from smooth a ǎǳǊŦŀŎŜ ŘƛŘƴΩǘ ƻōǎŜǊǾŜ ŀƴȅ ŜŦŦŜŎǘ ƻƴ ǘƘŜ 

surface. 

 

 

Figure 7: The SEM images of the organosilica particles with different molar ratio. V7 (1:2), V8 

(1:1), V9 (4:1). 

 

 

3.2.2      Particles P1-P18 made of Phenyltrimethoxysilane (PTMS) 

 

The morphology of the organosilica particles are regulated by adjusting the molar ratio of 

TEOS and PTMS. Particles synthesized with different molar ratios have different sizes and 

shapes. Figure 8, comparing the SEM images from the molar ratio (P1a) 1:4, (P1b) 1:2, (P1c)  

 

1:1, (P1d) 2:1 and (P1e) 4:1. It is clearly visible that the particle's surface and morphology 

drastically changed by changing the molar ratio of silane. Figure 8 P1a and P1e are showing  

bowl like particles with one compressed fold in the middle, while for P1b-P1d non uniform 

polydisperse particles are observed and hardly see any shape of the particles.  

 

V7 V8 V9

2 µm 2 µm 2 µm
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Figure 8: Influence of the silane molar ratio on the morphology and shape of the particles. 

 

General overview of changes in morphology by using different additives in 

the sol-gel process. 

 

To modify the oil droplet of the T-group various solvents were tested. It was expected that 

expending the oil drop and dilute/diluting the silane in the droplet should/would generate an 

effect on the size, morphology and porosity of the particles. Hexane, toluene, mesitylene and 

n-tridecane were added to the increasing size of the droplet. 

 

3.2.2.1    Influence of hexane P3,P5 and P6 

 

In Figure 9 the SEM images of P3, P5 and P6 are showing the effect of hexane in the droplet 

during the formation of the particles. P3 and P5 show bowl like wrinkled surface particles with 

a minor difference in particle sizes. These particles were synthesized with the addition of 0.43 

ml and 0.7 ml of hexane to the droplet. While P6 represents monodisperse and spherical  

particles prepared with 0.86 ml hexane in the droplet. Compared to the morphology of P3, P5 

material P6 is smooth (Figure 9 P6). 
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Figure 9 SEM Images of particles P3, P5 and P6 influenced by addition of hexane. 

 

Table 2. Variation of hexane on particle morphology and size. 

 Hexane Size 

P3 0.43 mL 2 µm 

P5 0.7 mL 2.1 µm 

P6 0.86 mL 1.9 µm 

 

By varying the amount of hexane according to Table 2 in the synthesis of P3, P5 and P6 (Figure 

10) the size of the particles decreases with increasing the amount of hexane. Particle P3 and 

P5 ƘŀǾŜ ŀ ŘƛŀƳŜǘŜǊ ƻŦ ŀōƻǳǘ н ҡƳΣ нΦм ҡƳ ŀƴŘ ŘƛŘƴΩǘ ǎƘƻǿ ƳǳŎƘ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ƳƻǊǇƘƻƭƻƎȅ ƻŦ 

the particles. Whereas particles P6 have a diameter of 1.9 µm with small monodisperse 

particles. Table 2 and Figure 10, reveals that the particle size can be regulated by varying the 

addition of solvent while keeping the other process parameters constant. 

 

 

Figure 10 Particle size distribution of P3, P5 and P6. 

 

P3 P6P5

2 µm 2 µm2 µm
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3.2.2.2    Influence of toluene particles P7-P10 

In the following increasing addition of toluene was employed (Table 3). The SEM images of the 

particles P7-P10, which were formed with addition of 0.35 ml, 0.59 ml, 0.6 ml and 0.7 ml 

toluene respectively, can be seen in Figure 11. P7 and P8 shows non-uniform polydisperse 

distributions with wrinkled surfaces; monodisperse smaller particles with smooth surfaces are 

produced by particles P9, P10. 

 

Table 3. Variation of toluene on particle morphology and size. 

 Toluene Size 

P7 0.35 mL 2.3 µm 

P8 0.59 mL 2.4 µm 

P9 0.6 mL 1.3 µm  

P10 0.7 mL 1.5 µm 

 

 

Figure 11: SEM Images of particles influenced by addition of toluene. P7-P10 respectively. 

 

At lower concentration of toluene can significantly increas the size of the particles. Compared 

to P9 and P10, P7 and P8 provides a larger range of particle size. (See in Figure 11).  

 

3.2.2.3    Influence of mesitylene particles P11-P13 

 

In Figure 12 SEM pictures are illustrating a series of experiments where mesitylene was added 

to the droplet. The synthesis of P11, P12 and P14 are performed in a semi-batch Process at 

600 rpm. In the micrograph of P11 it is shown that spherical particles were formed with 

10 µm 10 µm 10 µm 10 µm

P10P9P7 P8
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wrinkled surfaces while in the case of P12 and P13 it is seen that particles were molded from 

one direction and formed bowl like particles. With the addition of mesitylene, particles have 

a similar kind of wrinkled surface as well as decreasing order of particle sizes.  

 

 

Figure 12: SEM Images of particles P11-P13 influenced by addition of mesitylene. 

 

Table 4. Variation of mesitylene on particle morphology and size. 

 mesitylene Size 

P11 0.46 mL 3.1 µm 

P12 0.78 mL 3 µm 

P13 1.25 mL 2.5 µm 

 

 

Figure 13: Particle size distribution of P11, P12 and P13 with mesitylene. 

 

The box plot shows a descending trend in particle size from 3.1 µm to 2.5 µm. The distribution 

also decreases with an increasingly small amount of mesitylene. It illustrates that the 

P11 P12 P13

2 µm2 µm2 µm
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hydrolysis and condensation reactions have carried out very quickly. Otherwise, no particles 

of approximately the same size would form. By varying the amount of mesitylene see in.  

 

3.2.2.4    Effect on particles by varying the stirring speed and rate of addition 

of silane drop  

 

In this study two parameters were compared, varying the stirring speed of the reaction as well 

as the rate of addition of silane. P14 is carried out with the stirring speed at 600 rpm, 

producing particles with a diameter of 2.7 µm.The synthesis of P15 takes place at a stirring 

speed of 300 rpm and particles with a diameter of 1.7 µm are produced. With compare the 

morphology P14 shows monodisperse, larger particles with wrinkled surface while P15 

displays smaller particles with less wrinkles on the surface. Only in the case of PTMS 

correlation between stirring speed and particle size confirms that the particle size increases 

with increasing stirring speed (Figure 14) 

 

 

Figure 14: Effect of stirring speed. 

 

As the second parameter, the rate of the addition of silane was varied. In Figure 15F the SEM 

micrograph of particles P17 and P18 are displayed. (prepared at 200 and 600 rpm).With a 

slow rate of addition (18 mL/h) the spherical, monodisperse particles P17 with the diameter 

of 2.4 µm and with the smooth surface are observed. In the case of faster rate of addition 

(72mL/h), particles P18 with a diameter of 3.2 µm and a bowl like wrinkled surface are 

observed. 

P14 P15

2 µm2 µm
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Figure 15: Effect of drop speed. 

 

3.2.3    Particles M1-M28 made of 3-mercaptopropyltrimethoxysilane 

(MerTMS)  

The same approach was used to prepare micron size silica spheres functionalized with 3-

mercaptopropyltrimethoxysilane based on the above findings. The variance amount of 

MerTMS, addition of TEOS and additives were used to develop new particles with controlled 

size, shape, morphology, and porosity. A time dependent analysis of the particle formation 

with MerTMS and TEOS was performed and the role of selective additives such as mesitylene, 

hexane and n-tridecane have been discussed. In all conditions, the sizes of these particles was 

well controlled. 

 

3.2.3.1  Time dependent investigation with TEOS 

In this experiment the molar ratio of MerTMS:TEOS was constant. The condensation of TEOS 

and MerTMS did not generate golfball-like particles and did not have a reasonable effect on 

the particles M1, M2 and M3 (Figure 16). Long reaction times formed less dimples on the 

surface as well as the particle size steadily reduces. There have been few modifications that 

are noticeable. As seen in M1 during long reaction time, larger particle displays with wrinkled 

surface whereas M2 and M3 are synthesized in short reaction time, those displaying smaller 

particle sizes with less wrinkles on the surface (see in Figure 16).  

 

2 µm 2 µm

P17 P18
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Figure 16: Particles M1, M2 and M3 Influenced by reaction time. 

 

The particle diameter in the SEM images was randomly measured and corresponding box-

whisker diagrams were created in order to better explain the interaction between particle size 

and reaction time, and then examined their association shown in Figure 17. M1, M2 and M3 

were prepared at 17, 14 and 10 hrs with 3.8, 2.9 and 2.4 µm diameter. Figure 18 shows a 

noticeable trend is the particle size gradually decreases with decreasing reaction time. 

 

 

Figure 17: Particle size distribution of M1, M2 and M3. 

 

Time-dependent investigation without TEOS but with the addition of 

mesitylene  

In the experiments which were performed here (Figure 18) the reaction time was varied during 

the formation of MerTMS particles in the presence of mesitylene. Figure 18 shows particles 

M4 and M8 which were formed after 8 and 16 hours while other parameters were constant. 

Particles M4 prepared with short reaction time display agglomerated particles but larger in 

size, whereas particles M8 generated with long reaction time display monodisperse particles 

2 µm 2 µm 2 µm

M3M2M1
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with a smooth surface but smaller in size. The M4 display patches on the surface that indicate 

the agglomeration occurred at the early stage of the reaction while monodisperse 

microspheres were seen in M8 with the long reaction time. In both the images particle surface 

was smooth. Particle diameters of M4 and M8 are 3.6 and 1.9 µm.  

 

Figure 18: Effect of mesitylene on the particles. 

 

3.2.3.2  Changes in the amount of silanes 

In the following, the amount of MerTMS were changed in the presence of mesitylene to see 

the effect on the particle size,shape and morphology. Particles M5-M7 shown in Figure 19 

were synthesized with the amount of 10.2, 16.4 and 29.4 mL of MerTMS, respectively, while 

the amount of mesitylene remained constant. Particles M5 formed with less silanes showed 

small diameter whereas particles M6 and M7 which were formed with more silane showed 

bigger sizes.  

 

Figure 19: The SEM images of the particles M5, M6 and M7 influenced by changes in the molar 

ratio of silane. 

 

In general, the addition of more silane or additives formed larger particle. Figure 20 shows the 

particle size distribution of M5, M6 and M7 with diameters of 1.7, 3.7 and 3.5 µm, 
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respectively. Interestingly, particles M7 are generated with a larger size distribution compared 

to M5 and M6. 

 

Figure 20: Particle size distribution of M5, M6 and M7. 

 

3.2.3.3  Effect of hexane on the growth of particles 

Particles M9 to M12 were synthesized with the addition 0.3, 0.4, 0.6, and 2.4 ml of hexane 

respectively (Figure21,Table 5). In the cases of M9 and M10 with only small amounts of hexane 

the microparticles aggregate. Interestingly on the surface of M19 small granules were 

observed. Whereas with a high addition of hexane, monodispersed particles were formed with 

smooth surfaces (Figure 21).  

 

Figure 21: Particles influenced by amount of hexane. 

 

 

Table 5. Variation of hexane on particle and size 

M9 M10 M12M11

10 µm10 µm10 µm10 µm
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 Hexane Size 

M9 0.3 mL 4.4 µm 

M10 0.4 mL 3.8 µm 

M11 0.6 mL 2.7 µm 

M12 2.4 mL 2.9 µm 

 

The diameter of the particles M9-M12 of 4.4, 3.8, 2.7 and 2.9 µm were obtained from their 

box-whisker plots (Figure 22). The particles M12 display the narrowest size distribution with 

small diameters. Thus use of high amounts of hexane is responsible to the formation of smaller 

monodisperse particles. 

 

 

Figure 22: Particle size distribution of particle M9, M10, M11 and M12 influenced by 

different amount of hexane. 

 

3.2.3.4  Effect of n-tridecane 

After mesitylene and hexane the role of n-tridecane as additive in the MerTMS oil droplets 

was investigated.  

Figure 23 displays particles M13, M14 which were formed with an addition of n-tridecane 

while other parameters remained constant resulting in huge differences in the surface 

morphology, size and porosity. In particle M13 higher amount 5.47 mL of n-tridecane were 

used and shows a smooth surface with large particle diameter 2.5 µm in size, whereas M14 
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were formed with the addition of 2.7 mL of n-tridecane and monodisperse porous particles 

with a diameter 1.9 µm were observed.  

 

Figure 23: Effect of n-tridecane. 

 

3.2.3.5  Role of n-tridecane on the particle size and porosity. 

The n-tridecane concentration has been discussed here for the preparation of highly porous 

organosilica particles functionalized with MeTMS. Figure 24 showing the SEM micrographs of 

the particles M15-M22 which were prepared by the addition of n-tridecane. The effect on the 

particle size and porosity was investigated due to variation of n-tridecane. In this reaction 

condition, when the amount of n-tridecane was adjusted in the range from 1.31-3 mL (Table 

6) mesoporous organosilica particles were obtained (Figure 24). The porosity and surface area 

were characterized by BET analysis (see in Figure 28). Figures 24 and 25 show that particle size 

increased continuously as n-tridecane concentration increased from 1.31 to 2.7 mL. Further 

addition of n-tridecane has no effect on the particles size.  

 

 

Figure 24: Size influences due to variation of n-tridecane 
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Table.6 Variation in concentration of n-tridecane 

 MerTMS n-tridecane Diameter in (µm) 

M13 20.4 mL  2.7 

M14 20.4 mL 2.7 mechanical 

Stirring 

1.9 

M15 20.4 mL 1.31 mL 1 

M16 20.4 mL 2 mL 1.2 

M17 20.4 mL 2.5 mL 1.4 

M18 20.4 mL 2.6 mL 1.5 

M19 20.4 mL 2.7 mL 1.6 

M20 20.4 mL 2.8 mL 1.7 

M21 20.4 mL 2.9 mL 1.7 

M22 20.4 mL 3 mL 1.7 

 

In order to evaluate the monodispersity and size of the particles, 100 random particles were 

chosen to determine their size distribution by SEM. These data clearly showed that the size of 

the particles increased with increasing amount of n-tridecane (Figure 25).  

 

 

Figure 25: Concentration of the n-tridecane influenced size of the particles. 
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3.2.3.6  Control the morphology and porosity by using mechanical stirrer 

There was another method used to form porous silica microspheres by using a mechanical 

stirrer. The particles M23-M25 shown in Figure 26 were synthesized with the addition of 2.5, 

2.7 and 3 mL n-tridecane and 8 hours of reaction time. In all cases monodisperse porous 

particles were formed. As shown in Figure 26 the particles M23 and M24 which were 

synthesized with less amount of n-tridecane have smooth surfaces  and diameters of 1.52 and 

1.57 µm while particle M25 formed with more n-tridecane had a ruptured surface morphology 

with the diameter 1.4 µm in size.  

 

Figure 26 Representative effect on the morphology, size and porosity of the particles with less 

reaction time by using mechanical stirrer. 

 

In contrast particles M26, M27 and M28 were also obtained by using a mechanical stirrer with 

long reaction time (16 hours) rest parameters  remained similar as M23-M25. With long 

reaction time particles increased in size also in porosity but at particular condition. In Figure27 

the particle M26 was observed smaller in size with less porosity as compared to M27 and M28, 

those were observed larger in size with high porosity. 

The morphology of the particles M26-M28 could be readily adjusted by controlling the 

concentration of n-tridecane and reaction time. 

 

 

Figure 27 Illustrating the effect on the porosity and size of the particles with long reaction time 

by using mechanical stirrer. 
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Scheme 3. The reaction mechanism of the particles functionalized by MerTMS an addition of 

n-tridecane.
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