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BET BrunauerEmmettTeller

BJH BarrettJoynerHalenda
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CMC1/2 Critical Micelle Concentration

CTAB Cetyltrimethylammoniumbromide

DCS dumbbell coreshell (Parttle)
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DRIFT Diffuse Reflectance Infrared FourierTtransfo®péctroscopy)
HPDEC Highrpower decoupling
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IUPAC International Union of Pure and Applied Chemistry
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MTMS Methyltrimethoxysilan

MerTMS 3-Mercaptopropyltrimethoxysilan

mmol Milimolar

NMR Nuclear Magnetic Resonance

Oo/wW Oil in water

PVA Polyvinyl alcohol

PTNMB Phenyltrimethoxysilane

QT Quercetin

SEM Scanning Electron Microscope

TEM Transmission Electron Microscope

TEOS Tetraethoxysilare

TMOS Tetramethoxysilaa

VTMS Vinyltrimethoxysilae

W/O Water in oil



di
d50

nM
nm
pm

MM

Nas

i Quantile of particle diameter (@, d50, d90)
Median of the particle diameter

Hours

Nanomolar

Nanometer

Micrometer

Micromolar

Streching vibration (IR)

Bending vibration (IR)

Antisymmetric stretching vibration (IR)

Symmetrical stretching bration (IR)

Abbreviation



Summary

Summary

Omanosilica particles of a narrow size distribution made from differstanes (VTMS,PTMS

and MerTMS), were prepared by means of a-@btep synthesis. In a orgtep synthesis, vinyl,
phenyl and 3mercaptofunctionalized silica paitles with the range of 1.2 to 4.7 um were
synthesized by hydrolysis and condensation using the deatth process. The particles are
always monodisperse apart from pheryinctionalized silica particles. Reaction parameters
by means the amount of silanadditives (hexane, toluene, mesitylemetridecane), 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
variarts as well as the additives dosing rate interaction haveghinfluence on the particle

size, shape and morphology. In most of the cases the addition of additives decreases the final
particle size but an addition ai-tridecane increasgthe final partide size. Increasing the
amount of TEOS givashowl like smaller particles in size whggane(VTMS, PTMS) gives
bigger particles with wrinklasurface. In the presence aftridecane MerTMS form porous
particles inthe range from 1 2 um but without n-tridecane nonporous particles are
generated up to 4.7 um 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 areften used for drug delivery. However, systems for simultaneous
delivery of multiple drugs are scarce. Here anisotropic and amphiphilic dumbbeikbelle
silica particles were prepared by a simple etching process that can load and release two drugs.
Thedumbbells 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 determimediape 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 tlatwio 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 compdr® controls of coreshell silica microspheres



Summary

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 pHb5.Furthermore, Cur and QT loaded microparticles showed
different cancer cell inhibitory activities. The highest activity was detected for the dual drug
loaded amphiphilic microparticledGo 13.5 nM) in comparison to the controls. In the
longterm, amphphilic microparticles are promising carriers for the simultaneous delivery of

multiple drugs.
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Zusammaeafassung

OrganosilicaPartikel mit enger GrofRenverteilung, hergestellt aus verschiedeBidsmna
(VTMS,PTMS und MerTMS), wurden mittels einer einstofynthese hergestellt. In einer
einstufigen Synthese wurden Vimyl Phenyl und 3Mercaptofunktionalisierte
Kieselsaurepartikel im Bereich von 1.2 bis 4.7 um durch Hydrolyse und anschliel3ende Co
Kondensation von VTMSPTMS, MerTMund TEOS nach dem SeBatchVerfahren
synthetisiert. Die Partikel sind immer monodispers, abgesehen von phenylfunktionalisierten
Kieselsaurepartikeln. Reaktionsparameter mittels der Menge an Silan, Additiven (Hexan,
Toluene, Mesitylen, 1Tridecare), Rihrgeschwindigkeit und Desiate wurden systematisch
untersucht und im Hinblick auf die ZielgroRen PartikelgroRe, PartikelgréZenverteilung,
Partikelmorphologie und Porositat diskutiert. Alle Hauptfaktoren sowie die Interaktion der
Dosierrate der Additive haben einen signifikantenfiiss auf die PartikelgroRdprm und-
morphologie. In den meisten Fallen verringert die Zugabe von Additiven die Endpartikelgrofie,
aber eine Zugabe vonTridecan erhoht die Endpartikelgréf3e. Eine Erhéhung der Menge an
TEOS ergibt schisselartige klemPartikel, wahrend Siloxan (VTMS, PTMS) groRere Partikel
mit faltiger Oberflache ergibt. In Gegenwart voiTrndecan bilden MerTMS pordse Partikel im
Bereich von 42 um, aber ohne fTridecan erzeugen nichtporése Partikel eine Grél3e von bis
zu 4.7 um. @ Partikel wurden mit verschiedenen analytischen Methoden charakterisiert.
Darliber hinaus wurde zum besseren Verstandnis des Partikelwachstums die Reaktion tber
die Zeit verfolgt.

Porose Silicapartikel werden haufig fur den Transport von Medikamenterevelst. Systeme

fur die gleichzeitige Verabreichung mehrerer Medikamente sind jedoch rar. Hier werden
anisotrope und amphiphile HantéernSchaleSilicapartikel durch einen einfachen
Atzprozess hergestellt, die zwei Medikamente laden und freisetzen korieranistropen
Partikel bestehen aus einer grof3en dichten von einer Schale umgebenen Kugel an die eine
kleinere hohle Halbkugel gebunden ist. Die Schalen der grof3en und kleinen Kugel weisen
mesopordsen Kandle auf, wie die Elektronenmikroskopie ergab.ribidig eingestellte
Ruhrgeschwindigkeit und die Anwendung von Ammoniumfluorid als Atzmittel bestimmten die
Form und die Oberflachenanisotropie der Partikel. Insbesondere die Oberflache der grol3en
dichten Kugel und die der kleinen Hemisphéare unterschiegslelmin ihren Zetapotentialen,

was durch Experimente zur Medikamentenbeladung bestatigt wurde. Konfokale Raman

Vv



Zusammanfassung

Mikroskopie undSpektroskopie zeigten, dass sich die beiden Polyphenole Curcumin (Cur) und
Quercetin (QT) in verschiedenen Kompartimenten dephiphilen Partikel anreicherten. Die
Gesamteffizienz der Wirkstoffbeladung von Cur plus QT war fur die amphiphilen Partikel hoch,
unterschied sich jedoch stark zwischen Cur und QT im Vergleich zu Kontrollen ven Kern
SchaleSilicapartikeln und gleichméaRigelgdenen anisotropen Silicapartikeln, die unter
Verwendung von Ammoniumcarbonat als Atzmittel hergestellt wurden. Bei den amphiphilen
Partikeln fanden wir bis zu 98 % Wirkstoffbeladung und 100 % Freisetzungseffizienznach 6 h
bei pH 5.5. Daruiber hinaus ggen Cur und QTgeladene Mikropartikel unterschiedliche
krebszellhemmende Aktivitaten. Die hochste Aktivitat wurde fir die mit zwei Medikamenten
beladenen amphiphilen Mikropartikel (IC50 13,5 nM) im Vergleich zu den Kontrollen
festgestellt. Auf lange Sitkind amphiphile Mikropartikel vielversprechende Trager fir die

gleichzeitige Verabreichung mehrerer Medikamente.

VI
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Chapterl. Introduction

Silicon is one of the most frequently occugilementon the earth's crust with a mass
fraction of approx. 26% andsually bound in the form of silicates or silicon dioxide (silica).
Silicon dioxide is present in amorphous or crystalline faremithe 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 impomantonly in resarch but

also inindustngs4 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 advantagescompar
to other inorganic materials.

Synthesis odilica particles in the range of nano to micrometre size is now well known in terms
of defined particle sizeand small particle size distributiorlowever thedemandsfor nano

and micro particles as an innovation for modern applications are increasiograusly.in
addition, new technologgnd medicabpplicationgequire silica particles with different type

of functionalities and structure3 A general method for the synthesis of inorganic/organic
materials isthe solgelprocess. Irthe first step, by means of hydrolysis and condensation
reactions, a colloidal suspension of particlaghe nanoscale @) is formed, which in the
second st unites to form a three dimensional netwoilGel). Two distinct process
differentiated the synthesis of silica particles with the acid and base catabgay| process.

In recent years, several modification have been identified, such as the usafattants
polymers asa template, variation in precursors and reaction conditiGi&STAB is the most
commonly used surfactant to prepare highly mesoporous silicafiamoroparticles?
Transportationof drugs into cells for medical diagnostics and treatment is of fundamental
importance.Many of the present drugs are suffering frastability problemsn a biological
environmentand/or poor water solubility making the drugs less effectiMéwus drug delivery
strategies based on differematerials have been developéglit

So far, several types of drug vehicles have been reported which include lipogomes
peptidesiépolymersi?i9inorganic nano and microparticl&s?>and organic/inorganic hybrid
materials?6.27. A drawback of many materials is their low drug loading capabilities. To improve
their therapeutic efficacy large amoundd carrier have to be applietinfortunately, 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 protools tha restrict their access.

Mesoporous silicmanoand microparticlerovide networks of pores with a large surface
area and high pore volum&:31The opportunity to tailor particle size and shape as well as to
tune the pore size on the nanometre scale have made these materials attractiveafoy m
applications in different field3%34 Moreover, their intrinsic biocompatibility and
biodegradability make mesoporous silica particles ideal platforms for drug delivery
Systems?3.33,35.38y trapping the drug in the mesoporous network, mesoporous silica prevents
the degradation of the drugs and can actasolubility enhancer generatg higher solution
concentrations compared to the corresponding solid fa#ithus, this enhancement has led

to a dramatic increase in the interest of mesoporous sibesed formulations in the last
decade?3’

This workaimsthe developing silica particles by usiddferent silanes and additivesn the
solgel processFirst part of this work igledicatedto the synthesis of functionalized silica
particles withvinyl, phenyl and 3nercaptopropylsilane. The emphasis is on the systematic
determinationof the influences of selected reaction parameters on paticle size, shape,
morphology andporosityof the silica particles.

In the second part of thisvork deals withthe synthesis otore-shell CS and anisotropic,
amphiphilic dumbbell coreshell DC$ silica particles. The aim is to establish a reproducible

method. Furthermore, the particles will m®mprehensivelisystematicallgharacterised
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2.1 Solgel processs4

The solgel process is defined as the synthesis oblansgth 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 fbeated in the solution due to the Brownian
motion. A gel is defineds a solid body consisting of two phases. The solid phase forms a
network which includes the liquid phase. Through thegel process, a colloidal dispersion
(sol) is obtained in a solution of chemical precursors via hydrolysis c@ndensation
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.igndase, the
reaction components hydrolysis and condensatioar&vinfluenced differently. The sedel
processis relatively fastin an a@dnedium, resulting inumerous very small particles.hié

inan alkaline medium, @®ntrast spherical particlesaveformed, due to the slow hydrolysis
reaction produces a stable sol of individual particles. The alcohol used in tiggelsptocess

acts as a ceolvent which is able to dissolve water and silica precursors. Thges@rocess
allows the production omany other types of materials such as fibres, thin films,-pormous

glasses and ceramics as well as porous andpaous, nano ananicroparticles*?
2.2 Stober praess

The Stbber process is a spform of the Solgel procesdn 1968, Stober et al. developed a
process for the controlled synthesis of monodisperse,-ponous and spherical silica particles
in a sie range from 0.05 um to 2.0 uM The process is based on the ammon&alyzed
hydrolysis of TBS and consecutive condensation in the presence of ethanol as sdivent
For synthesis, the tetra abky silicate (methy| ethyl, n-propyl, n-butyl-) is used as a
precursor, which hydrolyses and condenses in the presence of water and amrbara.are
numerous studisin the literature dealing with the effects of reaction conditions on particle
size. However,uk to the frequently inconsisterdoncentration ranges of the reactantthese

results are not directly comparable. Therefore, the following statements kegt generd.



Chapter 2. Theortical discussion

With more precise control, it is possible to reproduce a certain particle diameter by following
parameters for controlling the particle size.

With increasing ammonieoncentratiorf3:46.47 water concentratio® and chain length of the
alkyl residue ofhe alkoxysilan®or alcohof3and in the pesence of conducting safts larger
particles areformed. High temperature leads to smaller paté sies 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 @and LaMer et a2, have proposediifferent views on the growt process

of silica particles.

The mechanism of Bogustnd Zukoski is based on a permaneggeegation of silica
particles!.In the growth model of LaMer et afthe progressive hydrolysis of the precursor
results in the successive increase of the hydrolysed monomer concentration until
supersaturation occurs. The supersaturation inducessbcalled nucleation, in which nuclei
are formed from lowmolecularsilanes. Consequently, the concentration of dissolved
monomers decreases and the nucleation phase ends. The successive condensation of
hydrolysed TEOS molecules on the silica particéee ates particle growth®%54 As long as

the critical nucleation concentration is not exceeded again, no new nuclei are formed.
Typical synthesis processes are the batch and dsatuh processin the batch process, all
starting materialsare completely added to the reaction lsmion at the beginning of the
synthesis. The high accumulation rate leads to smaller particle sizes andiabpaaticle size
distribution.>> In the semibatch process, the precursor is temporarily added to the reaction
solution by means of a dosing device. The dosing resultgger particles with a narrower
particle size distribution compared to the batch process uridentical reaction condition®

A sufficiently low dosing rate ensures that the critical supersaturation concentration is not
exceeded again. The renewed exceeding of the supersaturation caatent 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 bygelgbrocess
is the water in oil (W/Opr oil in water (OMW) microemulsion proces@Figure 1) Normally
water and oil are not miscible, due to the high specific interfacial energy, the total interfacial

energy is minimized by phase separationA mcroemulsion is an isotropic and

4
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thermodynamically stable singlghase system consisting of three components viz waiir,
and surfactants (Figure)lSurfactant molecules reduce the interfacial surface tension
between water and oil. Consequently, the wateaded micelles are formed, which allow a
sd-gel process to tak place6 In a microemulsiorcondition, except for therral variations all
micellesexhibit the same size. Thuke micelles in microemulsions are ideally suitable as

nanoreactors for synthesisith particle size control

A~ @ Surfactant molecule
A~ Hydrophobic part
® Hydrophilic part
QOil

Figurel: Structure of microemulsion.

One of the main advaages of the microemulsion process is the possibility of encapsulating
various nanoparticles ithe silica particles. Therefore, this method is used to produce the
inorganic coreshell particles. In this process nanopartiatessisting of e.gilver>’cadmium
sulphides8and iron oxides had aleely been coated with silic@ These coated particles show

a good monodispersityral possess a smooth surfa€elt is interesting to note that, the
nanoparticles with hydrophobic ligands can be coated on thefaser with silica by
microemulsion processewhichhas specific significanéer the application of these materials

in biomedicinet?!

2.4 Nomenclature

Thesilane(a brief note abousilang species are classified according to the units attached to
a silicon atom into QTI, D and M groups (Figure Zhe Q groupkave four siloxane bonds ¢Si
O-Si) in a three dimensional structure. fime case of Igroups consishg of three siloxane
bonds lead to the formation of twalimensional layer structures. The D groups only lead to
the formation of chains and rings, sincelptwo siloxane bonds can be formed. However the
M-groups represent a dimeric form, where only one siloxane bond is formed. WitB° e

solid state NMR spectroscopy the groups can be differentiated. Here the displacement ranges
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are characterised betweet90 and-110 ppm for Q groups and0 and-80 ppm for T groups
and-10 and-30 ppm for D groups.

R\o O/R O/R '

R 1 R
| | |
e s—d ™ S—o S R\O_Si/_ R
R R/ N R
Q-silane T-silane D-silane M-silane

Figure.2 Schematimomenclature of silicazecies

2.5 Coreshellsilicamaterial

Coreshell particles basically consist of a mporous shelf2 These partides are hybrid
particles consting of a core and a shealhd there is significant difference in the morphology
between the core and sheffThe shd 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 ddferent types of particles with a wide range of
applications®# In dependence of the final application the shell materials for the sirell
particles areselected. As illustratedbelow, the coreshell particles carbe classified as

follows.63

Organic-organic
Organic-inorganic
Inorganic-inorganic

Inorganic-organic Shell Core

Slica has aspecific rolen the preparation of coreshell nanoparticles and is alsised as a
coating matrix since it has varioumdvantages owve other inorganic material& The
manipulationof the silica surface makes it possible to synthesiaee-with multi shell

particles®which has a spediaignificance in the developmeat multifunctional particles.

6



Chapter 2. Theortical discussion

2.6 Anisotropicmaterial

In general, monodisperse, spherical particles are used for diagisosthromatography or
medicine®’<69Additional isotropic propertig’®are introduced by subsequent modifioans of
the particles and the appliti@n range is improved. Howeveaatoduction of the particles with
complex structure is becoming increasingly important the context, it is important to
implement anisotropic properties ancteatemultiple morphologes. Anisotropic compoursd
have diverse features, such as chemmalperties polarity and ability to transform into a
single molecule, charge and function in many spatially focused dteas

The term anisotropic particles refers to sol, a substance thatbmnepresented in various
formsby targeted synthesis. In comparistmthe classical isotropic particles, anisotropic
particles have complex shapes. Due to their architecture, anisotropic [esttan be classified

into four main categ@ries as shown in Figure’3.

oOROw

Figure 3 Schemes of msaropic particlesarchitecture (1) Jarus particles (2) Patchy Janus

particlesy(3) Multi-compartment particles(4) Patdy particles

Janus particlebave two separate domainhe combination of the different classifications
resultsin patchy Janus particles gatchy mult-compartment partites.”2 Theintegration of
anisotropic propertiesis achieved by a chemically different structure or surface modification
of materials Janus particles are usually produced by templating, electrospinning or Pickering
emulsions?%23Potential applications include didisers in emisions, watefrepellent fabris,

catalysis, optical sensors and various devices which are used in me#icihe.
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2.7 Mesoporous silica materials

Porosity can be classified by pore size according t&\@Jporous materialgare dividednto

micro, meso and macroporous materials ohet basis of their pore diametef The
microporous, mesoporous and macroporous materials hawe piameters smaller than 2nm

and between 2 and 50 nm and larger than 50, mespectively. The mesoporous silicesbd
materials are an intensely researched class of materials that can be produced-ggl sol
processes in the presence of surfactant micelles as templates. The mesoporous ordered silica
materials were first published byJobile Oil @rporation scientistsin 19927° The slica
materials have characteristic properties, such as highly ordered pore systems with sharp pore
size distributions, large specific surfaces and high thermal stabpitp 600°C’6 Most well-
known mesoporous siliocaaterials are MCMI1L and MCW48.7” The Hexagonal Megorous

Silica (HMS or wormlikg¥andmaterialswith large pores diameteare SBA1,7° SBA15*%and
SBA16.7730 The MCM materials belong to a class of the b&sown mesoporous silica
materials. The MCMS8 is composed of two thredimensional pore networks that are
completely indepadent of each other. Figure 4&h¢é MCM48's pore wallgonsistof Xray
amorphous silica unitsFigure 4b,in contrast the MCM41 has a standardstrudural

arrangemenbf cylindri@l mesopores, which are alignédxagonalyto each other.

Figure 4 Structure of MCIW8 with template (a) and MCML1 without template (b}’
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Chapter 3.Synthesis ofl- group particles

3.1 Introduction:

Organosilicanaterials have always been an interesting research topic because of their organic
and inorganienatricesand interactive characteristic¥heir promising properties, such as low
toxicity, good thermal stability and mechanicsirengthf? make them useful in various
applications like colloidal photonics crystélbiosensor8 and in biomedical such as
multicolour imaging* or an antimicrobial organic coatirf§.So far in the studies on
organosilica particlesmainlyfocused on to modified silica surface by using diffe feinictiond
group like vinyltrimethoxgilane (VTMSP2 methyltrimethoxysilane (MTMS)g6
phenyltrimethoxysilane(PTMSY and mercaptopropyltrimethoxsilane(MerTMS)88.89 The
synthesisof organic/norganic silica particle is typically carried out with the help of
template$%92 or emulsion polymerizatiofi® These method hae various difficulties such as
continues implementation of required preliminary steps and the use of several chemicals. As
a mnsequencethe synthesis obrganicallyfunctionalized silicparticlesby one-pot synthesis
and thereplacemenbf organic solvents by water have recently earmadte ntion.82.88.89,94

Up to now in the studies on organosiligarticles, several types of nonspherisdica particles
have been synthesized likaspberrylike,%>golfballlike andbowl-like (Scheme 1)Organically
functionalizedsilica particlesre formed due tostress shrinkingéMeester et al. synthesized
silicaincludingrumpled, wrinkled wth the rough and smooth surfac& Zhou et al madaup
hollow organosilica microspheres like golfbdike with wrinkled surface and proped
mechanism based on Qgald ripening8 Yang et al. developed a synthesis of organically
functionalised silica particles in aqueous solution in the pregeaof VTMS and TEOBy
varying the VTMS:TEOS ratio and the ammoaomeentration, sphericaljolf bdl-like or cup
shaped particleare formed®Later therewere several mechanism discusgedthe synthesis

of organosilicgporous particles with surfactants and further these silica particles behaved
superiorly in the field of drug delivery and cell imagf§?Whereas Hah et al. prepared

monodisperse hollow silica particles without using templat®s.
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In Scheme 1Producta), b)andc) describe by the concentration ratio will be controlled from
TEOS to VTMS. The sphere parti@san only be with VTMS,EOS with long reaction tam
(b) an increase in TEOS penetration leads to bskdped particles however, the
concentration ratio age of VTMS/TEOS (4:1) golfldalparticlegc).%6

According to Yang et al.the formation of tiyelf baltlike morphology is due to differences in
hydrolysis and condensation rates between TEOS and VTMS. With progressive t&aetion
the degree of condensation inside theamicle successively increaseSonsequently 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 reactiexceeding the critical
pressure value genates thegolf baltike surface®

According to Zhou et &P his theoryis based on a corehdl principle with the Ostwald
ripening(Sheme 2).Due to the more rapid hydrolysis of TEOS compared to MTMS under
identical conditiong® aggregates of TEOS form in the first step. MTMS condenses
consecutively on the aggregateto polymethylsilsesquioxan&€he more hydrophilic inner

silicacore migrates to

10
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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 sphericilape to a golfballike shape The conversion to the
golfballtlike morphologyeduces the final particle siz€he exclusive condeason of TEOS or
MTMS does not generate golfbdike 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 thecoomdensation of MTMS and TEQS the
investigation of the synthesis particles from TEOS and MTMS a possible reaction mechanism
was discussed. TEOS undaasic conditions is faster hydrolysed than MTMS8ereby the
hydrolysed product of TEOS is converted taxai(5i@). 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 &lketkestructure.

PMSQ is due to its Gkesidues 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.

Nucleation Gopolycondensation Ostwald repening

il S
: Z’%%;Z& =

¥ — —_ S0
4 5 <
Q PMSQ ® PMSQ
§ SiC e SIQ

Scheme 2Mechanism of hollow and wrinkled surfage

Here we describe the mechanism of the formatioradfow! like to spherical moodisperse
organosilicgarticles without using TEOS. Tluelgion of organic solves particle size, shape
and morphobgy can be tuned as well @®rousparticles can fornwithout using templates
with the controlled monodispersity hEse are unique feates of this work. This chapter deals
with the synthesis of notspherical to spherical and nonporousgorous silica particles in the
range of 1 urb um By the opimization of the synthesis with theariation of feed rate,

stirring speed, reaction timand concentration ofadditives.

11
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3.2 Result and Discussion

Preparationof 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 corresponshg T group silane vinyltrimethoxysilane (VTMS),
Phenyltrimethoxgilane (PTMS) and -Bhercaptopropyltrimethoxgilane (MerTMS) and
optionally tetraethoxysilane(TEOS) and / or an organic solvent over a period of minutes with

a syringe pump.

Table 1Different approaches which were investigated

Source ofsilanes Additives Variations
VTMS Hexane Molar concentration of TEOS anmilane
PTMS Toluene Amount of additives
MerTMS Mesitylene Speed of stirring and drop rate silane
TEOS n-tridecane Time

3.2.1 Particles ViV9 made of vinyltrimethoxgilane(VTMS)

3.2.1.1 Influence of the reaction time

This series of experiment wasgformed at different reaction times to observe how reaction
time influences the size, shape and mogdbgy of the particles. Fige 5shows theSEM
micrographs of the particle¥1-V6 which were generated from VTMS by the variation of
reaction time from 50 minutes to 20 hour€omparing the SEM images\fand V2 show

that within minutes monodisperseuniform particles are formedwvith a wrinkled surface
morphology. While the particle¥3-V6 obtained with long reaction times are showing
monodisperseless wrinkled surfaces and first decreas and then increase again in their size

with long reaction time (Figuse5 and b

12
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Figure 6 Particle size distribution of1-V6 with variation of reaction time.

The box whisker plotin Figureurifies the distribution of particle size from left to right where

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

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

reaction time the particles 0¥ 3-V6 were formedwith increasing diameteof 2.7um, 2.9 um,
3.4 and 3.6 pmespectivelyWith the long reaction timéarely any wrinkles are found on the

surface, but particles are compressed and decreased in size.

13
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3.2.1.2 Influence of the molar ratio of VTMS and TEOS patrticles\@7

In the following experimentghe ratio of the silanesVTMS:TEO®ere changed to see the
effect on the partites sizeshape and morphologghown in Figure &re the particles/7-V9
synthesized with the molar ratios of TEOS:VTMS of 1:2, 1:1 and 4:1 respectivelle $é8tic

were molded with more TEOS and less VTMSahtasge effect on the surface morphology

have been observed. These partigleok like bowtlike particles. Irthe following Images we

can see wherea¥8 has greater effect in tersof size wherea¥7 were carryingan equal

amount of TESO:VTMS and apart from smoath dzZNF I OS RARY Qi 206 4 SND

surface.

Figure 7 The SEM images of the organosilica particles with different molar N#¢1:2),V8
(1:1),vo(4:1).

3.2.2 Particles PAP18 made ofPhenyltrimethoxysilane(PTMS)

The morphology of the organosilica particles aegulated by adjusting the molar ratio of
TEOS and PTMS. Particles synthesized with different molar ratios hageenif§izes and
shapes. Figure,8omparingthe M images from the molar rati®’(9 1:4, P1b 1:2, P19

1:1, P1d 2:1 and P1le 4:1. It is clearly visible thdhe particle'ssurface and morphology
drastically changed by changing thelar ratio ofsilane Figure 8laandPleare showing
bowl like particles with one compressed fold in the middle, whileRPab-P1d non uniform

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

14
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Figure 8Influence of thesilanemolar ratio on the morphology and shape of the particles

General overview of changas morphology by using different additives in

the solgel process.

To modify the oillropletof the Fgroup various solvents were tested. It was expedieat
expendinghe oil drop and dilutédiluting the silanein thedroplet shouldwould generate an
effect on the size, morphology and porosity of the particldessxane, 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 @he SEM imageofP3 P5and P6are showing the effect of hexane in the droplet
during the formation of the particle®3andP5show bowl like wrinkled surface particles with
a minor difference in particle sizes. These particles were synthesized with the additi@gi3of O
ml and 0.7 ml of hexane to the droplet. WhR&represents monodisperse and spherical
particles prepared with 0.86 ml hexane in the droplet. Compared to the morpholoB{ &5

materialP6is smooth (Figure P6).
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Figure 9SEM Images of particl®8, PsandP6influenced by addition of hexane.

Table 2 Variation of hexane on particle morphology and size.

Hexane Size
P3 0.43 mL 2 um
P5 0.7 mL 2.1 pm
P6 0.86 mL 1.9 pum

By varying the amount of hexane accordingtble 2n the synthesis d?3 P5andP6(Figure

10) the size of the particles decreases with increasing the amount of hexane. PRRimhel

PSKI @S | RAIFYSOUSNI2F | 062dzi H XxYX HdOM XY | YR
the particles. Whereas particle®6 have a diameteof 1.9 um 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.
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Figure 10Particle size distribution ¢3 P5and PG
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3.2.2.2 Influence of tolueneparticlesP7-P10

In the followingncreasing addition of toluene was employed (Table 3). The SEMimages of the
particlesP7P1Q which were formed with addition of 0.35 ml, 0.59 ml, 0.6 ml and 0.7 ml
toluene respetively, can be seen in Figure.H7 and P8 shows noruniform polydisperse
distributionswith wrinkled surfacesnonodisperse smaller particles with smooth surfaae

produced by particleB9 P10

Table 3.Variation of toluene on particle morphology anids.

Toluene Size
P7 0.35 mL 2.3 um
P8 0.59 mL 2.4 um
P9 0.6 mL 1.3 um
P10 0.7 mL 1.5 pm

VP /1R A PN

Figure 11 SEM Images of particles influenced by addition of tolué¥eR?10respectively.

At lower concentration of toluene can significantly increas tize &f the particles. Compared

to P9and P1Q P7andP8provides a larger range of particle size. (Sefeigure 1).
3.2.2.3 Influence of mesitylene particles P1R213

In Figure 15EM pictures are illustrating a series of experiments where meséylas added
to the droplet. The synthesis &f11 P12and P14are performed in a serdbatch Process at

600 rpm. In the micrograph d®?11lit is shown that spherical particles were formed with

17
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wrinkled surfacewhile in the case dP12andP13it is seen thaparticles 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.

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

mesitylene Size
P11 0.46 mL 3.1 um
P12 0.78 mL 3 um
P13 1.25 mL 2.5 um
4.5
1 [ ]10-90%
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Figure 13 Particle size distribution ¢¥11, P12 and P1®ith mesitylene.

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

also decreases with an increasingly small amount of mesitylene. It illustrates that the
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hydrolysis and condensation reactions have carried out very quickly r@itbe, no particles

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

3.2.2.4 Effecton particles by varying the stirring speed and rate of addition

of silanedrop

In this study two parameters were compared, viagythe stirring speed of the reaction as well
as the rate of addition okilane P14 is carried out with the stirring speed at 600 rpm,
producing particles with a diameter of 2.7 um.The synthesBI&takes place at a stirring
speed of 300 rpm and padies with a diameter of 1.7 um are produced. With compare the
morphology P14 shows monodisperse, larger particles with wrinkled surface wRil®
displays smaller particles with less wrinkles on the surf&ely n the case of PTMS
correlation between string speed and particle size confirms that the particle size increases

with increasing stirring speg@éigure 14)

Figurel4: Effect of stirring speed.

As the second parameter, the rate of the additiorsdanewas varied. In Figure 13Re SEM
microgaph of particlesP17and P18are displayed. (prepared @00 and 600 rpm).With a
slow rate of addition (18 mL/h) the spherical, monodisperse partieledvith the diameter
of 2.4 um and with the smooth surface are observed. Inthe case of faster ratddfon
(72mL/h), particle$18with a diameter of 3.2 um and a bowl like wrinkled surface are

observed.
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Figurel5: Effect of drop speed.

3.2.3 Particles MXM28 made of3-mercaptopropyltrimethoxysilane
(MerTMS)

The same approach was used to prepareron size silica spheres functionalized with 3
mercaptopropyltrimethoxgilanebased on the above findings. Thariaance amount of
MerTMS, addition of TEOS and additives were used to develop new particles with controlled
size, shape, morphology, and peity. 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-tridecane have been discussed. In all conditions, the sizes of these particles was

well contrdled.

3.2.3.1 Time dependent investigation with TEOS

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

and MerTMS did not generate golfbdike particles and did not have a reasonable effect on
the particlesM1, M2 and M3 (Figure 1§. 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 M1 during long reaction time, larger particle displays with wriakle
surface wheread2 andM3 are synthesized in short reaction time, those displaying smaller

particle sizes with less wrinkles the surface (see in Figure)16
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IPTC-TUE 1.0kV 2

Figure 16 ParticleaM1, M2 andM3 Influenced by reaction time.

The particle diameter ithe 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 thassociation showin Figure 17M1, M2 andM3

were preparedat 17, 14 and 10 hrs witB.8, 2.9 and 2.4 pm diametegfigure 18 shows a

noticeable trend is the particle size gradually decreases with decreasing reaction time.
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Figure 17 Particle size distribution dfl1, M2 and M3.

Time-dependent investigation wihout TEOS but with the addition of

mesitylene

In the experiments whitwere performed here (Figure l8he reaction time was varied during
the formation of MerTMS patrticles in the presence of mesityldfigure 18&hows particles
M4 and M8 which were forned after 8 and 16 hours while other parameters were constant.
Particlesvi4 prepared with short reaction time display agglomerated particles but larger in

size, whereas particldd8 generated with long reaction time display monodisperse particles
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with a smamth surface but smallerin size. TN&l display patches on the surface that indicate
the agglomeration occurred at the early stage of the reaction while monodisperse
microspheres were seen M8with the long reaction time. In botthe images particle suace

was smooth. Particle diameters b4 andM8 are 3.6 and 1.9 pm.

Figure 18 Effect of mesitylene on the particles.

3.2.3.2Changes in the amount cfilanes

In the following, the amount of MerTMS were changed in the presence of mesitylene to see
the effect on the particle sizghape and morphology. Particl®4b-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. Particsformed with lesssilanes showed

small diameter whereas particldd6 and M7 which were formed with moresilaneshowed

bigger sizes.

Figure 19 The SEM images of the particds, M6 andM7 influenced by changes in the molar

ratio of silane

In general, the addition of morglaneor additives formed larger partie. Figure 2@8hows the

particle size distribution oMM5, M6 and M7 with diameters of 1.7, 3.7 and 3.5 pm,
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respectively. Interestingly, particl®&s7 are generated with a larger size distribution compared
to M5 and M6.
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Figure 20 Particle size distribution &f15, M6 and M7.

3.2.3.3 Effect of hexane on the growth of particles

ParticlesV9 to M12 were synthesized with the addition 0.3, 0.4, 0.6, and 2.4 ml of hexane
respectivelyFigure2]Table 5)In the cases d19and M10 with only small amounts of hexane
the microparticles aggregate. Interestingly on the surfaceM#f9 small granules were
observed. Whereas with high addition of hexane, monodispersed particles were formitd

smooth surfaces (Figure 21

Figure2l: Particlesinfluenced by amount of hexane.

Table 5.Variation of hexane on particle and size
23
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Hexane Size
M9 0.3 mL 4.4 pym
M10 0.4 mL 3.8 ym
M11 0.6 mL 2.7 pm
M12 2.4 mL 2.9 ym

The diameter of the particleM9-M12 of 4.4, 3.8, 2.7 and 2.9 um weeobtained from their
box-whisker plos (Figure 22 TheparticlesM12 display the narrowest size distribution with

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

monodisperse particles.
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Figure 22 Partide size distribution of particl&9, M10, M11 andM12 influenced by
differentamount of hexane.

3.2.3.4 Effect ofn-tridecane

After mesitylene and hexane the role oftridecane as additive in the MerTMS oil droplets
was investigated.

Figure 23displaysparticlesM13, M14 which were formed with an addition af--tridecane
while other parameters remained constant resulting in huge differences in the surface
morphology, size and porosity. In partidi&l3 higher amount 5.47 mL of-tridecane were

used and sbws a smooth surface with large particle diameter 2.5 pm in size, whévidds
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were formed with the addition of 2.7 mL oftridecane and monodisperse porous particles

with a diameter 1.9 um were observed.

Figure 23 Effect ofn-tridecane

3.2.3.5 Roleof n-tridecane on the particle size and porosity.

Then-tridecane concentration has been discussed here for the preparation of highly porous
organosilica particles functionalized with Me TMRsgure 24howing the SEM micrographs of
the particledM15-M22 which were prepared by the addition oftridecane.The effect on the
particle size and porosity was investigated due to variation-tridecane.In this reaction
condition, when the amount ofi-tridecane was adjusted in the range from :3InL (Table

6) mesoporous organosilica particles weretained (Figure 24 The porosity and surface area
were characterizedpBET analysis (see in Figure BRjures 24 and 28how that particle size
increased continuously astridecane concentration increased from3L to 2.7 mL. Furthe

addition ofn-tridecane has no effect on the patrticles size.

Figure 24 Size influences due to variation eftridecane
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Table6 Variation in concentration afi-tridecane

MerTMS n-tridecane Diameterin (um)
M13 20.4 mL 2.7
M14 20.4 mL | 2.7 mechanica 1.9
Stirring

M15 20.4 mL 1.31 mL 1

M16 20.4 mL 2mL 1.2
M17 20.4 mL 2.5 mL 14
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 mawdispersity and size of the particles, 100 random particles were
chosento determine their size distribution by SEM. These data clearlyesttbat the size of

the particles increased with increasing amountnetfridecane (Figure 25
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Figure 25 Concertration 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 wasanother method used to form porous silica microspheres by using a mechanical
stirrer. The particleM23-M25 shown in Figure 2&vere synthesized with the addition of 2.5,
2.7 and 3 min-tridecane and 8 hours of reaction time. In all cases monodisperse porous
particles wee formed. As shown in Figure 26e particlesM23 and M24 which were
synthesized with less amat of n-tridecane have smooth surfaces and diameters of 1.52 and
1.57 pum while particl&125formed with moren-tridecanehad aruptured surface morphology

with the diameter 1.4 um in size.

0um | IPTC-TUE 1.0kV 2.1

Figure 26Representative effect on the morphologize and pwmsity of the particles with less
reaction time by using mechanical stirrer.

In contrastparticlesM26, M27 and M28 were also obtained by using a mechanical stirrer with
long reaction time (16 hours) rest parameters remained similaMa8-M25. With long
reaction time particles increased in size also in porosity buadigular condition. In Figure27
the particleM26 was observed smallensize with less porosity as compadr® M27 and M28,
those were observed larger in size with high porosity.

The mophology of the particlesM26-M28 could be readily adjusted by controlling the

concentration ofn-tridecane and reaction time.

Figure 27llustrating the effect on the porosity and size of the particles with long reaction time
by using mechanical stirrer
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Scheme 3The reaction mechanism of the particles functionalized by MerTMS an addition of

n-tridecane.
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