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ABSTRACT

ABSTRACT

Porous materials in the nanometange are interesting materials in many fields of
science and technology. Especially in terms of colloidal suspensions, these materials are
promising candidates for applications suchgas sensing, hogjuest chemistry, drug
delivery and coatings in theemiconductor industryln this work, syntheses of
monodisperse, stableolloidal suspensions of different materials for the preparation of
porous thin films were described.

Colloidal suspensions of zeolite Beta nanocrystals with low aluminum content were
prepared and the crystallization kineticasstudied. The crystalline Beta was stabilized

in colloidal suspensions by addition of inorganic sii@sed binders and applied for the
preparation of films by a spion process. The thickness of the filmascontrolled by
repeatéd coating steps, speed of deposition and Beta concentration of the coating
suspensions. The Beta films exhibit good mechanical properties, smooth surfaces and
show a low refractive index, which is typical for highly porous silica thasaterials.
Additionally, a synthetic approach for the preparation of colloidal mesoporous silica
spheres and functionalized colloidal suspensions of nanoscale mesoporous materials
with high vyields from concentrated solutions is presented. Narrow pasdizke
distributions in the range of about 50 to 150 nm were established with Dynamic Light
Scattering measurements and electron microscopy before and after template extraction.
Discrete nanoscale mesoporous particles with functionalized pore surfacdsdresul

when adding functional organoalkoxysilanes directly to the initial silica precursor
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solutions. Nitrogen sorption analysis indiahtieat the functional groupsere located at

the inner surfaces of the mesoporous channel systems.

By further decreasinthe diameter of these mesoporous silica spheres, their scattering
ability for visible light was also drastically decreased. We have demonstrated the
synthesis of extremely small mesoporous silica nanoparticles via a specific co
condensation process withtyl groups. If the size of the patrticles falls below about
1/10 of the wavelength of the incoming light (@)1 the colloidal suspensions show
optical transparency. Because of an easy handling and a good reproducibility, the
suspensions are ideal for theoduction of thin film by spircoating. The films showed
excellent optical qualities, exhibited good diffusion properties and a highly accessible
pore system. Thanks to the small particle size and the resulting low surface roughness,
the formation of muilayers was possible without transmitting defects on the surface
with every following coating step. The availability of sushmogeneougorous thin

films made it possible to usellipsometry as analysis method. Ellipsometric
porosimetry (EP) is a convetit method to determine the effective porosity of a thin
film on its original support without destroying it. It was possible to record sorption
isotherms of the thin films with ellipsometry and to correlate the data with nitrogen
sorption data of dried pavers of the same material. The thin films showed very low
refractive indices around 1.2 in the case of both, zeolites and functionalized mesoporous
silica nanoparticles.

Besidesa synthesis procedure forO, particles inan acidic medium by a simple sol

gel processvas investigated. The materslowed a high surface araad the thin films
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prepared from the colloidal suspensidrasl a high refractive indexombined with a
certainporosity Thus, the preparation ofavelength specific Bragg mirrors coube
realizedby a simple and reproducible sginating approachsing colloidal suspensions
of functionalized porous silica nanoparticles and titania s¢ls.Bragg reflectors show
a sensitivity towards specific relative pressures of organic vapors tkeofganol or

toluene.



TABLE OF CONTENTS

1. INTRODUCTION .ottt emmer e e e e e e eeeee e st e e e et e e easa e e esammnes 1
NANOLECNNOIOGY. ...t e e 3
SEIFASSEMDIY.....cieieiiiiee e e e e rrr e e e e e e e ———————aaaas 5
NP2 T 0 F= T 1 ][ USSR 6
(070] ] o] {0 ISl [=] o[ 0RO 8
Fabrication of NanOpartiCIes. ... 12
SOFgEl ChEMUSIIY...uuiiiii it eemees 13
POrOUS MALEIIAIS. ... ..uiiiiiiiiiiiiiiiiiie ettt a e e e e e e e e e e e e e e s s rmmne s 16
ZEOITES. ...ttt r——e e e e e e et e e — it —————eeeeeeearrrnnnna 17
MESOPOIOUS SIlICA.....cciiiiiiiiiiiieteeee bbb e e e e e e e e e e 19
MESOPOIOUS TIHANIAL.......eeeeeeiiiiiiiiie e e s et re e e e e e e e e e e e e s aseesa s e e e e e eeeeeeaeeeeessnnnens 26
Optical Properties of Thin FilMS..........ccoooiiiiiiiiiiiiee e 27

2. MOTIVATION oot erree e e e e e e e e e e e s ammmna s 30

3. CHARACTERIZATION METHODS ... e 34
SO PHION Lot e ettt ————— e ——————————————— 35
Quartz Crystal MiCrobalancCe...............uuuuiuiiiiiiiee e 42
Bl PSOMELNY ... A3
ElliPSOMELIiC POTOSIMELIY .....uviiiiiiiiiiiiiieiee et 46
Light SCAteriNg ....ueuei i e 49
EIECtrON MICIOSCOPY. .. .ot iie e eeeeee et eeee et e e e ens 53
Thermogravimetric ANAlYSIS.........oooiiiiiii e 54
Powder X-ray DIffraCtion ..........cccoiiuiiiiiiiiiiieeeiiiiiie e 55
SOlId-State NMR ... e eeenee 56
IR and Raman SPECIIOSCOPY....u.ceiierruiieeeeieitiiiri e e eeeeettnseeeeseessmmmsesaaeeeaenes 57

4, RESULTS AND DISCUSSION. .. .ottt e emeee e 59

4.1 High Silica Zeolite Beta: From Stable Colloidal Suspensions to Thin Filn@
INETOTUCTION. ... et e e e e e e e emnn e 61

EXPerimental...........oiiiiii e ———— 63



TABLE OF CONTENTS

RESUITS AN DiSCUSSIONL . enet ettt et e e ee e e e e e e e e eeenas 67
CONCIUSION. .. e e e e 30

4.2 Synthesis and Characterization of Functionalized Mesoporous Silica

NP2 T o F= T 1 ][ USRS 82
1 oo 18 o 1o o TR 83
EXPErMENTAL......ooo i 85
RESUILS and DiSCUSEN......cciieiieieiiiiiiiieeiiimeee e e e ee e 88
(O] o[ 1157 o] o HOR PP UPP PP SRTRT 101

4.3 Porous Thin Films of Functionalized Mesoporous Silica Nanoparticle..103

oo 13 ox 1o o TR 104
EXpPerimental........cccooii oo 107
ReSUItS and DiSCUSSION.........ceeeeiiiiiiiiieiimmee e e e e 111
(0] o Tod 1§10} o AP 123

4.4 Vapor-Sensitive Bragg Mirrors and Optical Isotherms from Mesoporous

NanopartiCle SUSPENSIONS .........uuuuuiiiiiiiee e e ceeeire e e e e eeeer e e e e e e aeeaes 135
INEFOAUCTION. ...ttt nees e 136
EXPEriMENtal......ccooiiiiiiiii e 138
RESUItS aNd DISCUSSION.........uvueeniiieeseeeceeeritiisaas s e e e e e e e e e e eeannesa s e e e eeeeeaeeeeees 139
(@] o[ 1157 o] o PR TP SRRR 151

5. CONCLUSION AND OUTLOOK ....ccoiiiiiiiiieeeeiiiieseeeeeee et e e e ennes 152
B. APPENDIX ..o e e et e e aa 155

6.1 Functionalized Mesoporous Silica Nanoparticles as Host System for the

Synthesis of CdS QUantum DOtS............oiiiiiiiiiii e 156
INEFOTUCTION. ...t e e e e e e e e ennee e as 156
EXPErMENTaL.....ccooiiiiiiee e 158
RESUItS aNd DISCUSSION........uvvuieiiiiieeeesceeeriiitias e e e e e e e e e e e e e aanesaaeaeeeeeeaaeeeeees 163
CONCIUSION. ...t st e e e e e e e e e anen s 175

6.2 Colloidal Suspensions of Ti@Nanoparticles for the Preparation of Porous
L1 T 10 176



TABLE OF CONTENTS

1 oo 13 o 1o o AR 176
EXPeriMeENntal.......coooiiiiiiii e e 179
ReSUItS and DiSCUSSION.........cceeiiiiiiiiiiiimmee e e e e 184
(@] o[ 1157 o] o HR PP PP SRTR 203

7. REFERENCES.... ..o e eeee s 205



INTRODUCTION

1. INTRODUCTION



INTRODUCTION

Nanosystems are already playing a major role in informaéionnology: the electronic

components in computers and communication technology are becoming smaller and
smaller. However, this development cannot go on forever, once the nanometer scale has

been reached. At that level, novel physical phenomena oftenthasenay present

potential problems for conventional useand an opportunity for innovations and new
applications. Micre and nanosystems are also becoming increasingly important in life

science and medicine. They can be introduced into living organfemsnstance to

bring a cancer medication to tumor cells. The increasing interest in this field can be

il lustrated by simply typing the four l et t

SciFinder and sort the publications in chronological order:
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Nanotechnology

One nanometer (nm) is one billionth, or®16f a meter. For comparison, a DNA

doublehelix has a diameter aroundngh and the smallest cellular life forms, the

bacteria of the genus Mycoplasma, are around n20in length. The term
Ananotechnol ogyo was defi ned NosoTanglchio Sci er
i n 1974 as -feahhology wainly candists mfahe processing of, separation,
consolidation, and deformation oflinthateri al :
1980s the basic idea of this definition was explored in much more depth by Dr. K. Eric

Drexler, who promoted the technological significance of rstade phenomena and

devices through speeches and bdoks! The first distinguishing concepts in
nanotechnology (but predating use of that
Room at the Bottomo, a talk given by phys
Physical Society meetingt Caltech on December 29, 1959. Feynman described a

process by which the ability to manipulate individual atoms and molecules might be
developed, using one set of precise tools to build and operate another proportionally
smaller set, so on down to theeded scale. In the course of this, he noted, scaling

issues would arise from the changing magnitude of various physical phenomena: gravity

would become less important, surface tension and-démiVaalsattraction would

become more important, etc.

Nanotechnology and nanoscience got started in the early 1980s. The driving force for
nanotechnology came from a renewed interest in colloid science coupled with a new

generation of analytical tools that allow observing and characterizing the materials or
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devices even in the sutanometer domain. The invention of the scanning tunneling
microscope (STM), the discovery of fullerenes in 1986 and carbon nanotubes a few

years later as well as the synthesis of semiconductor nanocrystals (quantum dots) or the
atomi force microscope (AFM) can be mentioned as milestones in the early years.
Nanotechnology today is a field of applied science and technology covering a broad

range of topics. The main unifying theme is the control of matter on a scale smaller than

one micometer, normally approximately 1 to 100 nanometers, as well as the fabrication

of devices of this size. It is a highly multidisciplinary enterprise, drawing from fields

such as applied physics, materials science, colloid science, device physics,
supramoleular chemistry, and mechanical and electrical engineering. ddemzecan

be seen as an extension of existing sciences into the nanoscale (or sometimes as a
recasting of existing sciences using a newer, more modern term).

Two main approaches are usechimn ot echnol odyywn d na g ghreo afictho,p n
objects are constructed from larger entities without atdeviel control. Many

technologies originating from conventional sedichite silicon processing methods for
fabricating microprocessors are capalflereating features much smaller than 1Hog,

thus falling under the definition of nanotechnology. A complementary, and from a
chemical poi nt of view much mopeé alpprlboacdyi
The materials and devices are built from molac components or other naobjects

by an appropriate combination of driving forces such as molecular recognition, self

assembly, hydrogen bonding, etc.
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SelfAssembly

Seltassembly can be defined as spontaneous and reversible organization of molecular
units or other nanobjects into ordered structures by rAmwvalent interactions. The
interactions responsible for the formation of the-asembled system act on a strictly
local level- in other words, the nanostructure builds it§2If.

There are at least three features that distinguiskasséfmbly from common chemical
reactions driving atoms and molecules to assemble into larger structures. First-the self
assembled structure must have a higher order than the isolatpdreents. The second
important aspect of sedfssembly is the key role of weak interactions, e.g.,-8&m
Waals, capillary, -, or hydrogen bonds. The third distinctive feature is that the
building blocks can be not only atoms and molecules, but apaide range of naro

and mesoscopic structures, with different chemical compositions, shapes, and
functionalities. Examples of sedfssembly in materials science include the formation of
colloidal crystals, lipid bilayers, phaseparated polymers, or Bealssembled
monolayers.

Another characteristic that is common to nearly all-asffembled systems is their
thermodynamic stability. In covalent synthesis and polymerization, the scientist links
atoms together in any desired conformation. In order forassiémbly to take place
without the intervention of external forces, the process must lead to a lower Gibbs
energy, thus selissembled structures are thermodynamically more stable than the
single, urassembled components. A direct consequence is theagjézralency of self

assembled structures to be relatively free of defects.
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By choosing precursors with suitable physicochemical properties, it is possible to exert
a fine control on the formation processes in order to obtain complex architectures.
Popularexamples for such setfrganizing units are surfactant micelleaggregates of

surfaceactive molecules dispersed in a liquid.

P N N N N /+ =
/N\ Cl
hydrophobic hydrophilic

Fig. 2: Surfactant molecule and micelle

A typical micelle in aqueous solution forms an aggregate wwithe hydr ophi | i c
regions in contact with surrounding solvent, sequestering the hydrophobic tail regions in

the micelle centre. The shape and size of a micelle is a function of the molecular
geometry of its surfactant molecules and solution condifisuch as surfactant
concentration, temperature, pH, and ionic strength. Such micelles are already simple

examples for narobjects.

Nanoparticles

Nanoparticles are often defined as microscopic particles with at least one dimension less
than 100nm. A nanoscopic film, for example, has vertical dimensions in the range of
0.1 100nm according to the IUPAC definitidrl. Due to a wide variety of potential

applications in biomedical, optical, and @lenic fields, nanoparticles are of great
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scientific interest as they are effectively a bridge between bulk materials and atomic or
molecular structures.

A bulk material should have constant physical properties regardless of its size, but a
number of phyisal phenomena can noticeably change as the size of the system
decreases. The properties of materials change as their size approaches the nanoscale and
as the percentage of atoms at the surface of a material becomes significant. These
include quantum mechai ¢ a | effects, for exampl e, t he
electronic properties of solids are altered with great reductions in particle size. This
effect does not come into play by going from macro to micro dimensions, but it does
become dominant whethe nanometer size range is reached.

Additionally, a number of physical properties change when compared to macroscopic
systems, thus enabling unique applications. For instance, the melting point of gold is
shifted to lower temperatur€s.Much of the fascination with nasciencestems from

these unique quantum and surface phenomena that matter exhibits at the nanoscale.

A unique aspect of nasoienceis the vastly increased ratio of surface area to volume
present in many nanoscale materitist opens new possibilities in surfauased
science, such as catalysis. Colloid science has given rise to many materials that may be
useful in nanotechnology, for instance, carbon nanotubes and nansimetemetal

oxide particles. At the small end dfet size range, nanoparticles are often referred to as
clusters. Metal, dielectric, and semiconductor nanoparticles have been formed, as well
as hybrid structures, e.g., ceskell particles. Nanoparticles made of semiconducting

material may also be labeleglantum dots if they are small enough (typically sub
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10nm) for quantization of electronic energy levels to occur. Such nanoscale particles
are used in biomedical applications, e.g., as imaging agents.-sBkdthiand soft
nanoparticles have been manufaetu A prototype nanoparticle of sesolid nature is
represented by the liposomes. Various types of liposomes or other types of porous
nanoparticles are currently explored clinically as delivery systems for anticancer drugs
and vaccine&:®

But nanoparticles also present possible dangers, both medically and environmentally.
Most of these are due to the high surface tome ratio, which can make the particles
very reactive or catalytically active. They may also be able to pass through cell walls in
organisms, and their interactions with the body are relatively unknown. However, free
nanoparticles in the environment quickend to agglomerate and thus leave the nano
regime, and nature itself presents many nanoparticles to which organisms on earth may

have evolved immunity, such as terpenes from pfantsdust from volcanic eruptions.

Colloid Science

As mentioned above, much of the knowl edge
colloidal science. Sej e | chemi stry, for examplagprosacih.
The Scottish scientist Thomas Graham introduced this field of study ib. Mény

familiar substances, including butter, milk, smoke, paints, and glues are colloids.

A colloid or colloidal dispersion is a type bbmogeneousixture. It consists of two

separate phases: a dispersed phase and a continuous phase; the dispse3gcnaloke

of very small particles or droplets that are distributed evenly throughout the continuous
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phase. According to IUPAC, the size of the dispersed phase patrticles is between 1 and
1000nm in at least one dimension. Homogeneous mixtures with a sigpghase in

this size range may be called colloidal aerosols, colloidal emulsions, colloidal foams,
colloidal dispersions or hydrosols. The dispersed particles or droplets are largely
affected by the surface chemistry present in the colld@mogeneoususpensions of
nanoparticles are possible if the interaction of the particle surface with the solvent is
strong enough to overcome differences in density, which usually result in a material
either sinking or floating in a liquid.

Fig. 3 shows the free enerdyas a function of the particle distancgks = Boltzmann
constant, T = absolute temperature). The free energy reaches its minimum when the
particle distance =t. Thi s approach i s onlEisqgithessi bl e
same order of magnitude as the thermal enegy k this case the dispersion is
kinetically unstable. In contrastn case of a stable colloidal dispersion the energy

barrier is so high that the particles can not converge enough to coagulate.
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E/k,T
E/k,T

— §—> le— § —>

kinetically unstable kinetically stable

Fig. 3: Kinetic stability of colloidal dispersions

The following forces play an important role in timeractions of colloid particles and

thus the height of the energy barrier:

Excluded volume repulsion: This refers to the impossibility of any overlap between
hard particles.

Electrostatic interaction: Colloidal particles often carry an electrical chérga
potential) and therefore attract or repel each other. The charges of both the continuous
and the dispersed phase, as well as the mobility of the phases are factors affecting this

interaction.

10
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Van-derWaalsforces: This is due to interactions betwdei dipoles that are either
permanent or induced. Even if the particles do not have a permanent dipole, fluctuations
of the electron density give rise to a temporary dipole in the particle. This temporary
dipole induces a dipole in particles nearby. Theperary dipole and the induced
dipoles are then attracted to each other.

Entropic forces: According to the second law of thermodynamics, a system progresses
to a state in which entropy is maximized.

Steric forces between polymeovered surfaces or in stilbns containing non
adsorbing polymer can modulate interparticle forces, producing an additional repulsive
steric stabilization force or attractive depletion force between them.

The two main mechanisms to prevent colloids from aggregating are sterlizatismini

and electrostatic stabilization. Electrostatic stabilization is based on the mutual
repulsion of like electrical charges. Different phases generally have different charge
affinities, so that a doublawyer of charges forms at any interface. Srpaliticle sizes

lead to enormous surface areas, and this effect is greatly amplified in colloids. In a
stable colloid, the mass of the individual particles in a dispersed phase is so low that

their kinetic energy is too small to overcome their electrostapialsion.

11
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Unstable colloidal dispersions form flocks as the particles aggregate due to interparticle
attractions. This can be accomplished by different methods:

Adding salts or solvents to a suspension or changing the pH of a suspension to
effectively reutralize the surface charge of the dispersed particles can accomplish
removal of the electrostatic barrier that prevents aggregation of the particles. This
removes the repulsive forces that keep colloidal particles separate and allows for
coagulation du¢o VanderWaalsforces.

Addition of a charged polymeric flocculant can bridge individual colloidal particles by
attractive electrostatic interactions. For example, negatively charged colloidal silica
particles can be flocculated by the addition of a padit charged polymer.

A stable colloidal suspension often appears opalescent because of the Tyndall effect,
which is the scattering of light by particles in the colloid. By decreasing the size of the

dispersed particles, their ability to scatter lighalso decreased.

Fabrication of Nanopatrticles

There are several methods for creating nanopatrticles. In attrition, macro or micro scale
particles are ground in a ball mill, a planetary ball mill, or other size reducing
mechanism. But the minimum particlzes is strongly limited. In pyrolysis, an organic
precursor (liquid or gas) is forced through a nozzle at high pressure and burned.
Thermal plasma can also deliver the energy necessary to cause evaporation of small
micrometer size particles. The thermagha temperatures are at the order of 10000 K,

such that a solid powder easily evaporates. Nanoparticles are formed upon cooling

12
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while exiting the plasma region. The radio frequency induction plasma method has been
used to synthesize, for example, varimgsamic nanoparticles. In sgél chemistry,

smaller components are arranged into more complex assefibliits.

Solgel Chemistry

The solgel process is a wehemical technique for the fabrication of méatks,
typically a metal oxide, starting from a chemical solution containing colloidal
precursors (sol). Typical precursors are metal alkoxides and metal chlorides, which
undergo hydrolysis and polycondensation reactions to form a colloid. The sol evolves
then towards the formation of an inorganic network containing a liquid phase (gel). A
well-known synthesis in sajel chemistry is the Stober proc&gsin which the silica

precursor is hydrolyzed in a solution of ammonia, water, and an alcohol.

Precursor Camistry

Very common precursors in silicate chemistry are tetraalkoxysilanes, because the
released alcohols usually have no negative effects on the reaction and can be removed
easily. The precursor can hydrolyze in an either acidic or basic aqueous medium a
afterwards condense to an inorganic network of amorphous silica. The concepts shown

in Fig. 4 can help to control the size and morphology of the synthesized particles.

13
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Fig. 4: Influence of the pH and precursor concentration irgebkchemistri*!

A high pH in combination with a decreased precursor concentration can result in a
colloidal dispersion of discrete spheres with a monodisperse patrticle size distribution.
Decreasing the pHammally leads to smaller particles but at the same time to a higher
degree of crosslinking.

In combination with an increased precursor concentration, the gelation process is
supported. In order to direct the synthesis towards the formation of small @liscret
particles, the nucleation rate at the beginning should be high. Thus, a multitude of seeds
that can further grow is formed. A very common model for the formation of

nanoparticles in sajel chemistry is described with the LaMgiagrant™> shownFig. 5.

14
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critical supersaturation

nucleation growth — no further nucleation

growth nucleation - supersaturation

concentration

further hydrolysis - metastable

precursor solution - stable

A 4

time

Fig. 5: LaMer-diagram for the formation of colloidal dispersions

The concentration of the precursor that forms the dispersed phase increases due to some
chemical or physical process. At erain degree of supersaturation, nucleation occurs,
either heterogeneously on impurity centers or homogeneously through spontaneous
nucleation. The growth of these nuclei causes the concentration to fall below the
nucleation concentration, below which maore particles are created. The particles
continue to grow, however, until the concentration falls to the saturation concentration.
The requirements for monodispersity are evident from the LaMer diagram:

The rate of nucleation must be high enough so tletoncentration does not continue

to increase.

On the one hand, the growth rate of these nuclei must be fast enough to reduce the
concentration below the nucleation concentration quickly. In this way only a limited

number of particles are created.

15
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On theother hand, the growth rate must be slow enough that the growth period is long
compared to the nucleation period. This usually narrows the size distribution

As already mentioned, a material consisting of nanoparticles can reach very high
surface areas, adt that plays an important role, e.g., in catalysis. Another possibility to
increase the specific surface area is the introduction of an inherent porosity. In this
context, the synthesis of nhanostructured porous materials has become an important topic

in the field of materials science.

Porous Materials

The unique property of porous materials is the very high suttaoeass ratio along

with a high absorption capacity. They can be used in many applications, including
catalysis as adsorbents in separatjgmocesses or, depending on the framework charge,

as ion exchangers. Depending on the type of material, the specific surface area can
reach several thousand square meters per gram. The morphology of the particles, the
pore size and their surface chemistay de varied depending on the application. Porous
materials are classified by their pore sizes in three categories, namely (gthicrd nm),

meso (2 nm <d < 50 nm) and macroporoug ¥ 50 nm)*¥

Common macroporous materials are porous glasses, silica gels, and activated carbon. In
these materials the pore system is often based on the space betwietss pattich

often varies in a certain range and is difficult to control.

Important microporous materials are zeolites, which offer-defined pore diameters

in the range between about 0.25 and 1.2 nm

16
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Zeolites

Zeolites are minerals that have a micraper structure. More than 150 zeolite structure
types have been synthesized and 48 naturally occurring zeolites are [khdveturd
zeolites form where volcanic rocks and ash layers react with alkaline groundwater; they
are often contaminated to varying degrees by other minerals, metals, quartz or other
zeolites. For this reason, naturally occurring zeolites are excluded from mpostant
commercial applications where uniformity and purity are essential. There are several
types of synthetic zeolites that form by a process of slow crystallization of a silica
alumina gel in the presence of alkali, and sometimes organic strdgatedeng agents

(SDA) or templates. The most important processes to carry out zeolite synthesis belong
to sotgel chemistry. The product properties depend on the composition of the reaction
mixture, pH, temperature, reaction time or templates present. Sgntestiites hold

some key advantages over their natural analogs. They can be manufactured in a
uniform, phaseure state. It is also possible to synthesize desirable structures that do
not appear in nature, e.g., Zeolite A. Zeolites are widely used axébange beds in
domestic and commercial water purification or softening. In chemistry, zeolites are used
as fimol ecul ar sieveso. The term refers to
the ability to selectively sort molecules based primarilyaosize exclusion process.

This is due to the very regular pore structure of molecular dimensions, which is
conventionally defined by the ringisigne of
refers to a closed loop that is built from 12 tetrahedratprdinated silicon (or

aluminum) atoms and 12 oxygen atorRgy(6).

17
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Fig. 6: Structure of zeolite BEA (projection viewed atp[100]}®!

The largest outlet for synthetic zeolite is the global laundry detergent market. But
synthetic zeolites are also well established as catalysts in the petrochemical industry, for
instance in fluid atalytic cracking and hydroracking. Zeolites confine molecules in
small spaces, which causes changes in their structure and reactivity. The hydrogen
forms of zeolites (prepared by i@mxchange) are powerful solglate acids, and can
facilitate acidcatdyzed reactions, such as isomerization, alkylation, and cracking.
Zeolites or zedype materials can also be used as solar thermal collectors and for
adsorption refrigeration. In these applications, their hygroscopic property coupled with
an inherent exotrmic reaction when transitioning from a dehydrated to a hydrated
form (heat of adsorption) make zeolites effective in the storage of heat energy. Due to
their high porosity in combination with a good thermal conductivity, zeolites are also

being exploreds dielectric thin films in lowk technology!”!
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Regardless of the vaty, the maximum pore size of zeolites and thus their use is
limited. Therefore researchers tried to find materials with a-ordiéred pore system

that exhibit pore diameters of more than.

Mesoporous Silica

In 1992 scientists of the Mobil ResearatdaDevelopment Corporation discovered the

first ordered mesoporous silica. The synthesis was realized through a condensation of a
silica precursor in the presence of smifjlanizing surfactant molecules acting as
template. Depending on the reaction condisi, different modifications of mesoporous
silica can be synthesized. A very common material is theabed MCM41 (Mobil
Composition of Matter No. 41) with a hexagonal pore structure. Other known types are,

e.g., the cubic MCM18, lamellar MCM50 or di®rdered worrdike mesoporous silica

(Fig. 7).

Fig. 7: TEM-micrographs of MCM41, MCM-48 and worrdike mesoporous silica
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In general four reagents are needed for the synthesis of mesoporous silica: water, a
surfactant, a silica precursor, and an agent catalyzing the hydrolysis. The product

features can be controlled by the parameters temperature, pH or batch composition.

A widely accepted model for the formation mechanism of mesoporous silica is shown in

Fig. 8. This cooperative templating model shows the formation of ramposite

biphasic arrayd!®
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Fig. 8: Cooperative silicatéeemplatemechanisit®

20



INTRODUCTION

The formation of mesoporous silisda the SI” synthesis route can be described as
follows:

Singlechain surfactant cations ((Sreact with silicate polyanions, e.g., dimers, double
three and four rings Jl Micelles serve as a source for surfactant molecules or are
rearranged according the anion charge density and shape requirements.

Nucleation and rapid precipitation of organized arrays takes place with configurations
determined by the cooperative interactions ofpaiir charges, geometries and Maar-
Waalsforces.

Condensation ofhie silicate phase with increasing time and temperature takes place.
The silicate framework charge decreases during this process; this may lead to liquid
crystatlike phase transitions as the surfactant phase tries to reorganize the changing
interface charg density.

The framework becomes more and more stable through further condensation of silicate
anions into the inorganic network,.

Control over the pore size and pore topology can be achieved by using, e.g., templates
with varying chain lengths dolock-copolymers. Thus, pore diameters between about
1.5 to 20nm can be realized. This universally applicable model can also be transferred

to the synthesis of other mesoporous metal oxides like tighia.
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Evaporation Induced Self Assembly (EISA)

The above model is also valid for the formatidmaesoporous films by the so called
EISA approactf® In general, thin films are thin material layers ranging from fractions

of a nanometer to several micrometarsthickness. The EISA process (Evaporation
Induced Self Assembly) typically starts with a homogeneous solution of silica precursor
and surfactant prepared in ethanol/water with an initial surfactant concentration much
below the critical micelle concentrati. A preferential evaporation of ethanol
concentrates the surfactant and silica species in the remaining liquid phase. The
progressively increasing surfactant concentration drives-aseémbly of silica

surfactant micelles and their further organizatiato liquid-crystalline mesophases

(Fig. 9).
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Fig. 9: Mesophase formation during EISA thin film synth&Sis
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Preexisting, incipient silicesurfactant mesostructures serve to nucleate and orient
mesophase development. This results in the rapid formation of thin film mesophases
that are highly oriented Wi respect to the substrate surface. It is possible to obtain
different final mesostructurethrough variation of the initial alcohol/water/surfactant

ratios.

Functionalization

For some applications it can be interesting to modify the surface of thespstracture

- either bulk material or film. By introducing, for example, organic groups, the
hydrophobicity of the materials can be redudéid.(10). In general, two approaches for
the modification of the mesoporous silica are followed. The introduction of the organic
moieties can be accomplished either after synthesis (gréttiray)during the synthesis

via co-condensatioff?4

o) H M
() ’

g © H@ g

SEA IS 0T ¢
A A 1"

. 0p00g0%00000

Fig. 10: Functionalization of mesoporous silica with organic groups and the resulting
hydrophobicit{?®
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Grafting#*®

The postsynthetic grafting is achieved with organotrialkoxysilanes or
organotrichloroganes. The templattee mesoporous silica is dispersed mostly in-non
polar anhydrous solvents to avoid a reaction of the organosilanes with anything but the
silica material. The reaction takes place between the silanol groups on the surface and
the orgaonalkoxysilanes / organotrichlorosilanes. Studies showed that silanols located
on the exterior surface and near the pore openings are kinetically more accessible than
silanols on the interior pore wall. Thus, most organic functional groups are located
there It is possible to preferentially functionalize the surface of mesoporous silica
particles. This is especially the case when the grafting is performed before the surfactant
is removed from the mesopores. After the grafting has been performesijrthetant

can be removed. This control over the location of functional groups may enable the
interaction of the porous particle with the environment through the surface
functionalization while not influencing the pore surface properties.

The second impoant method for the synthesis of organically functionalized
mesoporous silica materials isthecm ndensati on. -pot o hsgntdh & ®ic
method, tetraalkoxysilanes together with an orgsuostituted trialkoxysilane are
added to the aqueous suntfant solution. Hydrophobic groups are supposed to interact
with the hydrocarbon tails of the surfactant templates, and thereby evenly distribute
across the pore surface. Furthermore, the organic moieties are linked through multiple

siloxane bridgesHig. 11).
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A Co-condensation
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Fig. 11: Method for the functionalization of silica with an alkoxysil&tie

Additionally, this synthetic approach allows one to control the morphology of the
particles. The influence of the organoatigsilanes on particle morphology depends
upon the abilities to stabilize or destabilize the micéffés.

A great number of commercial available siloxanes can be introduced. The register of
possible functionagroups can be extended, e.g., through a-gpgsihetic modification

after the cecondensationKig. 12).

H,O, (33%)

Oxidation

SH-MCM-41 SO H-MCM-41

Fig. 12 Postsynthetic modification of mesoporous orgesilica materidf”’
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Extraction

In order to obtain a porous material after the templated synthesis, the surfactant has to
be removed. This can be realized either by calcination or extraction. In the case of most
functionalized materials, the template cannot be removed by calcinations tnées
organic groups are sufficiently thermally stabe.In the literature one can find
different possibilities for the removal of the template by extradtionainly complex
procedures, such as extraction with supercritical carbon digkide treatment with
microwave radiatio®" The most common method is some kind of-éxchange in
alcoholic media, e.g., with a mixture of ethanol and hydrochloric acid. The nhateria
refluxed for several hours and thus protons replace the template cations. It is also
possible to use more gentle extraction procedures, e.g., a solution of ammonium nitrate

in ethanof*4

Mesoporous Titania

After the discovery of the templated synthesis of mesoporous silica, much effort was
made to adapt the synthesis principle to the formation of mesoporousititamieever,

this turned out to be more challenging than for theasisystem. While the EISA
approach is effective? the synthesis of ordered mesoporous bulk material or
nanoparticles similar to MCM1 is often less successfubynthesis problems are
mainly associated with the weak interaction between the cationic template molecules
and the inorganic phase and the faster hydrolysis of titania prectifsdfsFurther

difficulties emerge from the preferred hexagonal coordination of Ti atoms often
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resulting in lamellar structuré$! and the tendency to reorganize into stable crystalline
phases at relatively low temperatures, e.g., as anatase or rutile.

However, there is a substantial interest in nanostructured titania filpsciaky for
photocatalytic and photovoltaic applications. The excellent electrical and mechanical
properties of porous nanostructured titania make it an ideal material faedgdized

solar cells (DSSCY® While DSSCs are cheaper to manufacture than sifemed
cells, they are still less efficient. For the production of efficient DSSCs, a
semiconducting layer with a high surface areaguired to ensure a high loading with

a sensitizing dye. Already a relatively thin film of titania nanoparticles doped with an

appropriate dye can produce a significant electric current.

Optical Properties of Thin Films

In thin film deposition, a thin lagr of material is prepared on a substrate or previously
deposited | ayer. AThino is a relative term
thick, according to the procedure applied, e.g., optically thin or thick compared to the
wavelength of the lightised.The mostfamous example for optically thin films may be

iridescent soap bubbles.

Besides the thickness, the refractive index is the second important variable in thin films

for optical applications. The refractive indexf a medium is a measure for how much

the speed of light is reduced when traveling through it. For example, glass has a
refractive index of around 1.5, which means that light travels &t9= 0.67 times the

speed in vacuum.
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Dispersion and absorption

The effect than varies with frequency (except in vacuum, where all frequencies travel

at the same speed) is known as dispersion, and it is what causes a prism to divide white
light into its constituent spectral colors. In real materials, the polarizati@s not
respond instantaneously to an applied field. This causes dielectric loss, which can be
expressed by a permittivity that is both complex and frequency dependent. Real
materials are not perfect insulators either, i.e., they havezemn direct cuent
conductivity. Taking both aspects into consideration, a complex index of refraction can

be defined:

n=n-ik

Here,n is the refractive index indicating the phase velocity as above, wldlealled

the extinction coefficient, which indicates the amount b$aaption loss when the
electromagnetic wave propagates through the material. iBatid s are dependent on

the wavelength. In regions of the spectrum where the material does not absorb, the real
part of the refractive index tends to increase with frequedear absorption peaks, the
curve of the refractive index is a complex form given by the Kraiikewsig relations,

and can decrease with frequency.

Since the refractive index of a material varies with the frequency (and thus wavelength)
of light, it is cmmon to specify the corresponding vacuum wavelength at which the
refractive index is measured. Typically, this is done at a-@aflhed spectral emission

line; for example, the sodium D line at 589 (np).
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Two common properties of transparent mate@aésdirectly related to the difference in

the refractive index of the materials. Light is bended when it crosses the interface and it
reflects partially from surfaces.

In thin film interference, this phenomenon causes the characteristic colors, like in th
case of soap bubbles or tarnished méiflissig. 13 shows the dependence of the

interference colors on the thickness of a_Silth on silicon at a view angle of 45°.

T T T T T T T — T 1
0 100 200 300 400 500 600 700 800 900 1000

film thickness [nm]

Fig. 13: Calculated interference colors of a silica film on sill&8n

Stackng thin layers with different refractive indices can enforce this effect. These
multilayer reflectors or scalled Bragg stacks can also be observed in nature, when
chitin layers are alternated with different refractive index layers in order to corgrol th
apparent color in a wide variety of anim&fIn the laboratory, these special thin films
can be prepared, for example, by alternation of low refractive index\@t® highly
refractive TiQ films. Regarding porous thin films, the possible change of the
interference color upon adwion of volatile species comes to mind. This sensing
effect of porous films has already been reported in several publickfiéfsalso in

combination with the Braggtacks**!
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2. MOTIVATION
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In summary it can be ascertained that porous materials are of great interest in many
fields of science and technology. There are numerous publications on the synthesis of
all kinds of porous materials. Meanwhile, there is alsapdly growing literature on
synthesis procedures for porous nanoparticles. We theif astould be interesting to
synthesize porous materials at the nanometer scale and how could they be of use in
nanotechnology.

As already mentioned, nanoparticleshibit a multitude of interesting properties. In
combination with the characteristics of the zeolite materials, the resulting nanopatrticles
are ideal candidates for numerous applicatiths.

However, zeolites are often restricted by the small pore diameter. Especially in the
liquid phase, diffusion plays a major role. The reactants need to diffuse rapidly towards
and away from catalytically active sites. ©to the larger pore diameter and the
resulting improved diffusion properties of the mesoporous materials, they are good
candidates for catalysis and sensing applications. In order to obtain selectivity towards
different adsorbates or reactants, the maleican be modified with various functional
groups=*!

In some domains the particle size and the existence of singlelgmrngcessential.
Colloidal suspensions of discrete mesoporous silica nanoparticles, which can be
synthesized in nearly every dimension and additionally functionalized with a multitude
of organic groups, are ideal candidates for demanding application ldteagrug
delivery!®® The loading and release of the drug can be controlled by selectively

functionalizing the inner surface of the particle, whereas the outer surface can be
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modified with bioactive groups. It is also imaginable to use porouscies as host
system for other materials, such as quantum dots or dyes for bioldflitfy.
Encapsulating of sensitive dyes in the porous partitié¥ could be useful for the
incorporation in polymer matrices.

Especially in the case of producing thin films, homogeneous dispersions of
nanoparticles for the preparation, e.g., by smating are of great interest. Electronic
semiconductor devices and aati coatings are the main applications for thin film
construction. For example, the use as-lomaterials is intensively investigated. And
porous titania films are a basic necessity
The preparation of thinlfns with porous nanoparticles has a range of advantages over
the common EISA approach for mesoporous films and the growth of zeolite films on
substrates:

It is believed that the porous thin films made of (porous) nanoparticles exhibit improved
diffusion pioperties and a highly accessible pore syst&m.

Additionally one can work with stable suspension of already extracted nanopatrticles
assuring facile handling and good reproducibility.

The coating of sensitive substratesasilitated due to the mild conditions.

Control over the thickness can be attained by varying concentration or by introducing
multiple step coating.

Intricate template removal procedures between the coating steps are needless

The adhesion to different suckes can be influenced by the addition of binders to the

coating suspensions.
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It could be also feasible to combine suspensions containing different kinds of
nanoparticles in order to assemble hybrid thin films.

Finally, the material is easier to charactenzhen bulk samples are available.

Porous nanoparticles and thin films are viewed to have a tremendous potential in
various applications. Thus, the goal of this work was the synthesis of porous
nanoparticles as monodisperse colloidal suspensions. Thgsnsias were used for

the preparation of porous thin films. Thorough characterization of the nanostructures is

necessary to establish understanding and control of their synthesis and applications.
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The characterization of porous nanoparticles can be done by using a variety of different
techniques, mainly drawn from materials science. Common techniques are electron
microscopy (TEM, SEM), aimic force microscopy (AFM), dynamic light scattering
(DLS), powder xray diffractometry (XRD), and vibrational spectroscopy (IR, Raman).
The determination of the inherent or interparticle porosity of the materials can be
achieved with different methods.sAhe sorption plays a key role in many application
areas, the characterization of the materials by their sorption properties is one of the most

important methods.

Sorption

Gas adsorption is a prominent method to obtain a comprehensive characteafation
porous materials with respect to their specific surface area or pore size distribuéion. In
common gas sorption measuremehe sample is attached aovacuum manifold and
distinct relative pressurep fg) of the probe gas are adjusted. Duringrtfeasurement

the adsorbed and desorbed volumes of gas (fhgdinon the sample surface (apparent
outer surface and accessible pore surface) is calculated for varying relative pressures at
a constant temperature. From the obtained isotherms one can drelwsems about

the size and morphology of pores. The isotherms are categorized according to

IUPACPY as shown irFig. 14.
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Fig. 14: The six isotherms defined by the IUPRE

Type | is typical for microporous materials and shows a plateau after the filling of the
small pores at low relative pressures.

Type Il isoherms describe the formation of multilayers after the monolayer is
completed at point B. This shape in combination with the complete reversibility upon
desorption is typical for neporous materials.

Type Il and V are rarely observed and reflect a lowerattion energy between
adsorbate and adsorbent.

Type IV isotherms are typical for mesoporous samples. The original IUPAC
classification defined the hysteresis as characteristic feature of mesoporous materials.

Type VI shows an example isotherm for sampigh a stepwise multilayer absorption

of a nonporous material.
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In Fig. 15, a typical isotherm for nanometsized mesoporous materials (Type V) with

fields for the individual sorption steps is shown.

RA —— adsorption
§ ——— desorption
0,0 0,2 04 06 08 10

Fig. 15: Typical isotherm for a bulk sample of mesoporous nanopatrticles

The steps A to E can be attributed to the following processes:
A: At low relative pressureppy a monolayer of adsorbate molecules is

forming on the high inner surface of the material

B: Multilayers are established

C: Filling of the mesopores occurs (capillary condensation)

D: The remaining outer surface is covered (plateau)

E: In samples with very small particles, the adsorbate condenses in the

interparticle pores
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The most common sorption method is nitrogen sorption, because of a suitable heat of
adsorption (825kJmol™?) and a good access of nitrogen molecules (OmBBY inD

small pores. An evacuated sample cooled with liquid nitrogen is loaded with gaseous

nitrogen. Due to the low temperature, the nitrogen is adsorbed on the sample surface,
resulting in equilibrium between adsorbed film and gas phase at constant temperature

The isotherm shows the adsorbed amount of gas as a function of the pressure. Different

models can describe the adsorption.

BET-surface area
In contrast to the Langmuir model, the method developed by Brunauer, Emmet and
Telle®? allows the formation of multilayers. For low partial pressupss € < 0.3) the

BET-equation can be transformed into a linear correlation:

Y
P _Clyp, L
n%- pg n,.@ p, n, @

¢ Po+
n : adsorbed gas quantity
Nm : monolayer adsorbed gas quantity
C : BET-constant
p : equilibrium pressure
Po : saturation pressure
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With this equation an adsorption isotherm can be plotted asagght line with
n[(pop?) T onlthe yaxis andp py* on the xaxis according to experimental results.
This plot is called a BET plot. The linear relationship of this equation is typically
maintained only in the range of 0.0%H %™ < 0.3.

With the required crossection of an adsorbate molecule, the monolayer adsorbed gas
quantity n, (molg?) and the BETconstant C, the specific surface area can be

calculated.

Pore diameter

If gas molecules are introduced into a pore system, their physiopérties change.
Capillary condensation into the curved surface can occur long before the saturation
vapor pressure is reached. The Kelvin equation provides a thermodynamic correlation
between the relative pressupg”’ and the reduced radius (Kelvimadius)ry during

pore condensation:

- ZQVL

rk: é
RTdn&P
CPo 3
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2 : adsorbate surface tension

\A : molar volume
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Fig. 16: Adsorption and desorption in a pore

The reduced radius describes the curvature of the adsorbate film onto the surface and

is composed of pore radiusand the meniscus radiusin the filled pore Fig. 16)

In adsorptiorr; is infinite and thusy is 2r;. In desorptiornr; = r, = ry. For this reason,

the desorption branch is commonly used for the determination of the pore diameter.

BJH-Method
The pore radius can be determined with a method develop&htgtt, Joyner, and
Halenda BJH). The radius of the cylindrical porgis composed of the Kelvin rading

and the thicknessof the adsorbed monolayer:

r,=re+t
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The thickness has to be calculated using the density of the adsorbed liquid. The
DeBoer equation associates the thickness of the adsorbed layer with the relative

pressure in nitrogen sorption isotherms:

A

Qo
©
-|-CO0O

logge—Q+0.034

O
IS
|

K : Constant

The BJH-method as classical macroscopic concept based on the Kelvin equation is
linked to the pore condensation pherena. It is applicable for mesopore size analysis,
but fails to correctly describe both the pore filling of micropores and of narrow
mesopores. In contrast, the Density Functional Theory (DFT) or methods of molecular
simulation such as Monte Carlo simudati or Molecular Dynamics provide a
microscopic model of adsorption based on a more realistic description of the

thermodynamic properties of the irpare fluid®®!

Other sorption measurements

Nitrogen sorption is a standard method for bulk materials. Besides the common
adsorptives such as nitrogen, argon or krypton, it can be also interesting to investigate
the sorptionproperties of other gases like alkaffésEspecially when investigating
sorption propertie of thin films, other methods have to be used. One possibility is the

sorption measurement using a quartz crystal microbalance.
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Quartz Crystal Microbalance

In a quartz crystal microbalance (QCM), the changes in the resonance frequency of a
piezoelectricquartz crystal are correlated to mass changes deposited onto the crystal
surface. Due to the high precision in frequency measurements, it is possible to measure
very small mass changes. For the correlation between mass and frequency changes, the
Sauerbreyequation is used:

_-2Dmf? _ 2f2

Dm
A/rqna Arquq

Df

It gi ves finhhe oscillateomfgeguenqy of a piezoelectric quartz crystal as a
functi on onfaddédhcethe rorgstals Heg,is the resonant frequency of the
crystal,A is the active area between the electroglgss the density of quartz, is the
shear modulus of quartz, agglis the shear wave velocity in quartz.

The Sauerbrey equation was developed for oscillation in air and only applies to rigid
masses attached to the crystal, for example, thin films.

For a ertain quartzrystal, the material constants can be combined to a f@ctand

thus the equation is reduced to:

Df =-C, dm

For a 10MHz quartz crystal Fig. 17), a loading of g per crf correlates with a

decrease in the resonant frequency by 0r226
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Fig. 17: 10 MHz quartz crystal microbalance

Depositing porous films onto the QCM makes it possible to investigate the mass
changes associated with sorption and thus recording isotherms. If the density of a
homogeneousoating is known one could also calculate the film thickness.

An alternative invstigation of the thickness and additionally of the optical properties of

thin films can be done by a versatile and powerful optical technique eflifsbmetry.

Ellipsometry

Ellipsometry measures the change of polarization of light upon the interawition
matter. The name stems from the fact that the reflected light will, in general, be
elliptically polarized. Ellipsometry can yield information about layers that are thinner
than the wavelength of the probing light itself, even down to a single atagac. lit

can probe the complex refractive index or dielectric function tensor, which gives access
to fundamental physical parameters and is related to a variety of sample properties,
including morphology, crystal quality, chemical composition, or ele¢tdacaductivity.
Ellipsometry is commonly used to characterize film thickness for single layers or
complex multilayer stacks ranging from a few tenths of a nanometer to several

micrometers.
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Experimental setup
Electromagnetic radiation is emitted by a liglturce and linearly polarized before it
falls onto the sample. After reflection, the now elliptically polarized light passes a

second polarizerthe analyzer and falls into the detectoFig. 18).

Light source Detector

Polarizer Analyzer

Thin Film

Fig. 18 Schematic setup of an ellipsometry experiment

Ellipsometry measures two of the four Stokes parameters, which are conventionally
denoted by Q@ and . The incident and the
Light that is polarized parallel or perpendicular to the plane of incidence, is palted
polarized, respectively. The amplitudes of thendp components, after reflection and

normalization to their initial values, are denoted $gndr, respectivelyfig. 19).
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Fig. 19: The quantitiess andr, in elliptically polarized light

The ratio ofrsandr, is described by the fundamental equation of ellipsometry:
r _

~® =tan(y )e®

rS

Thus,tan t Be ampl i tude ratio upon reflection,
Since ellipsometry is measuring the ratio of two values, it is very accurate and
reproducible, relatively insensitive to scattering and fluctuations, and requires no

standard samelor reference beam.

Data analysis

ElI'l i psometry is an indirect met hod, i . e.
converted directly into the optical constants of the sample. Normally, a layer model
must be established, which considers the opticastemts (refractive index or dielectric

function tensor) and thickness parameters of all individual layers of the sample

including the correct layer sequence. Using an iterative procedure-qtpeses
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minimization), the unknown optical constants andkhéss parameters are varied, and

gq and ®@ values are calculated using the
values that match the experimental data best, provide the optical constants and thickness
paraméers of the sample. Irpsctroscopi@llipsometry(SE) a broacband light sources

is employed, which covers a certain spectral range in the infrared, visible or ultraviolet
region. Thus the complex refractive index or the dielectric function tensor in the
corresponding spectral region can dletained, which gives access to a number of

fundamental physical properties.

Ellipsometric porosimetry

Regarding porous, transparent thin films, ellipsometric porosifffetfycan be used to
describe the change of the optical properties that areiassth with the sorption of
volatile species. The method uses the Lortmtenz formula, which is based on the

ClausiusMossotti equation:

a1 _N, &
€qt2 r 3e,

el

It describes the relation between the macroscopic measurable relative dielectric constant
G and the electric goar i z a INj is ithe yumbér of molecules in one mole

(Avogadro constant) and is the vacuum permittivity.
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MT *is the molar volumé/y,, which can also be describedsT N (N is the number

density of molecules)

M
r

Y/

m

Na
N
Thus, the ClausiuMossotti equation can be written as:

e

rel

"1_N& . NG

= =P
eqt2 3g, 3¢,

Vv

P, is the volume polarizability. In a certain range of frequencies (visible and UV), the
Maxwell theory relates the refractive index of a substance with its relative dielectric
constant. With(=n?, the ClasiusMossotti equation can be converted into the

LorentzLorenz function:

The LorentzLorenz equation is used for the characterization of porous substrates with
ellipsometric porosimetry. The individual components act additive in the following

approximaion:
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A dense substrate with the refractive inahgx

An empty porous substrate with the refractive indexn,; =1, V =volume of open

pores):

v g v

P, =
nZ+2

e

air

:

A filled porous substrate with the refractive indeXnaqs= refr. index of the adsorbate):

When the refractive index of the filled and empty porous substrate is known, one can

determine the porosity of the material without knowing the refractive index of the dense

material:
2 2 2
-1 n°-1 -1
P.-P = e Voads
TR 7k nf+2 n.2+2

ads

Therefore, the volum#& of the open pores can be determined as follows:

2 2 A 2

f -1_ n, _18 Nads -1
2 2 s 2

f +2 ne +29 nads +2

<
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Light Scattering

Mie Scattering

For the description of the scattering ability of particles similar to or larger than the
wavelength of light, the Mie theory or discrete dipole approximation can be used. The
Mie solution, also called Mie theory, is a complete analytical solution of Mégwel
equations for the scattering of electromagnetic radiation by spherical particles. In
contrast to Rayleigh scattering, the Mie solution to the scattering problem is valid for all
possible ratios of diameter to wavelength, although the technique nesultsnerical
summation of infinite sums. Although scattering of light by a homogeneous sphere may
seem to be a simple process, the Mie solution is very complex and not easy to
understand. In its original formulation it assumed a homogeneous, isotropic, and
optically linear material irradiated by an infinitely extending plane wave. Currently, the
term AMie solutiono is also used in broad:e
solutions of Maxwell's equations for scattering by stratified spheres or bytanfin
cylinders. If particles are much smaller than the wavelength of the incoming light, their

scattering ability can be described according to Rayleigh.

Rayleigh Scattering
Rayleigh scattering describes the scattering of light or other electromagmiitora
by particles much smaller than the wavelength of the light. It occurs when light travels

in transparent solids and liquids, but is most prominently seen in gases. The amount of
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Rayleigh scattering that occurs to a beam of light is dependent upasizth of the
particles and the wavelength of the light.
The intensity of light scattered by a single small particle from a beam of unpolarized

light of wavelengthe-and intensitylg is given by:

1+cof 0 &20 6 an’- 16.8d &
=1, 1E00S ggpgan - 184d8
2R* ¢/ + ¢ +2x¢2+

Here, R is the distance to the scattering partideis the scattering angle) is the
refractive index of the particle, amds the diameter of the patrticle. In simple terms, the
scattering coefficient the intensity of scattered light on small particles can be

described with the following dependencies:

I~i4andl~r6
/

The wavelength dependence of the scattering means that blue light is scattered much
more than red light. In the atmosphere; this results in blue light being scattered to a
greater extent than red light, and so one sees blue light coming from alisegithe

sky. As a rule of thumb, due to the strong dependence on the patrticle size, a colloidal
suspension is expected to become transparent when the particle size is decreased below
1/10 of the wavelength of the incoming light. Thus a potential traespaolloidal

dispersion ideally contains nanoparticles smaller than about 40 nm in diameter.
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Dynamic Light Scattering in Colloidal Suspensions

Dynamic light scattering (DLS), also known as quasi elastic laser light scattering, is a
powerful technique irphysics, which can be used to determine the size distribution
profile of small particles dispersed in a liquid phase. When light hits small particles it is
scattered in all directions. If the light source is a laser, and thus is monochromatic and
coherent then one observes a tirdependent fluctuation in the scattering intensity.
These fluctuations are due to the fact that the small particles in suspensions are
undergoing Brownian motion and thus the distance between the scattering centers in the
solutionis constantly changing. The scattered light interferes either constructively or
destructively. These intensity fluctuations contain information about the time scale of
the particle movement. The smaller the particles are, the faster they diffuse atigthus
faster the intensity changes. These fluctuations are correlated across microsecond time
scales by an autocorrelation function, i.e., a function that describes how a given
measurement relates to itself in a tidependent manner. The second order

autocarelation curved') can be directly derived from the intensity trace:

] . _<I(t)|(t+l‘)>
ty=—~"— "
9" (g:¢) o)

q : wave vector
U : delay time
I . intensity
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At short time delays, the correlation is high because the particles do not have a chance
to move to a great ¢éant from the initial state that they were in. As the time delays
become longer, the correlation starts to exponentially decay to zero, meaning that after a
long time period, there is no correlation between the scattered intensity of the initial and
final states. Thisexponential decays related to the diffusion coefficient. To fit the
autocorrelation function, numerical methods are used. If the sample is monodisperse
then the decay is simply a single exponential. The Siegert equation relates the second
order autocorrelation functiory'() with the first order autocorrelation functiog')(as

follows:

o' (q) =1+ blg' (1)

b . correcting factor

Once the autocorrelation data have been generated, different mathematical approaches
can be employed to determine thaveragedranslational diffusion coefficien)). In
case of a monodisperse sample, a single exponential function is obtained for the decay

of the autocorrelation function, wheiigs the decay rate:

g9'(q;t) =expGt) with G=Dg* and q:@singeg—g

ais the incident laser wavelengtm,is the refractive index of the sample ahd angle

at which the detector is located with respect to the sample cell. The -Hiokésin
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equation describes the dependency of the diffusion icaeft D on the radiug of a

spherical particle in a liquid phase with the viscodiit a certain temperatufe

Electron Microscopy

As the maximum resolution of light microscopes is determined by the wavelength of the
photons that are being uséa probe the sample, imaging of nanoparticles becomes
difficult. Like all matter, electrons have both wave and particle properties (as proposed
by de Broglie), and their wavé&e properties mean that a beam of electrons can be
focused by electrical and maetic fields onto the sample. As the wavelength is
dependent on their energy, it can be tuned by adjustment of accelerating fields resulting
in a much smaller wavelength than that of light. The wavelength of electrons
accelerated by 20KV is only 2.51pm, but the theoretical resolution is limited to about
0lnm because of the aberration in todayods
In transmission electron microscopy (TEM), the beam of electrons is transmitted
through a specimen. Then an image is formed, magnified aectetirto appear either

on a fluorescent screen, a layer of photographic film, or a CCD camera.

With a Scanning Electron Microscope (SEM) it is possible to producerbggiution
images of a sample surface with a characteristic tlireensional appearaecin a

typical SEM, the emitted electrons are focused into a very fine focal spot sireddl
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5nm. The beam passes through pairs of scanning coils in the objective lens, which
deflect the beam horizontally and vertically so that it scans in a rast@offiaover a
rectangular area of the sample surface. When the primary electron beam interacts with
the sample, the electrons lose energy by repeated scattering and absorption. The energy
exchange between the electron beam and sample results in the eofisdémtrons and

electromagnetic radiation which can be detected to produce an image.

Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) determines the changes in weight in relation to
changes in temperature by raising the temperature gracumllplotting weight against
temperature. The weight loss curve may require transformation before results can be
interpreted. The first derivative of the weight loss curve is used to find the points at
which weightloss is most rapid. TGA is commonly emyéal to determine
characteristics of materials, such as degradation temperatures, absorbed moisture, the
proportions of inorganic and organic components in materials, and solvent residues.
Additionally, Differential Scanning Calorimetry (DSC) provides datan
thermodynamic effects by measuring the tidegpendent heat flow between the sample

and a reference.
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Powder X-ray Diffraction

Powder XRD uses-ray diffraction on powder or microcrystalline samples for the
structural characterization of materials. it based on the elastic scattering of
electromagnetic waves on lattice planes, or more precisely at the electronic shells of
regularly arranged atoms. Ideally, every possible crystalline orientation is represented
equally in a powdered sample. The Braggatmn is a simple method to determine the
distanced of lattice planes. To derive the Bragg equation one considers the lattice
planes of a crystal as semitransparent mirrors partly reflecting an incoming Biegam (

20).

Fig. 20: Sketch to construct the Bragg equation
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For a monochromatic beam the reflected rays interfere constructively or destructively
depending on the angle aficidenced and the lattice diameted. Two reflected
monochromatic beams interfere if the path difference is an integer multiple of the

wavelengthe: This results in the Bragg equation for constructive interference:

n/ =2dsing withn= 1, 2, 3, &

When thescattered radiation is collected on a flat plate detector the averaging due to
random orientations of the particles leads to smooth diffraction rings around the beam
axis rather than the discrete Laue spots as observed for single crystal diffraction. The
angle between the beam axis and the ring is called the scattering angle analyin x

crystallography denoted ad.2

Solid-State NMR

A nuclear spin can interact with a magnetic or electric field. Spatial proximity or a
chemical bond between two atoms camegrise to interactions. In general, these
interactions are orientation dependent. In media with no or little mobility (e.g., crystal
powders, large membrane vesicles, molecular aggregates), anisotropic interactions have
a substantial influence on the belwa of a system of nuclear spins. In contrast, in a
classical solutiorstate NMR experiment, Brownian motion leads to an averaging of
anisotropic interactions. In such cases, these interactions can be neglected on-the time
scale of the NMR experiment. Exgles of anisotropic nuclear interactions commonly

found in solidstate NMR are the chemical shift anisotropy and the internuclear dipolar
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coupling. Anisotropic interactions modify the nuclear spin energy levels (and hence the
resonance frequency) of aites in a molecule, and often contribute to a-limeadening
effect in NMR spectra. Highesolution conditions in solids can be established using
magic angle spinning (MAS), which facilitates averaging of interactions in real space.

In *SiMAS NMR of functionalized silica samples, typically five peaks can be
observed. Qpeaks are related to-&toms linked to two, three or four other&oms

by an oxygen bridge, and to hydroxyl groupS-p€aks derive from Sitoms carrying

one organic moiety:

[QY : Si(OSik
[Q%] : Si(OSi)s(OH) [T : RSI(OSi)
[Q7 : Si(OSi)(OH), [T?] : RSI(OSi)(OH)

The chemical shift of the -peaks depends on the nature of theCSbond. Thus
different functional groups can be distinguished. Depending oardeof these peaks,

one can make statements about the linkage in the solid state.

IR and Raman Spectroscopy

FT-IR and FFRaman spectroscopy are methods to investigate the vibrational modes of
a sample by absorption or scattering of radiation, respéctiBoth techniques are
appropriate for the identification of specific functional groups, especially in organic

moieties. In inorganic solids, hydroxyl groups or characteristic Raman active centers

57



CHARACTERIZATION METHODS

can be detected. If a chemical group changes its dipateemioduring vibration, it can

be detectable in infrared spectroscopy. The moieties of a molecule (for instance, a
methyl group) can be identified by their specific absorption bands in the infrared
spectrum. In Raman spectroscopy, energy transfer fromemicicoherent laser light
induces vibrations of molecules, and the scattered light from the sample is analyzed.
The energy for exciting the molecular vibrations is taken from the photon energy
(Stokes frequencies) or the energy of the vibrations is tratesimia the photons (Anti
Stokes frequencies), respectively. During vibration, the polarizability of the molecule

has to change in order to observe Raaetive modes.
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4. RESULTS AND DISCUSSION
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4.1 High Silica Zeolite Beta:
From Stable Colloidal Suspensions to
Thin Films

60



RESULTS AND DISCUSSION 4.1

Introduction

Zeolites and zeolitdke materials with their uniform pore sizes, unigseuctural
topology and composition, well defined acidity and good thermal stability are viable
commercial catalysts, selective ion exchangers and absoiibugh many different
crystalline molecular sieves are already known, there is a continuingfareeeblites

with new properties and a continuing search for new zeolite applications. More recent
efforts have focused on exploring the possibilities of synthesizing zeolites in the
nanosized range by application of highly supersaturated precursoossititi®” By

using organic additives during the synthesis procedure, colloidal solutions were formed
and used for the preparation of different nanosized molecular §i&¢2sSeveral
microporous materials including MFI, LTA, FAU, BEA and LTL in the form of stable
colloidal suspensions with narrow particle size distribution (100 nm) are described in
the literature. Intriguigly, among the nanosized zeolites the pure silica forms were only
reported for the MFI, MEL and BEA structure typ&s’”!

BEA is a largepore microporous material characterized by thsets of mutually
perpendicular channels with -i2embered ring apertures, which can be prepared from
classical aluminosilicate gels with a wide range of Si/Al ratfbg-he main features of

this structure make the material suitable for numerous apphsatsuch as
heterogeneous catalysis, sensors, membrabe’” " The number of acid sites and

the hydrophobicity of the microporous materials can be tuned by controlling the Si/Al

ratios in the final crystallites.
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One important application of purely siliceous microporouslitess exhibiting a high
degree of hydrophobicity and a high micropore volume is in the field of nanoscale
layers with low dielectric constant (lelg for microelectronic applications, as well as

for the preparation of hard coatings with unique propeftie’s! Pure silica zeolite BEA

was synthesized by Corma and-workers, using tetraethylammonium hydroxide
(TEAOH) as a templat and fluoride ions at near neutral Pfi.In addition, BEA
crystals were recently prepareth a solid solid transformation methd®: ™ and the
synthesis of colloidal siliceous BEA from highly templated precursor solutions was
reported’® One of the focused applications of the pure silica BEA type molecular sieve
is in the preparation of highly porous and hydrophobic layers, which can exhibit
variable optical and electronic propertiespeleding on the method of preparation.
Several strategies have been applied for the formation of microporous films, and
recently a very effective method was established for deposition of ultrathin pure
siliceous MFI type films on twalimensional supportvia spincoating of stable
colloidal suspensior®! Due to their unique properties, particles at the nanometer scale
are of great interest in a number of advanced applicatitoreogeneouy dispersed in

a solvent, these colloidal suspensions show similarities to real solutions, which make
them suitable for the preparation of tiomogeneousnd transparent films by spin
coating. As a result of their crystallinity, the coatings have highharecal stability and
resistance to many solvents. Additionally, decreasing the crystal size of particles below

100 nm produces substantial changes in the physicochemical properties of the zeolite,
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particularly in the external surface of the crystals, adl \as the ability of such
nanocrystals to pack closely in the film during spaating!’”

The aim of this paper is to describe a complete route for the synthesis of zeolite Beta
from templated precursor solutions with emphasis on the crystallization Kkinetics,

stabilization of the nanosized crystallites in coating suspensions, and the lgssemb

thin films exhibiting variable physicochemical properties.

Experimental

Synthesis of nanosized zeolite Beta

The composition of the precursor solution used for synthesis of nanosized zeolite Beta
crystals was 25i0, : 1Al,03; : 15TEAOH : 375 HO. The initial compounds were
mixed in one pot until a clear solution was obtained:-&abh M5 (RiedelDeHéaen) as

silica source, aluminum sdmtoxide (Aldrich) as aluminum source,
tetraethylammonium hydroxide (TEAOH, 88 %, Aldrich) as organic templatend
deionized water were used. The hydrothermal (HT) treatment of the precursor mixtures
was performed in an oven at 120 under static conditions using steel autoclaves with
18 ml Teflon liners. Every 24 hours one autoclave was taken out and the pnasuct
purified by a series of centrifugation stepsh(iat 47,80@ RCF) and subsequently
redispersed in water under sonicatiorh(ih ice) till the pH of the solution reached 10.

A part of the final crystalline zeolite Beta was dealuminated according tprtitedure
described in Ref®! The Si/Al rato of the assynthesized and dealuminated zeolite Beta

was 32 and 100, respectively.
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Stabilization of Beta nanoparticles in coating suspensions

The asprepared and dealuminated zeolite Beta nanoparticles were treated with an
aqueous solution of dilutedmmonium chloride and then washed with ethanol two
times in order to prepare stable zeolite suspensions and to prevent fast agglomeration.
After washing and redispersion, the colloidalprssions were centrifuged atQl® g

(RCF) for 5min, and the sedinme was separated by decanting in order to eliminate the
larger agglomerates formed during the purification process. The final solid
concentration of zeolite Beta nanoparticles was adjusted vib %l in ethanolic
suspension, and further applied for the pregion of thin films.

Three types of binders were used to improve the mechanical stability of the porous
films: (1) aqueous colloidal silica suspension Nalco 2326 ASiD5wt %, particle size
~5nm) was diluted with ethanol to reach a concentratichwaf %; (2) prehydrolyzed
tetraethylorthosilicate (TEOS) in a mixture of ethanol, water and HCI in the ratio of 1
TEOS : 0.06 HCl : 27 O : 60 EtOH, and (3) pfbydrolyzed TEOS with
cetyltrimethylammonium bromide (CTAB) in the following ratio 1 TEOS1 GTAB :

0.06 HCI : 27 HO : 60 EtOH. The size of the amorphous silica particles formed in
TEOSbased binders (solutions 2 and 3) was kept constant, e.g., about 2 nm in diameter
determined from dynamic light scattering (DLS) measurements. The silica nanoparticles
in the binding shutions 2 and 3 were stable for about 10 days)e afterwardsa slight

increase in size was measured.
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Deposition of thin Beta films on silicon wafers

The ethanolic zeolite suspension was either used directly for the film deposition or it
was mixed withthe same volume of one of the three binders prior to-spating. No
additional functionalization of the zeolite nanoparticles was carried out. In order to
ensure the preparation of smooth &emogeneousims, the coating suspensions were
filtrated thraugh syringe filters (450 nm) prior to spinning.

The nanoporous films were deposited on polished silicon wafers bycagiimg
(Laurell WS400B-6NPRLite-AS) with a rate of 3000 rpm (acceleratis®0rpms™)

for 30s. All substrates were praeaned withethanol and acetontor 10s under
spinning at 800 rpm. In order to prepare thick Beta films, the smating procedure

was repeated up to 6 times. After each coating step, the films were calcined’@t 450
for about 30min.

From the numerous films prared with different thickness the following will be
discussed in detail: pure Beta film free of binder (Bmiee), Beta crystals stabilized
with prehydrolyzed TEOS (BefBEOS) and Beta crystals stabilized with amorphous
silica (BetaSiQ,) (see Table 1)No significant differences were observed between the
samples prepared with the two types of TEOS binders (solutions 2 and 3), and therefore

only binder 2 will be discussed.
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Table 1: Zeolite Beta films deposited on silicon wafers.

refractive porosity
film binder deposition geps thickness
index (% void)
Betapure no 3 475 nm 1.10 77
BetaTEOS TEOS 3and6 440 and 680 nm 1.13 70
BetaSiO, Sio, 1and 6 185 and 950 nm 1.15 70
Characterization

The degree of crystallinity of the zeolite materials wda$ermined based on-bay
diffraction patterns collected from purified powders with a STOE Stadi P diffractometer
using monochromatic CKradiation in transmission geometry. Additionally, the
degree of crystallinity, size and morphology of the zeoliteiggas was proven by
collecting transmission electron micrographs (TEM) on a JEOL JEM 2011 instrument
with LaBs cathode at 200 kV. Samples were prepared on Plano holey carbon coated
copper grids by evaporating one droplet of the purified zeolite suspsrdilated with

water in the ratio of 1100. Besides, the evaluation of the particle size in the
suspensions was determined by DLS. The DLS data were collected with an ALV
NIBS/HPPS High Performance Particle Sizer in PMMA cuvettes at 25°C under
continuos scans and analyzed according to the cumulant and distribution function
analysis (DFA). The polydispersity index (PDI) calculated for all samples was used as

an indication for a mukmodal particle size distribution. The powder Beta samples
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were subjectd to thermogravimetric analysis (TGA) after purification and freeze
drying. The powders were heated in corundum crucibles from 30 t&CQD0 °C/min)

in a flow of synthetic air (2&l/min) using a Netzsch STA 449 C Jupiter
thermobalance. The amount ofganic template and water in the framework type Beta
zeolite was determined in the samples prepared from 1 to 10 days of HT treatment. The
surface features of the nanoparticles deposited in thin films were investigated with
scanning electron microscopy (Rbs 40 XL) and ellipsometry. The ellipsometric
measurements were performed on a Woollam M2000D at different angles (65°, 70°, and
75°) in the entire spectral range of 1B000 nm. The data were fitted in the range
between 25000 nm using the Cauchy madder layered materials or using the EMA
layer (Bruggeman effective medium approximation) of :S4@d introducing additional

voids[™

Results and Discussion

Suspensions of Beta nanoparticles: kinetic study andiztdimin

In order to follow the crystallization kinetics of nanosized zeolite Beta, the initial
solution with an Si/Al ratio of 25 ratio was heated under hydrothermal conditions and
the crystallization process was interrupted at various times; the sals@plextracted at

the different stages of crystallization were subjected to comprehensive characterization.
The change in the solid products was followed witha)} diffraction, DLS, TEM and

TGA. The XRD patterns depicted iRig. 21 show that the amorphous precursor
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solutions transformed into crystalline zeolite Beta particles after 7 days, and the

prolonged hydrothermal treatment did not change thesdeaf crystallinity.

10 days

9 days

8 days

7 days

6 days

5 days

4 days

i

5 10 15 20 25 30 35 40 45
2qg[degrees]

Fig. 21: XRD pattern of the Beta samples synthesized under hydrothermal conditions

The first Bragg reflection at 6.2qg occurs with a very low intensity in the sample after
heating for five days. The low intensity of the Bragg reflection is possibly due to the

very small crystalline particles (<rbn) that are present in the solid samples extracted
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from the reacting solutins, or to the low amount of crystalline particles in comparison

to the amorphous matter. It is important to note that the width of the Bragg reflections
did not change significantly, which proves that no substantial change in the final
particle sizes oceved during the prolonged heating of the reaction systems (see
samples crystallized for 6 and 10 days).

The generation of amorphous and crystalline particles in the precursor solutions was

measured by DLS (sd€g. 22).

1 10 100 1000 10000

Fig. 22 DLS data of purified suspensions, hydrothermally treated from 1 and 10 days.

It is important to note that the clear precursor solutions turneddemse transparent
gels after 24 aging and kept the same texture even after hydrothermal treatment up to
six days. A fluid translucent suspension is obtained after seven days of heating. The
DLS curves of the samples treated for 1 and 2 days show cbxmay particle size
distribution even after substantial dilution with water (P.5; the curves are not

shown here). This confirms the presence of unstable amorphous nanoparticles in the
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suspensions, and the continuous dynamics of agglomeration ankgfigtion in the

reacting aluminosilicate species in the crystallizing systefter three days of heating,

two generations of particles, one with an average hydrodynamic diameter of about 20
60 nm and another of abo80 - 200nm are detected in the jprgsor mixture. It is also
observed that with increasing crystallization time, only the width of the particle size
distribution curves is diminishing, while the mean size does not change significantly.
This observation can be explained with the higherilgiabf the growing particles in

the samples crystallized from 3 to 6 days. However, the colloidal zeolites tend to
agglomerate and at the same time disintegrate under purification of the reacting mixture
and redispersion in water or ethanol under soioicatin the suspensions with a pH

lower than 8 and solid concentration abowst®%6, a significant increase in the particle
diameter is observed. Based on the DLS data, one can conclude that the aggregates are
formed in the crystalline and intermediaterssions, and they are measured instead of

the individual particle grains. This statement is proven by the TEM study, where it can
be seen that the nanoparticles tend to agglomerate and do not exist as separated crystals

(Fig. 23).
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Fig. 23: TEM images of nanoparticles extracted from suspensions after a hydrothermal
treatment between 3 and 10 days.
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The aggregation process is also accelerated with prolonging the time of hydrothermal
treatment (8 days), and the mean size of the zeolite domains in the patrticles is increased
from 20 up to 40hm according to the TEM data. At a very early time of HT treatm

any separation of the crystalline from the amorphous particles was not possible.
Crystalline fringes representing the Beta crystalline phase in the mostly spherical
amorphous patrticles can be seen in the samples treated for 5 and 6 days. Theerystalli
particles have the same size and shape as the amorphous ones. In many cases a good
alignment between several crystalline fringes in the particles is observed. This process
is acceleratedat the end of the hydrothermal treatment. According to the TEM
micrographs, particles with size in the rangel® nm were present during the entire
process of crystallization. However, after 5 days some of the particles contain
crystalline fringes and some of them appear amorphous. After 6 days the fraction of
crystaline particles is increased while the number of amorphous particles is decreased,
which is confirmed by both the XRD and DLS data (§¢g 21 and Fig. 22). The

sample heated for 7 days contains fully crystalline nanoparticles, which appear more
disintegrated in comparison to the ones heated for 10 days. A slight increase ie the siz
of the individual particles and additional agglomeration is observed in the sample
heated for 10 days due to the longer crystallization time.

The transformation of the amorphous aluminosilicate species into crystalline zeolite
Beta was also followed byG analysis. The amount of organic template and water is

changing depending on the degree of the sa
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Fig. 24, the weight loss due to desorption of water and combustion of TEAOH is

decreased with increasing degree of crystallinity of the samples.
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Fig. 24: TG data of the solid samples recovered from precursor solutions subjected to

hydrothermal treatment from 1 to 10 days.

The samples heated for 7 and 10 days have almost the same amount of template and an
almost negligible amount of water, which is expeéctor highly siliceous molecular
sieves. In contrast, in the partially crystalline sample (5 days HT treatment), the amount
of water and TEAOH is higher than in the crystalline Beta. This can be explained with
an extra amount of template adsorbed on thefase and in the mesoporous
aluminosilicate amorphous grains. Thus the weight loss of the washed and dried
products is decreased in the crystalline samples, and the combustion of the template is
shifted to higher temperatures. This is due to the difféoeation of the template in the
amorphous or crystalline matrix, i.e. the TE#ations are encapsulated in the zeolite

channels instead of the surface or in the mesopores. In conclusion, the amount of water
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and template encapsulated in the material isredsed, while the temperature of

decomposition is increased with higher crystallinity.

Beta nanocrystals stabilized in coating suspensions and films

The interfacial chemistry between the binders and the zeolite particles was studied.
Dynamic light scatteng measurements were performed in pure zeolite suspensions as
well as in bindeicontaining coating suspensions in order to study the stability prior to
film deposition. The Beta crystals used for preparation of thin films were obtained
according to the nocedure described above (140 10 days) after dealumination. The
XRD pattern from the solid sample synthesized in a larger amountn{0€olid

concentration of @vt %) shows the presence of pure BEAe zeolite Fig. 25).

TTTCCTISTUY

5 10 15 20 25 30 35 40 45

Fig. 25: XRD patterns of pure zeolite Beta nanocrystals from the coating suspension
used for preparation of thin films in comparison with the simulated pattern
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The dynant light scattering results of the same Bptae suspension reveals particles
with a hydrodynamic diameter in the range of-3D nm Fig. 26), which are attributed

to the zeolite Beta in the form of single crystals and probably as agglomerates in a
comparable amount. This conclusion is based on the different presentations of the
scattering intensity (masseighted and unweighted). As can be seen, the ratio between
the two classes of particles with size of r#@ and 80hm is increased substantially
when the scattering is expressed as magghted. It is known that this method better
represents the real picture (TEM investigations) in a suspension containing particles
with the same density, crystallinity and chemical composition. The particle size
distribution of this coating mixture does not change with time (at least one week); this

confirms its colloidal stability at ambient temperature @ee26, left image).
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Fig. 26: DLS curves of zeolite coating suspension: Bmiege expressed as mass
weighted and unweighted particle size distribution (a)mcitire representing the
coating Betgoure (right) and Betd EOS suspension (left)
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This coating suspension was mixed with the three binders and remained stable with no
sedimentation during one week at ambient conditions. All suspensions with the three
binders appear transparent with minor scattering, similar to the ones sh&wn 26.

The thin Beta films prepared with the above suspensions appear homogeneous and
transparent to the eye. The thickness of the films is increased by several deposition steps
of the coating suspensions, resulting also in a change of the defined interference color of

the films Fig. 27).

Fig. 27: Picture of silicon wafers with BefBEOS films prepared by one step (l.), two

step (m.) and three step deposition (r.)

SEM investigations of the Befaure, BetaTEOS and Bet&iO2 were pdormed in
order to investigate the thickness of the layers, their surface morphology and
homogeneity. In general, the films prepared with binder exhibit a smooth surface and do

not show big difference$-(g. 29).
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Fig. 28 SEM pictures of films deposited on silicon wafers based on zeolite Beta
without binder (Betapure, left) and with binder (Bet&aiO2, right) at different

magnifications
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Homogeneous and continuous films at a centimeter scale were obtained by sire

step spincoatings, and the homogeneity of the deposited layer is preserved by the close
packing of the Beta nanocrystals surrounded by the binding agents. The individual
crystallites in the films prepared from BeB#02 and Betd EOS suspensions are more
closely packed in comparison with pure Beta suspensions. Besides, thauBefdm

has lower adhesion in comparison to the films with added binder.. An increased surface
roughness of the multilayered films is observed in all films. This can be explained by
the higher surface roughness of the intermediate porous layers in comparison to the bare
Si-wafer, which is propagated and amplified with each coating step. The smaotiines

the films could be improved by the application of smaller particles. However, small
particles tend to agglomerate faster than the bigger ones and therefore the stabilization
of zeolite grains with a size less then 10 nm could be a great challenglégrthey

could be made). Another possibility is to use an additional top layer of binder to fill all
gaps between the crystalline particles deposited in-gat&a films. However, this will
influence the surface chemistry and more specifically the hydrdphof the entire

film, which will increasewhereaghe porosity will decrease.

Introducing porosity into a thin film strongly influences the optical properties compared
to a dense film of the same material. The refractive index decreases with an increasing
proportion of voids in the material (see Bruggemann effective medium apptmaima
EMA). For ellipsometric data analysis, the theoretical model was based on the
assumption that the film consists of nanoparticles and a certain fraction of void. The

model layer system was designed as follows: 0: the silicon substrate is infinit&lyith
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mm); 1: a typical layer of Am thermal oxide (Sig) is presumed; 2: the porous film is
described with a Cauchy layer. Starting with a guessed film thickness, the subsequent
fitting of the thickness and the Cauchy parameters resulted in a veryogeddp with

the experimental data as showrfig. 29.
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Fig. 29: Ellipsometry data of BetaEOS film after 6 coating steps

The determinedhicknesses of the films reflect the values detected with SEM. Based on
the ellipsometric data, the refractive indey ¢f the films prepared with and without
binders was determined. Thevalues at 588m were used for comparison of the films.

All films showed a very low refractive index, which is typical for porous silica films.
Fig. 29 shows the data of a film composed of microporous particles and a binder (Beta
TEOS) prepared by spiooating 6 times. Although the film appears dense to the eye, a
refractive index of only 1.133 (588m) was found for this sample. Equal results
concerning thickness and refractive index were achieved by replacing the Cauchy layer
with an EMA layer consisting of Si9and void. The total porosity was found to be

70% in this case.
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The mechanical properties of all films were investigated by tape tests. In all fiims
except Betgure, the mechanical stability was very high and the film cowitd be
removed from the silicon wafer with the tape. The highest adhesion was diagnosed in
films prepared with amorphous Si®inder. The efficiency of the binders mainly
depends on the size of the binding particles. Small particles gfiv@iba high ex¢érnal
surface are able to form many bonds-Q8%i) with the zeolite crystals and with the

thermal SiQ on the silicon wafer.

Conclusion

Colloidal suspensions of zeolite Beta nanocrystals with low aluminum content were
prepared and the crystallization kinetics were studied. The crystallization process was
completed within seven days, and the size and the shape of the first crystalliclegarti
detected in the crystallizing suspensions resemble the ones in the amorphous
suspensions. Upon prolonged crystallization, an agglomeration in the crystallizing
suspensions is observed, however the size of the crystalline zeolite Beta particles did
not exceed 80ym. The crystalline Beta was stabilized in colloidal suspensions by
addition of inorganic silicdbased binders and applied for the preparation of films by a
spinon process. The thickness of the films varied from 140 ton@h0controlled by
repeating the number of coating steps, speed of deposition and Beta concentration of the
coating suspensions. The Beta films exhibit good mechanical properties, smooth
surfaces and show a low refractive index, which is typical for highly porous silica based

materials. The refractive index of the films prepared with binders is increased slightly
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due to additional amorphous silica introduced in the film, which is leading to the
formation of denser layers. The sjoating approach presented here allows for the
preparation of films with variable hydrophilicity, thickness and mechanical stability on

supports with different shapes and size.
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4.2 Synthesis and Characterization of
Functionalized Mesoporous Silica

Nanoparticles
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Intr oduction

Various synthetic methods have been developed for the preparation of periodic
mesoporous materidf€ leading to different types of morphologies, such as spfétes,
fiberd® or vesicled®® The large internal surface of these materials can be modified
following two main strategies, i.e., pesynthesis functionalization (graftiridf) & or

in-situ functionalization (ce&ondensation’¥??* thus extending the use of mesoporous
materials to a wle range of applicatiod®! Compared to the modification by grafting,

the coecondensation reaction can be expected to improve the degree of bonding between
the organic groups and the pore walls, andesult in a morddomogeneoudistribution

of the organic groups throughout the pore strudfitre.

Common synthesis routes for mesoporous silica materials lead to particles with typical
diameters of 500 nm to several microns. The synthesis of nanosized mesoporous
materials has only recently received attention. Such mesoporous nathepartfer
interesting features that are useful in a number of applications, such as chemical
sensor€” chromatograph$?® catalysis® drug delivery®® or polymer fillers® If

the particles are homogeneously dispersed in a solvent, these colloidal suspensions
exhibit unique properties, for example, optical transparency. Furthermore, the utilization
of very small particles improves the mass transfer of molecules into or the pbre
system. The molecular functionalization of the large internal surface of these materials
can extend the range of possible applications, for example, towards selective

(ad)sorption or specific catalytic activity.
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The preparation of nanosized pdegcan be realized through various methods. Brinker
et al. described an aerodmsed process resulting in a solid dry prodittAnother
strategy utilizes the addition of a na@mic surfactant as a suppressaf particle
growth through encapsulation, leading to a gel of agglomerated small patiicles.
Amoros et al®¥ presented a facile method leading to nanosized mesoporous silica using
water, tetraethylorthosilicate (TEOS), and cetyltrimethylammonium cations in
combination with triethanolamine (TEAH) which is supposed to act as a hydrolysis
retarding agent. However, the final product of this procedure is a gel of fused patrticles
which cannot be redispersed.

There are only few publications describing synthesis methods that lead to colloidal
suspensions of periodic mesoporous materfals Their synthesis typically relies on
procedures applying high dtions; this can result in timeonsuming subsequent
processing steps. For instance, truly colloidal suspensions cflefeled mesoporous
particles were obtained by Mann et 1.1 by diluting and quenching the
condensation reaction of TEOS in aqueous alkaline solution with a large excess of
water. They could manipulate the particle size by varying the time interval for
quenching. In a recemublication, Rathousky et 8 also describe a method for the
preparation of colloidal MCM}1, working with even higher dilutions. The utilization of

the polyalcohol triethanolamine can result in faggregated, colloidal suspensions of
mesoporous silica (CMS) from concentrated solutiBhsRound particles with
wormhole structures and diameters of about A@O0with very narrow particle size

distributions were obtained in the form of stable suspensions. Tuning the reaction
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conditions allowed controlling partickze down to 5Gm. Colloidal stability was even
sustained after template extraction, which resulted in surface areas of aboo?I00
Extraction of the templaté in contrast to calcinatioin is the method of choice when
organic moieties are introded in the wall structure by a-@mndensation procedure.

The method can be extended towards the generation of functionalized, hydrophilic as
well as hydrophobic colloidal mesoporous silica with high yields. As described in the
following, various alkoxysdnes bearing organic moieties can be incorporated into the

pores of the colloidal nanoparticles using this general method.

Experimental

Two slightly different synthesis methods were used, as already described in our recent
publication about the synthesi§ nanosized pure mesoporous silicatdsand adapted

for functionalization with organic moieties. All chemicals were reagent gradé (98
higher) purchased from Sigaf\ldrich and used without further purification. The water
was deionized.

Pure siliceous CMS8: 14.3g (96mmol) TEAH and 2nl (9 mmol) TEOS were
combined in a 12&l polypropylene bottle with a lid. The twghase mixture was
heated in an oil bath at 9C for 20min without stirring. Immediately after taking the
mixture out of the oil bath, 264 of an aqueous solution (2M %) of CTAC which

had been heated to 60 °C was added and the final mixture was stirred (600 rpm) for at
least 3h at 23°C. The mdar composition of CMSL is: 0.75 Si: 8 TEAH : 0.17 CTAC :

120 HO.
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Functionalized mesoporous silica CNRS 14.3g (96mmol) TEAH and a mixture of
2.23ml (10mmol) TEOS plus the corresponding quantity om@ol (Table 1) of
organotriethoxysilane (RTES)are combined in a 126l polypropylene bottle with lid.
The twephase mixture was heated in an oil bath at®@or 20min without stirring.
Immediately after taking the mixture out of the oil bath, 2Z5a0f an aqueous solution
(2.5wt %) of CTAC which lad been heated to 8C was added and the final mixture
was stirred (60@0pm) for at least B at 23°C. The molar composition of these

functionalized materialsis: 1 Si: 8 TEAH : 0.17 CTAC : 120OH

Table 1. Type and amount ofunctionalized organotriethoxysilane used in the co

condensation
sample RTES M (g mokl) n (mmol) m(g)
CMS-VI  vinyltriethoxysilane 190.3 2 0.381
CMS-PH phenyltriethoxysilane 240.4 2 0.481
CMS-BZ benzyltriethoxysilane 254.4 2 0.509
CMS-CP 3-cyanopropyltriethoxysilane  231.4 2 0.463
CMS-MP  3-mercaptopropyltriethoxysilanc 238.4 2 0.477

Extraction of template from the mesoporous silicanb®f ethanol were added to the
translucent, colloidal agueous suspension of the mesoporous makbgaftesulting
precipitate was centrifuged for 2@0in at 40.000 RCF (g). After decanting, the sediment
was redispersed through vigorous stirring innill0of an ethanolic solution of

ammonium nitrate (2§ 1™) and then treated for 28in in an ultrasonic bk (35kHz).
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Alternatively the mixture can be refluxed foh1This procedure was repeated until the
sediment after centrifugation was completely transparent, normally one or two times. In
order to replace the ammonium ions in the structure, this openatie repeated with a
solution of concentrated hydrochloric acid in ethanaj (8). After washing with pure
ethanol, the transparent gelatinous cake obtained after centrifugation can be redispersed

in ethanol, leading to a colloidal suspension of theaeked product in ethanol.

Characterization

Dynamic light scattering (DLS) data were collected with an AANBS/HPPS High
Performance Particle Sizer in PMMA cuvettes at°@5 Raman spectroscopy was
performed with a H&Ne laser (633im) on a LabRAM HR UWis (HORIBA Jobin
Yvon) Raman Microscope (Olympus BX41) equipped with a Symphony CCD detection
system. The spectra were baseloerected. For thermogravimetric analysis (TGA)
10mg of dry powder were heated in corundum crucibles from 30 to°@®00
(10°C min™) in a flow of synthetic air (25 min™) using a Netzsch STA 449 C Jupiter
thermobalance. For the SEM analysis, films were prepared on-@z@wided glass slide

by spincoating, using ethanolic suspensions of the extracted material. Shape and
dimensions of the particles were determined with a JEOL-8SBDF scanning electron
microscope (SEM) equipped with an Oxford EDX analysis system. Transmission
electron microscopy (TEM) was carried out on a JEOL JEM 2011 instrument with LaB
cathode at 20RV. Samples were prepared on a Plano holey carbon coated copper grid

by evaporating one droplet of diluted ethanolic suspension of the extracted material.
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Crosspolarized ?°Si-MAS-NMR measurements were performed on a Bruker DSX
Avance500 FT spectrometer in andn ZrQ, rotor. Nitrogen sorption isotherms (Kj

were obtained using a Quantachrome NOVA 4000e Surface Area & Pore Size
Analyzer. Surface area calculations were made using the BruBaueettTeller
(BET) equation in the range frompo™®=0.05-0.25. Poresize distributions were
determined using the DFmethod (NLDFT equilibrium model, cylindrical pores; dh

oxygen). The pore volume was determined for masd micropores fop py* < 0.8.

Results and Discussion

Colloidal mesoporous silica was prega in the form of notfiunctionalized purssilica
MCM-like material (CMS) and as functionalized mesoporous materials carrying five

different organic groups (R) in the pore walls (CliRRSseeTablel).

Fig. 30: Translucent colloidal suspension and TEM micrograph of functionalized

mesoporous nanoparticles
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The materials were obtained as colloidal suspensions with relatively mnfarticle
sizes between 40 and 1B (Fig. 30). Tetraethylorthosilicate (TEOS) and
organotriethoxysilanes (RTES) form the MdMe material in combiation with
cetyltrimethylammonium cations (CTMA as structure directing agent in a-co
condensation proceskig. 31).

SNNA®  surfactant

+

-+ TEOS

-+ RTES

Fig. 31 Scheme of the eoondensation reaction of alkoxysilanes with a mieelle

forming surfactant

This ST assembly takes place in an alkaline aqueous medium, with triethanolamine
(TEAH) as basic reactant. TEAH can also act as a complexing agent that reérds t
hydrolysis of the alkoxided®*% The large excess of TEAH probably keeps the seeds
separated from each other during the condensation process giving finally rise to a large

number of particles with relatively small diameters.
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The morphology and particle size of the synthesized nmfgewas analyzed with
dynamic light scattering (DLS) and electron microscopy (TEM and SEM). In the TEM
micrographs discrete, nesgpherical particles with a disordered, welike pore
arrangement are observed. The particles show a narrow particlestidgution with a
polydispersion index (PDI) of around 0.1. This narrow size distribution is maintained
after extraction of the template by an-exchange method using an ethanolic solution

of ammonium nitrateKig. 32).

intensity

as-synthesized
dispersed in H,O

extracted
dispersed in EtOH

diameter [nm)]

Fig. 32 TEM-micrograph and particle size distribution of sample CM&:termined by

dynamic light scattering

The synthesis procedure developed for pure silisenanoparticles was extended
towards a simultaneous reaction of TEOS and a variety of organotriethoxysilane
precursors to obtain functionalized surfaces. Hybrid mesoporous materials incorporating
the following organic groups, i.e., viRy(CMS-VI), benzy- (CMS-BZ) , pheny}

(CMS-PH), cyanopropyl (CMS-CP) and mercaptopropy(CMS-MP) residues were
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thus synthesized. These surfamedified mesoporous organosilicas often show an even

narrower size distribution than the pure silica parent matekRajs33).
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Fig. 33: TEM-micrographs and particle size distributions calculated from-Bai& of
samples CMSVIP (a) and CMSPH (b)

The observed mean particle size obtaiffech DLS measurements varies in most cases

from about 50 to 158m, depending on the incorporated functional group and the

91



RESULTS AND DISCUSSION 4.2

synthesis method employed. The particle size observed with electron microscopy is

often slightly smaller than the hydrodynamic diaenemeasured by DLS. This

observation can be explained with occasional weak aggregation of the particles. The

discrepancy is seen clearly in the case of the organically modified materials, especially,

if hydrophobic aromatic groups, such as phenyl residares incorporated in the

structure Table2).

Table 2. Properties of colloidal mesoporous materials as analyzed with different

methods
sample Particle size TGA data N, sorption data
diameter diameter TEM Tat surface pore pore
DLS (nm) DTGrax area volume at diameter
(nm) (O gy ppi<os ()
(cm’ g
CMS-1 100 80i 120 - 1150 1.0 4.0
CMS-VI 120 50i 100 290 1230 0.74 34
CMS-CP 130 80i 150 350 1200 0.72 3.3
CMS-MP 90 50i 70 350 970 0.63 34
CMS-PH 80 40i 60 610 1040 0.73 2.8
CMS-BZ 110 50i 100 470 1120 0.65 3.2

The products with incorporated organic groups, especially ©MSor CMSMP,

appear as nearly perfect spheres with diameters of abaun5The narrow particle

size distribution of the mesoporous materials can also be confirmed with scanning
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electron micrecopy Fig. 34). Here, a stable colloidal suspension of extracted B4S
was used for sphgoating a golesputtered glass plate resulting in a homegers
coverage of mesoporous particles. The benzytlified mesoporous spheres have

diameters in the range of 50 to @0.

N, G ) ! 3 s
5.0kvY  X15,000 Tum WD 8.0mm

Fig. 34: SEM-micrograph of a mesoporous film prepared by smating, using a
colloidal suspension of CMBZ

An influence of organic functional surface groups upon the morphology of mesoporous
materials was also observed by Huh ét“alThey found a strong increase of the particle
size when using hydrophilic organosilanes, especially with acontaining residues,
while hydrophobic residues stimulated the formation of smaller festicThey
concluded that hydrophobic groups are able to align with the organic tails of the
template, while hydrophilic residues would disturb the GGimapman region thus

causing a different growth behavior. The results for the hydrophobic functiongisgrou
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support their findings. Weakly acidic mercapto residues also stimulate the formation of
small spherical particld$”

The presence of the organic functional groups can be verified with several methods.
Thermogravimetric analysis (TGA) shows the decomposition behavior during the

heating of the samples in air. The decomposition temperature, more precisely the
temperatre when the first derivative of the weight loss reaches a maximum, varies over

a rather wide range for the different functional groupg.@35 andFig. 36).
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Fig. 35: Thermogravimetric analysis (FOTG) of washed CMSQ. with template (a),
and phenyl modified, extracted nog®rous silica CMSH (b)

Fig. 35a shows the weigHbss of the washed ndunnctionalized sample CM$, still
containing the template inside the pore#th a maximum around 25@. This
decomposition process of the template is completed well before the decomposition of
the phenyresidue in sample CMBH startsFig. 35b shows the decomposition of this
group around a temperature of 6@ in a sample that was previously template

extracted. This extreme stability is not observed for the other functionalsgrébpy
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start to decompose at a lower temperature, which makes a clear separation from the
degradation of the template difficulFi§. 36). However, wien nonfunctionalized
samples were analyzed with TGA after template extraction, a weight loss of around
4-7 wt % between 10@nd500°C is still observed. Residual template fragments that
were detected by elemental analysis of -flomctionalized samples waaccount for

about 3% weight loss. Additionally, the dehydroxylation of surface hydroxyl groups
should be considered. Usually up to 3 SiOH groups péramefound in mesoporous
materiald®” 1* With surface areas of about 1008 g™ one can estimate a maximum

5wt % loss due to water release from these samples by dehydroxylation.

W S :..;.;\ ----- CMS-VI 0
— N ----- CMS-CP — 5
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(2] AY 1]
8 -104 Vi &1
_.51 \‘ ":g.‘:‘; __________ 1 5_15_
o -15- . LT 4 o
z ~o_ T = 0]
-20 S~
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temperature [°C] temperature [°C]

Fig. 36: Thermogravimetric analysis of the surfavedified and extracted mesoporous

silica materials (starting at 10C to compensate for different watesses)

This loss must be taken into account when the amount of organic residue is determined
from TGA measurements. Usually a TGA weight loss betweeii 2Bt % in

templateextracted functionalized samples occurs (above°0)0
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The connectivity of thefunctional organic groups to the silica framework is best

demonstrated by crogmlarized®’Si-MAS-NMR spectroscopyrig. 37).

CMS-PH

CMS-BZ

CMS-CP

CMS-MP

A
i
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Fig. 37: Crosspolarized®®Si-MAS-NMR spectra of the functionalized mesoporous

materials

The spectra show peaks-atl0ppm (@) and-102ppm (Q) [Q" = Si(OSi)(OH)a],
n=2i 4 representing the fully condensed silica and silica with one terminal hydrox
group. Geminal hydroxyls are barely present in these samples (resona@2em@n;
Q?). One or two additional peaks are observed due to trend T resonances of the

incorporated organosiloxanes"[E RSi(OSi),(OH)s.m], m = 2 3 at values commonly
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observed in functionalized mesoporous materials. Propiglged functional groups
display shifts around67 and-60ppm, while directly bound residues with C=C bonds
show resonances at more negative valTeble 3).?* The prevalencefahe T peak,

i.e., the threefold coordination of the siloxane indicates (near) complete condensation of

the functional groups into the wall structure of the nanoparticles.

Table 3: Crosspolarized ?°Si-MAS-NMR spectroscopy data f ofunctionalized

mesoporous materials

sample chemical shift

Q4 Q3 T 3 T 2

CMSvI -110 -101 -80 -73

CMSPH -110 -101 -79 -70

CMSBZ -110 -101 -71 -63

CMSCP -110 -101 -67 -58

CMSMP -110 -101 -67

The characteristic vibrational modes of iheorporated functional groups are clearly
displayed in their Raman spectra, which are not obscured by hydroxyl vibrations of the
host as in IR spectroscopy¥ig. 38). Intensive peaks of the phenyhnd benzy
substituted samples CMBH and CMSBZ, originating from the irplane CH
deformation vibrations of the aromatic ring, are seen at about 1000 Awiditionally,

these samples show the typical pedkr aromatic €éH and ring C=C stretching

vibrations at 3060 and 15@n-1, respectively-°°!
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In the vinykmodified sample (CM%/I1) we find the alkene €A vibrations and the C=C
stretching vibrations at 3070 and 16987, resgctively. The nitrile group of CMEP
causes a characteristic narrow band at 2288 The typical peak for the-B group in
the mercaptopropy¢ontaining CMSMP occurs at 2586mi*, and additionally we find

a band at 65¢m™ due to the €S vibration. Both Raman bands indicate that the

mercapto groups are intact and that no disulfide bridges have f&fffled.
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Fig. 38 Ramanrspectra of templatextracted functionalized mesoporous materials

After extraction of the surfactant, the functionalized porous materials show high surface

areas and pore volumes. The sorption properties were determined using nitrogen
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adsorptiordesorptionat 77K. In case of the unmodified materials CMSa typical
type IV isotherm with a clear hysteresis from filling of the cylindrical pores is observed.
Textural pores of ~28m, originating from the closely packed nanospheres in the
powders are visibl@bove a relative pressure of @.8;>. The entire surface area
calculated according to the BHfieory is 1150 g™ for CMS-1. The product exhibits

a high pore volume of ém® g™ (for pps* < 0.8) and a narrow pore size distribution
with an average dmeter of 41m as determined with the DFT methdeig( 39).

Calcined CMSL shows an even higher surface area of 1dg* with pore volumes

of 1.1cm* g™,

o - 0.06
F~ 1000+ 7 y
- / 0.05+ h
@ 800- /[ = \
= s ‘© 0.04 r \
o =
L | o it
5 &0 7 003 [

/ £
2 v S | \
S 400+ d 5 0.02 o
® a / !
o 200 o 0.01 \

adsorption f Y
g d . | \ et
3 o ——desorption | 0.00] e e —
00 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 09 1.0 10 100 1000
relative pressure plp, pore diameter [A]

Fig. 39: Nitrogen sorption isotherm (left) and pore size distribution (right) according to

the DFT theory of mesoporous silica CMS

The type of adsorption isotherm is unchanged in the functionalized nanosized materials,
ard the inclusion of the functional groups does not significantly affect the overall

surface area of the materialad. 40).
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o

= 10004 —— CMS-1 5 t5 1000 ——CMS-VI .

2 —— CMS-PH / — ——CMS-CP

;,m 8004 'y mO') 800- —— CMS-MP /"/_

o 6004 = 06004 p fj

3 £ T

— i — 400_ " - WW..-A i

o 200{ & o 200 ]

£ i £

= =

E 0! o 0+ 4
0.00102030405060708091.0 00 01020304050607080910

relative pressure p/p, relative pressure p/p,

Fig. 40: Nitrogen sorption isotherms of reference ang&ondensed materials

To some extent the size of the functional groups influences the shrinkage of the pore
diameter. While the unmodified mesoporous silica has an average pore diameter of
4.0nm, in vinyl-functionalized materials (CMSI) we find pores with a mean diameter
of 3.4nm, and the bulky nature of the benzyl group in CBE&Scauses a reduction to

3.2nm (Fig. 41).
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Fig. 41 Changes in the pore size distribution with increasing size of the incorporated

organic moieties in mesoporous silica

The surface coverage of functional groups in the nanoscale mesoporous samies
estimated from thermogravimetric measurements in conjunction with the surface area
presuming that all organic groups are located on the surface. For example, the weight
loss of CMSPH due to the decomposition of the organic group is abo@b.20he
calculated surface area according to BE@ory is 1040n°g™. From these data, a

surface coverage of 2rimol g or 1.5 phenyl groups per firoan be calculated.

Conclusion

The synthetic approach presented here can serve as a general method fpathéqre

of both colloidal mesoporous silica spheres (CMS) and functionalized colloidal
suspensions of nanoscale mesoporous materials with high yields from concentrated
solutions. Narrow particle size distributions in the range of about 50 to 150 nm were

established with Dynamic Light Scattering (DLS) measurements and electron
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microscopy before and after template extraction. Discrete nanoscale mesoporous
particles with functionalized pore surfaces result when adding functional
organoalkoxysilanes directly tthe initial silica precursor solutions. Nitrogen sorption
analysis and indicates that the functional groups are located at the inner surfaces of the

mesoporous channel systems.
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4.3 Porous Thifilms of
Functionalized Mesoporous Silica

Nanoparticle
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Introduction

Porous materials in the nanometer range already attract a great deal of interest in many
fields of science and technologlgspecially in terms of colloidal suspensions, these
materials are promising candidates for applications sucbaassensing, hosjuest
chemistry, drug delivery and coatings in the semiconductor industry. The preparation of
monodisperse, stable colloidalispensions of mesoporous silica particles has been
recentlydeveloped® ° The synthesis parameters were gradually modified in order to
realize even smaller particles in the range belomm0 As reported in the previous
publications, the introduction of functional groups during the@adensation reaction

has a great influenceon the particle shape andize® The synthesis with
phenyltriethoxysilane ledot particles with a smallest diameter of or@nm[°”!
Additionally, the phenymodified particles are thermally more stable, easy to
characterize and tend to peptize (disperse) moreyahgsl to their sterically demanding

and inert aromatic rings.

By further decreasing the diameter of these mesoporous silica spheres, their scattering
ability for visible light is also drastically decreased. If the size of the particles falls
below about 10 of the wavelength of the incoming light (@.}} their scattering ability

can no longer be described with the Lordfie-solution but with Rayleigh scattering.

The colloidal suspensions thus show optical transparency when the patrticle size is small
enowh. Due to this optical transparency, such nanoparticles would allow spectroscopic
investigations of physical processes or chemical reactions in a confined space.

Furthermore, it is possible to encapsulate sensifiyes MY or to facilitate the
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dispersion of the parties in certain media. Modifying the spheres with appropriate
functionalities such as caps or fluorescence markers would make them interesting
candidates for drugelivery” 1° or would permit observing their way intocall ***

1131 Another very promising area of application is thin fitechnology!** ***! The
synthesis of mesoporous thin films is often achieved withthead | ed A Evapor a
I nduced Sel f AsosesstfibiheyEGA [froedssSfar)mesoporous silica

thin films starts with a homogeneous solution of silica precursor and surfactant prepared
in ethanol/water with an initial surfactant concentration much below the critical micelle
concentratio®?” Upon dipcoating or spircoating, the preferential evaporation of
ethanol concentrates the surfactant and silica species. The progressively increasing
surfactant concentration drives sa#lsembly of silicesurfactant micelles and their
further organization into liquidrystalline mesophases. This approach represents a
versatile strategy for the formation of mesoporous silica and other oxide thin films with
different pore sizes, pore topoleg and elementalompositiorf:*®

However, there are several issues that suggest the development of complementary
strategies.The precursor is normally highly acidic which can cause problems on
sensitive substrates. Removal of the template by extraction or calcination might also be
critical. If the surfactant is removed thermally, cracks can occur in thicker films, and it

is known that the humidity has a great influence on the film formation. Thus, if the
orientation of the pores is less important, the alternative preparation of thin films with
mesoporous nhanoparticles can address several of these issues. It is believed that a

porous thin film made of porous nanoparticles can exhibit improved diffusion properties
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and a highly accessibleore systent” Additionally, one can work with stable
suspensions of already extracted nanoparticles, thus epsmri@asy handling and good
reproducibility. The coating of sensitive substrates is facilitated due to the mild
conditions. Control over the thickness can be attained by varying the concentration or
by multiple step coating. It could be also feasible tmloime suspensions containing
different kinds of nanoparticles in order to assemble hybrid thin films. Finally, the
material is easier to characterize when bulk samples are available. The synthesis of
completely transparent suspensions even after templatecton would be a great
improvement for the formation of homogeneous thin films with a low surface
roughness. Especially for the formation of multilayers, it is advantageous if the film is
very smooth. Otherwise the defects on the surface are trarssmitte amplified with

every following coating step. Furthermore, the availability of such homogeneous porous
thin films makes it possible to use ellipsometric porosimetry as an analysis method.
This method has a set of advantages compared to conventigutadrsonethods, which

are specified in a work dslava etal:’*®

For an accurate determination of sorption isotherms of porous coatings via gravimetric
or volumetric methodsan extremely sensitive device is needed. The tiny amount of
porous material and the weight increase due to adsorption in the thin film can be
detected with a surface acoustic wave (SAW) device or a quartz crystal microbalance
(QCM). In both cases, the coad has to be applied to the measuring device itself,
which might have an influence on properties such as the orientation of the crystals, the

presence of grain boundaries, and the film thickness. Scraping off from their supports
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and collecting a sufficidmuantity of powdery sample for a conventional determination

is a drastic intervention. The determination of sorption isotherms of a thin film via
ellipsometric porosimetry (EP) is a convenient method to determine the effective
porosity and pore size digiution of a thin film on its original support without
destroying it.

Thus, the aim of this work was the synthesis of monodisperse colloidal suspensions of
porous nanoparticles with a particle size small enough for the preparation of
homogeneous thin filgr Additionally, the porosity of the final thin films is determined

with different methods.

Experimental

All chemicals were purchased from Sigkrich with reagent grade (9% or higher)

and used without further purification. The water was deionizedrder to guarantee

the same conditions for all samples, the syntheses were carried out in a heatable high
throughput magnetic stirrer (1000m) in 100ml glass test tubes (diameter: 2r8).
Although it is necessary that the synthesis mixture be wetedtibuilding of foam
should be avoided in order to prevent the formation of inhomogeneities. The following
solutions were prepared and used for all syntheSégqsurfactant): 3@ g aqueous
solution of cetyltrimethylammonium chloride (28 %) and 270 g deionized water.

C1 (catalyst): 10 g triethanolamine (TEAH) and.®g deionized wate1 (precursor):
20.8g (0.1mol) tetraethylorthosilicate (TEOS) and 34 (0.01mol)

phenyltriethoxysilane (PTES)XE1L (extraction): 50 concentrated hydrochloric idc
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(37% HCI) in 500ml ethanol.E2 (extraction): 10y ammonium nitrate in 50@l

ethanol.

Samples CMSPxy

20.0g S1and 0.2 g (CMSP2), 0.0g (CMSP4y) or 0.8 g (CMSP8y) C1 were

heated under stirring to 6C (CMSPx6), 70°C (CMS-Px7) or 80°C (CMS-Px8). The
amount of 1.6 ml P1was added and stirring was continued in the test tubkHoilhe

vessel was kept open in order to evaporate parts of the ethanol that were formed during

the condensatioror a better overview, all samples are listed@able 4

Table4: Prepared samples and synthesis conditions:

sample synthesis  amount

temperature TEAH (g)

CMS-P26 60°C 0.02
CMS-P46 60°C 0.04
CMS-P86 60°C 0.08
CMS-P27 70°C 0.02
CMS-P47 70°C 0.04
CMS-P87 70°C 0.08
CMS-P28 80°C 0.02
CMS-P48 80°C 0.04
CMS-P88 80°C 0.08
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Extraction

The resulting colloidal suspension was flocculated withmR(E1 and the cloudy
precipitatewas centrifuged for &nin at 4@00g (RCF). After decanting, the sediment

was redispersed through vigorous stirring imAE2. The clear suspension was treated

for 10min in an ultrasonic bath. After flocculating with 20 deionized water, the
precipitate was again centrifuged, treaisnent was redispersed in 20 E1 and again
sonicated. After flocculation with 2@l deionized water and centrifugation, the
sediment can be redispersed in ethanol, leading to a suspension of colloidal mesoporous

silica (CMS) with approximately @t % solid content.

Film preparation

Thin film preparation was performed by sgoating with an ethanolic suspension
containing about Wt % of solid material. The substrate (silicon or glass) was coated
3times at 3000pm (acceleratior5000rpms?). In omder to remove potential
inhomogeneities, the transparent ethanolic suspension was filtered througla a0.2

syringe filter prior to spircoating.

Characterization

Dynamic light scattering (DLS) data were collected with a Malvern Nano ZS in PMMA
cuvettes 825°C. For thermogravimetric analysis (TGA) @ of dry powder were
heated in corundum crucibles from 30 to 9G0(10°C min™) in a flow of synthetic air

(25ml min™) using a Netzsch STA 449 C Jupiter thermobalance. Transmission electron
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microscopy TEM) was carried out on a FEI Titan-800 at an accelerating voltage of
300kV. Samples were prepared on a Plano holey carbon coated copper grid by
evaporating one droplet of diluted ethanolic suspension of the extracted material. The
nitrogen sorption wtherms (7K) were obtained using a Quantachrome NOVA 4000e
Surface Area & Pore Size Analyzer. Surface area calculations were made using the
BrunauerEmmettTeller (BET) equation in the range frompy™ = 0.05- 0.25. Pore

size distributions were detemad using the DFMmethod (NLDFT equilibrium model,
cylindrical pores, M on carbon). Ellipsometry measurements were performed with a
Woollam M2000D at different angles (65°, 70°, and 75°) in the spectral range of 190
1000nm. The data were fitted in thrange between 2501000nm using the Cauchy
material as model layer. Ellipsometric porosimetry measurements were carried out in a
closed cell at different partial pressures at a measurement angle of 75°. The recording of
isotherms was performed using antemade Labvieveontrolled gas mixer. Digital
mass flow controllers (WL01A-110-P, F201C, Bronkhorst HigiTech) ensured the
accurate dosing of the carrier gas nitrogen and the liquid analyte, which was vaporized
in a controlled evaporation and mixing elethdW-101A, Bronkhorst Higfirech).

Partial pressures were calculated using the van der Waals equabiora better
comparison, with nitrogen sorption the relative presgusg® (p,: saturation pressure)

is used for the vapor sorption analysis.
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Resultsand Discussion

The synthesis results are in good accordance with the expectations based on the work of
Stobel™? and LaMer™ A first variable of course is the amount of precursor added to

the synthesis. In a certain range decreasing the amount of precursor can reduce the size
of the final particles. Accordg to Stdber, the particle size distribution passes a
maximum when the concentration is varied, because the concentration of precursor
influences not only the growth of the seeds but also the nucleation rate und thus the
number of initial seeds. Since higield is a priority, it is more interesting to choose
other options for a successful downsizing. The experiments show that the final particle
size in the resultant suspensions (CFEB i CMS-P88) is dependent on the amount of
added TEAH and the reactigemperatureln Fig. 42, the hydrodynamic diameter of all

samples is shown (CMB86 stand for synthesis with 8@ TEAH at60 °C ).
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Fig. 42 Initial particle size (DLS) of samples CM®617 CMS-P88
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With increasing temperature and amount of catalyst (TEAH), the hydrolysis of the
precursor and condensation of the nanopatrticles is supported and the reaction is faster.
In this specific range, tilse changes apparently promote the growth rate more than the
nucleation rate, resulting in bigger particlésg. 43 shows micrograps (TEM) of
samples synthesized different temperatures with the same amount of TEAH (EMS
P8y). The difference in size can be clearly seen; the particles that formed°@t 60
(CMS-P86) show the smallest diameter of onlynts. At 70 and 80C the diameter

reaches 25 and 3tm, respectivel.

Fig. 43: Electron micrographs (TEM) of sampl€sS-P86, CMS-P87 andCMS-P88

In agreement with DLS data, TEM also shows that the variation of the amount of
catalyst TEAH at a constant reaction temperatur€ (3@CMSx8) hasan influence on

the particle size. The difference is less pronounced, but the general tendency can be
confirmed. The diameter varies betweenng2 (CMSP28), 25nm (CMSP48) and

30nm (CMSP88) if the quantity of TEAH is increased.
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i 50 nm S nm : g S50nm

Fig. 44: Electron micrographs (TEM) of samplEsS-P28, CMS-P48 andCMS-P88

Table 5 shows a comparison of DLS and TEM data for selected particle sizes. The
divergence in hydrodynamic diameter in DLS (380nm) and discrete particle size in
TEM (15- 30 nm) could be explained with a higher degree of agglomeration at higher
temperatures.

The findings made it possible to synthesize colloidal suspensibfunctionalized,
mesoporous silica nanoparticles wihvery small particle size between 15 anchB0

As the scattering intensityl)(of light strongly decreases with smaller particles size

(I ~radiu$), the suspensions with tisenallestdiameter (15 nm) are completely clear

(Fig. 45).
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Fig. 45: Scattering of the initial colloidal suspensions containing particles withreliffe
diameters (DLS) in the range betwesdyout 4o 130 nm(from left to right: CMS-P27,
-P86,-P28,-P87,-P48,-P88)

When reaching a certain size, separating particles with centrifuges becomes difficult, as
the effective gravitational force is depentl®n the mass of the particles. An elegant
method to overcome this problem is the flocculation of the particles. Therefore,
acidified ethanol was added to the aqueous colloidal suspension leading to a cloudy
suspension of agglomerated particles. The gagithen could be separated from the
solution by centrifugation and were purified in the following steps. The final gelatinous
sediment can be completely redispersed in ethanol, leading to transparent colloidal
suspensions with almost exactly the inifrticle size distribution in DLSFig. 46

shows the mean hydrodynamic diameter of CRE® before and after template
extraction. The polydispersity index (PDI) of all suspensions was below 0.2. The
suspensions with a diameter belowrf) are completely transparent to the visible part

of the lightand show nearly no scattering.
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Fig. 46. Hydrodynamic diameter of CMB86 before and after template extraction

In transmission electron microscopy (TEM) the diameter of the particles can be
specified as significantly smaller (by actor of 3) than in dynamic light scatterirkgg.

47 shows micrographs of CMB86 with an average particle diameter aroundhr0

The size distributio of the discrete particles is very narrow. High resolution images

clearly show the porous nature of the functionalized particles.
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50 nm 'ﬁ'w f L

Fig. 47: TEM micrographs of CM$86(right: HAADF-STEM)
In order to investigate the sorptioroperties of the porous nanoparticles, ¢tiganolic
suspensionwere dried at 6(0°C. The resulting solglwere colorless and transparent,
consisting of small platelets with aboutrin diameter. Despite of its dense appearance,
the material has a high spicisurface area of 6407 g* as well as a high pore volume

(0.95cm® g*) in the case of CM$86 DFT calculations resulted in a bimodal pore size

distribution
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Fig. 48. N, sorption data of dried, extracted CNPB6
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The first peak at 2./Am due to templated mesopores is in the expected range for
functionalized mesoporous silica templated by hexadecyltrimethylammonium ions. The
second peak around bon reflects the textural porosity of the material. It is a widely
accepted conge that an inscribed sphere between adjacent spheres is an approximate
shape for the access opening to the interstitial void space between randomly packed
sphere$t™1! Depending on the packing of the individual particles, the pore opening
varies approximately between 0.2 and 0.6 times the radius of the equally sized particles.
In thecase of CM&P86, this interparticle porosity is in the range between 5 aminl5
(compareFig. 48).

Thus, the expected particle size based on sorption is abou 2hich coincides well

with the observed diameter in the TEM. With decreasing particle size this second peak
is shifted to smaller pore sizes as showifrim 49. The maximum of the interparticle

porosity is in the expected range for all samples Tsdxe 5.
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Fig. 49: Pore size distribution fromNsorption of differently sized mesoporous

particleswith maximum for interparticle porosity

Table5: Particle size (DLS, TEM) and maximum in interparticle porositygdption)

sample  hydrodynamic diameter max. interparticle

diameter (DLS) (TEM) porosity
CMS-P88 130 30 16
CMS-P48 95 25 14
CMS-PZ8 80 22 12
CMS-P87 80 25 14
CMS-P86 60 15 9
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Homogeneou3hin Films

The ethanolic suspensions of the tempfede material are ideal candidates for the
preparation ohomogeneouspinon thin films. The dry bulk material exhibits a high
surface area even though it appears to be a dense solid. Thus, one can expect a high
porosity for the corresponding thin filrikig. 50 shows an image of a silicon wafer with

a thin film of mesoporous functionalized silica with a thickness ofr6B0The film

was prepared by spicpating three times with an ethanolic suspamstontaining

5wt % of CMSP86.

Fig. 50: Thin film of CMS-P86 on a silicon wafer

The film appears verjomogeneouand transparent and thus has a definite interference
color. Due to pronounced capillary forces occurring durimgsiblvent evaporation, the
nanoparticles are very closely packed phenomenon that also assists in the assembly
of colloidal crystald'?® Because of the smooth suréamo scattering is observed, which

makes the films perfect candidates for ellipsometry investigations. Modeling and fitting
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of the data was based on the assumption that the film consist of porous nanoparticles,
the model layer is designed as follows:

0: the silicon substrate is infinitely thick (@m); 1: a typical layer of @m thermal

oxide (SiQ) is presumed; 2: the material (organic functionalized silica) is described
with a Cauchy layer. Starting with a guessed film thickness ohB@Qhe subsequéen

fitting of the thickness and th@auchy parameters resulted in a 680 thick film. As

showin Fig. 5], this model layer fits exactly the experimental data.
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Fig. 51 Ellipsometry data of a thin film of CM886 in nitrogen atmos$gre

The measurement was performed in a flow cell in a flow of nitrogen. It was repeated at
different relative pressures of gaseous toluene. The adsorption affinity of the thin film
can be also observed when the interference color changes due to thdlipgrd fie
relative pressuref toluene was controlled between 0 and 0.98B.{). Plotting the
refractive index of the thin film versus the relative pressure of toluene resulted in the

isotherm shown ifrig. 52.
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Fig. 52 Ellipsometry data of a thin film of CM886 in toluene vapor in a nitrogen

atmosphere

After the templated mesopores are filled, a second step duketdiling of the
interparticle porosity can be identified at a relative pressure of M& The
ellipsometric data are in very good accordance with powder nitrogen sorptioffrigata (

53). The overlay shows the same sorption behavior for the two different adsorbates.
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Fig. 53 Overlay of a powder Nsorption isothernfdesorptionand a toluene isotherm

(equilibrium)of a thin film recorded with ellipsometry (CM386)

With the LorentzlLorenz equation for ellipsometric porosimetry (EP), a porosity of
53% can be specified. Knowing the area of the substratd inch wafer the volume

of the deposited film can be egscalculated assuming a cylinder with a height of
650nm. Based on the high precision of thickness measurememifipigometry the
calculated volume of 0.00&m" can be considered as accurate. If the total pore volume
of 0.95cm® gt in N, sorption iscorrelated to the 5% porosity in ellipsometric data, a
density of 0.568jcm?® can be calculated. Thus, the expected weight of the film is
1.7mg. Weighing before and after the film deposition gave a difference ofi@.This

can only act as a rough imdition due to a relatively large measuring inaccuracy of the

analytical balance and possible adsorbed water due to air humidity.
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Conclusion

In this study we have demonstrated the synthesis of extremely small mesoporous silica
nanoparticles via a specifiocondensation process with phenyl groups. The size of the
suspended mesoporous silica spheres can be controlled in a wide range. The
suspensions with a mean hydrodynamic particle diameter ofmd®@r less were
optically transparent. After extraction ofettsurfactant, dispersion in ethanol led to
transparent colloidal suspensions. The existence of very small individual porous
particles was confirmed by transmission electron microscopy (TEM) and sorption
measurements. The suspensions were used for thegirepaf homogeneougporous

thin films by spincoating. The films showed excellent optical qualities and could thus
be characterized with ellipsometry. It was possible to record sorption isotherms of the
thin films with ellipsometry and to correlate thata with nitrogen sorption data of
dried powders of the same material. In the futwwechange of the template is
anticipated to allow control over the pore size, and the particles can be functionalized or
labeled with a fluorescent dye. Examples for acessful functionalization are listed in

the supporting information.
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Supporting Information

The versatility of the modified synthesis procedure described in Cha@terad be
illustrated by the production of several other functional nanopatrticles. pittiele size

in the resulting colloidal suspension is around &a00 extraction and redispersion can
be performed as described in Chapte. The synthesis conditions were thus adjusted

for the following samples.

Experimental Part

CMS-AP

0.22g aminopopyltriethoxylsilane (APTES, fnmol), 0.24g phenyltriethoxysilane
(PTES, Immol) and 2.08) tetraethylorthosilicate (TEOS, b@mol) were combined.
9.0 g triethanolamine (TEAH) and 1@Dof an aqueous solution containing 215%
hexadecyltrimethylammoniurohloride (CTAC) were heated to 7C. The precursor

solution was added and the mixture was stirred toa2 70°C.

CMS-FITC

3.0 mg fluorescein isothiocyanate (FITC, 0Minol), 0.11g aminopropy
triethoxysilane (APTES, 0.5amol) and 2 g abs. etharavere stirred 24 under dry
nitrogen atmosphere. The resulting fluorescent orange solution was combined with a
mixture of 2.08y tetraethylorthosilicate (TEOS, H@mol) and 0.24 phenyltriethoxy

silane (PTES, Inmol). 90 g triethanolamine (TEAH) and 0@ of an aqueous solution
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containing 2.5wt % hexadecyltrimethylammonium chloride (CTAC) were heated to

70°C. The precursor solution was added and the mixture was stirredh far 20°C.

Extraction

Extraction of template was performed by addingegial amount of ethanol to the
translucent, colloidal aqueous suspension of the mesoporous material. The resulting
precipitate vas centrifuged for 1tin at 4@00g (RCF). After decanting, the sediment

was redispersed through vigorous stirring in the ahittolume (calOOml) of an
ethanolic solution of ammonium nitrate (§0%) and then refluxed for K. This
procedure was repeated with the same amount of a solution of concentrated
hydrochloric acid in ethanol &!™). After washing with pure ethandhe transparent

gelatinous cake obtained after centrifugation was suspended in ethanol.

Results and Discussion

a) Introduction of Aminopropyl Groups through €ondensation

The new method additionally allows the introduction of aminopropyl groups dilming
co-condensation. The presence of aminogroups in the silica precursor during the
synthesis is usually accompanied with gelation problems. Hence, the synthesis of
nanoparticle suspensions with aminopropyl moieties is mainly realized by gffting.

In combination with the steric demanding phenyl groups of the phenyltriethoxysilane

(PTES), it is possible to obtain dispersed discrete nanoscaled particles. The particle size
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distribution in DLS Fig. 54) shows a slightly broadened signal, probably due to partly

interconnected particles.

extracted in EtOH
in water e
1\

e //\\

1 10 100 1000 10000

Fig. 54: Particle size distribution (DLS) of CMAP bebre and after extraction

The functional mesoporous organosilica particles show a similar mean diameter around
100nm before and after template extraction. The coexistence of the two different
functionalities can be demonstrated with various methods. #nctse, TGA data is
difficult to interpret, because the weight loss caused by the decomposition of the
aminopropyl groups and the template are overlapgtigy.55 shows two distinct steps,

with the one at higher temperaturasequivocallyderiving from the decay of the
aromatic phenyl groups, whereas the first step can presumably be assigned to the
aminopropyl groups. Decomposing of the template stdrémdy at lower temperatures

around 150C (compard-ig. 35, Chapte#t.2).
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Fig. 55: Thermogravimetric data of extracted CMP

Spectroscopic methods such as NMR or Raman measurements are usually more reliable
methods for the characterization of functionalized silica materials. However, solid state
?9Si-NMR can also just give an indicatidar the incorporation of the aliphatic group.

Compared to the spectra of the single phenyl modified product, a shoulder at lower field

occurs in sample CM@P 1122
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Fig. 56: 2°Si-NMR spectra of CMSAP and CMSPH

Even though it is difficult to detect the aliphatic aminogroups in Raman measurements,
Fig. 57 showsthe appearance of an additional signal at 1880 as a result of @\

stretching in primary amines.

—— CMS-PH
—— CMSAP |

primary amines
C-N stretching

850 900 950 1000 1050 1100 1150 1200 1250

Fig.57: Raman spectra of CMBH and CM&AP

The isotherm obtained by nitrogen sorption analysig.(58a) shows the typical
pronounced hysteresis at high pressures due to interparticle condensation in

nanopowders. The step for the condensationartigmplated mesopores is smeared out,
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inferring a relatively broad pore size distribution due to the existence of functional
groups inside the pore systeRig. 58b shows the bimodal pore size distribution which

is characteristic for mesoporous particles in the scale of aboutri00
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Fig. 58 N, sorption isotherm and pore sidistribution (DFT) of CMSAP

c) Labeling with Fluorescein Marker

A porous silica nanoparticle is a suitable host for fluorescent markers due to its
chemical and mechanical stabilf§¥! The encapsulated dye molecule is shielded from
external influences and can be further functionalized with biocompatible elements. The
labeling with a fluorescein isothiocyanate (FITC) is a common method in biochemistry.
The method was also adopted tocsiliparticle$?®! andrecently to mesoporous silica
structure$® and even mesoporous silica nanopartiéiés.

The availability of a synthesis reciperfaolloidal suspensions with incorporated
aminogroups establishes a basis for the successful linking of a marker duringtamne

synthesid™®! After the synthesis of a suitable precursor that already carries the
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fluorescence marker, it can be incorporated into the above mentioned synthesis
procedure to form labeled colloidal silica particles. The successful incorporatiba of
dye can be easily verified by adding only fluorescein to a reference sample. Both

suspensions are transparent and the exhibit the characteristidcgl&9yJ.

Fig.59: CMS-FITC and reference sample with fluorescein

After flocculation and separation of the particles by centrifugation, the successful
incorporation of the FITC modified precursor can be verified when thei@o above
the sediment is analyzed. Only in the case of a successful functionalization, it appears

colorless or only pale colored from some FITC residues, respectinigly6().
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Q/

Fig. 60: CMS-FITC and reference sample after centrifugation

The precipitation can be extracted and redispersed in ethanol, resulting in translucent

and fluorescent colloidal suspensionsrefsoporous silica nanoparticlésd. 61)

Fig.61: CMS-FITC after extraction and under Uxfadiation
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DLS data confirmedhe existence of discrete particles with a comparable particle size
distribution. The mean diameter of the particles in the stable colloidal suspension before

and after extraction is around 1066h

intensity

1 10 100 1000
particle size [nm]

Fig. 62 Particle size distribution (DLS) of extracted CNFSIC

Due to the very small amount of FITC in the synthesis, further characterization methods
give no distinct discrepancy to the sample GBS TGA as well as nitrogen sorption

or Raman investigations avery similar.

132



RESULTS AND DISCUSSION 4.3

Fig. 63: Dry sample CMS-ITC under UVirradiation

The dried sample also exhibits the characteristic fluorescdige §3). In order to
investigate the porosity of the sample and the accessibility of the functional group, a
simple gas phase reaction can be applied. The yellow powder is brominates with
elemental gaseous bromine at normal atmospheric moisture ngsinlta reecolored

product carrying now eosin moietidsd. 64).

I ®

Fig. 64: Gas phase reaction of CMSTC with brominevapor
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Fig. 65: Bromination of fluorescein moieties with gaseous bromine
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4.4 VaporSensitive Bragg Mirrors and
Optical Isotherms from Mesoporous

Nanoparticle Suspensions
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Introduction

Bragg reflectors are multilayer structures composed of alternating layers of two
dielectric materials with different refractive indices).(The optical properties of a
Bragg mirror are dependewnin the thickness and refractive index of the individual

|l ayer s. For ideal reflectors, al |l | ayers e
increases with the number of layer pairs and the contrast of the refractive indices of the
low and high r&acting materials. For the preparation of good Bragg mirrors, the
individual films have to be homogeneous with smooth surfaces and reproducible
thickness. Thus, they were often produced by vapor deposition techniques. But it is also
possible to assembla&yg stacks using spior dip-coating.

Bragg reflectors are also widespread in nature, e.g., in butterfly wings or iridescent
elytra of beetles, where chitin layers are alternated with different refractive index layers
in order to control the apparentlaoin a wide variety of animaf® In the laboratory,

these special thin films can be prepared, for example, by alternation of low refractive
SiO, with high refractive TiQ films. Regarding porous thin films, the expected change

of the interference color upon adsorption or desorption of a volatile species suggests a
novel concept for chemical sensingdeed, his sensing effect of porous films has
already been studied in\aal publication$**¥ also in combination with the Bragg
stacks#

The preparation of sensing Bragg mirrors faces several challenges. In order to realize
high quality Bragg mirrors, the individual layers have to be Yerypogeneousdefects

or a high surface roughness in the films would pggte and amplify with each
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additional layer. For a high brilliance of the Bragg stack, the thickness of the layer has
to be constant across the substrate surface. If the stack is to be built from nanopatrticle
layers, there will be boundary conditions dmetoptimal size distribution of the
individual particles, i.ethe smaller the nanopatrticles are, the smoother the film. Porous
thin films by their nature have a relatively low refractive index, but for intensive colors,
the contrast needs to be high. Bensing applications, one needs two porous layers to
guarantee good pore accessibility normal to the surface of the film. Porowss S0
material with a very low refractive index. In Chapte2, &ynthesis procedures for the
preparation of colloidal spensions of functionalized mesoporous silica nanoparticles
with a very small particle sizevere discussed. These colloidal suspensions are ideal
candidates for the production of highly pordusmogeneoughin films with a low
refractive index. For the higtefractive index layer, nanoparticulate colloidal titania is a
suitable material. The preparation of thin films with porous nanoparticles can have some
advantages over the common EISA approach for mesoporous films and the growth of
zeolite films on subsates, respectively: a) It is anticipated that the porous thin films
made of randomly oriented (porous) nanoparticles exhibit improved diffusion properties
and a highly accessible pore systéthb) It is possible to prepasgable suspensions of
already extracted and characterized nanoparticles, thus assuring good reproducibility
and weltcharacterized sorption properties. ¢) The film thickness can be controlled over
a wide range by varying the particle concentration or thaber of coating steps. d)

The coating of sensitive substrates is facilitated due to the mild processing conditions.

For examplejntricate or hightemperature template removal procedures between the
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coating steps are not required. e) The-tastted layes are located only on top of the
layer structurei no soluble precursor constituents may percolate into the already
deposited underlying layer structure. Such Bragg mirrors have numerous potential
applications, in sensing devices, wavelergglective tunble optical filters in a broad

spectral range, and reflective coatings.

Experimental

The colloidal suspensions of low refractive index material (688, porous Si®
nanoparticlesi see Chaptet.3) and high refractive index material (CM[ TiO,
nanopaticles i see Chapte.2) were used for the preparation of thin films. The
homogeneous colloidal suspensions contained between 2 ant% solid
nanoparticulate material. In order to remove potential inhomogeneities, the coating
suspensions were filteradirough 0.2 m syringe filters prior
films were deposited on polished silicon wafers or glass plates bysaimg using a

Laurell WS400B-6NPRLite-AS. All substrates were pi@eaned with ethamdor 5s

under spinning at@O0rpm. The film thickness was adjusted by diluting the colloidal
suspensions with absolute ethanol, by variatbthe spinning rate between 3000 and
5000 rpm, or by multi step coatings, respectively. After each deposition, the film was
annealed for 18. in a flow of hot air (heat gun, 300°C) and cooled to room
temperature before measurements were performed and the next layer was added. SEM
micrographs were recorded with a JEOL JSBOOF scanning electron microscope

(SEM) equipped with an Oxford EDX analg system Ellipsometry measurements
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were performed with a Woollam M2000D at an angle of b the spectral range of
1907 1000nm. The data was fitted in the range betweeni35000nm using the
Cauchy material as model layeFransmittance and reflance measurements were
recorded with the same ellipsometer gsimpolarized light at45°, 75° or 90°,
depending on the sample and the experimental sktugrder to record the shift of the
transmitted (angle: 99 wavelength due to vapor sorptiohetfilms were placed into
quartz cuvettes with gas-irand outlet. The recording of isotherrfet 22 °C)was
performed using a homemade Labwvieantrolled gas mixer. Digital mass flow
controllers (W101A-110-P, F201C, Bronkhorst HigiTech) ensured the asate
dosing of the carrier gas nitrogen and the liquid analyte, which was vaporized in a
controlled evaporation and mixing element-0M1A, Bronkhorst HighTech). Partial
pressuregp) were calculated using the van der Waals equafibe. relative pressar

p po relates to the saturation presspse

Results and Discussion

The colloidal suspensions of CM36 and CMT6 were used for the stepwise
deposition of multilayer thin films on silicon wafers in order to examine the thickness,
optical properties ahhomogeneity of the resulting stacfgample BSL). After each
coating step, the sample was analyzed with ellipsometry. Once the data was fitted, these
layers were not changed in the following data acquisitisiter the last layer was
deposited, theinrestrictedfitting of all previous layers did only slightly improve the

guality of the fit. Thisindicates,that the previous films are not changing significantly

139



RESULTS ANDDISCUSSION 4.4

upon heating and further depositiofhe final homogeneoudilm (BS-1) appeared
golden. Fig. 66 shows the ellipsometric data for a multilayer stack of 4 thin films
consisting of functionalized mesoporous silica nanoparticles. The layers are intercalated

with mesoporous thin films of titania nanoparticles.

experimental data
model fit

¥ [°]
g

300 400 500 600 700 800 900 1000
wavelength [nm]

Fig. 66. Experimetal ellipsometrydata and model fit for a multilayer thin film (B§

at 75 ° in nitrogen atmosphere

The data for the theoretical model stack exactly fits the experimental data. The thickness
of the individual layers is reproducible and varies only irmaaw range (e.g. 13am
+/- 8 nm in the case of CM886). This ensures a narrow bandwidth in reflection and

transmission, respectivelyable6 shows the composition of the multilayer stack
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Table6: Layer hicknesses of the sample BSletermined with ellipsometry

number of layer layer describtion thickness

8 Cauchy 1 127 nm
7 Cauchy 2 74 nm
6 Cauchy 1 129 nm
5 Cauchy 2 76 nm
4 Cauchy 1 135 nm
3 Cauchy 2 73 nm
2 Cauchy 1 143 nm
1 silicon dioxide 2nm

0 silicon 1 mm

In the model stack shown above, the functionalized porous silica as well as the porous
titania layers are fitted using@auchy dispersion model for dielectric materi@lauchy

1 represents the silica material, and Cauchy 2 stands for the titania Daeerto
inherent porosity of both materials, the fitted refractive indices are significantly lower
than for the bulk material$\§ = 1.27 and 1.2 compared to 1.46 for glass and 2.49 for
anatase)The Bragg stack structure derived from the ellipsometric Wat confirmed

with scanning electron microscopyig. 67 shows sideview micrographs of the Bragg
stackBS-1. The dark layer represents the Si@yers, which are intercalated by light
TiO, layers Thus, the depth profile obtained with ellipsometry is in good accordance

with the SEM investigations

141



RESULTS ANDDISCUSSION 4.4

by
&
c
o
S
3}
©
&=
[
2
P
°
x
[}
°
=

0 200 400 5 800
distancé from iubs’trate in *fn
B 5 A

Fig. 67: SEM pictures (side view) and a depth profédipsometry of the multilayer
stack BS1

When exposed to an atmosphere of toluglnse to saturatio(p py* = 0.86), the ©lor

of the Bragg mirror immediately changes from yellow to red, because the optical
thickness of the individual layers increases due to adsorptitriugieinto the pores.

This change of the optical properties can be also obsenibeé ireflectance spaa of

BS-1 at an angle of 75° in a flow of dry nitrogen (solid line) and of tolesmehed

nitrogen (dotted line) ifrig. 68.
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Fig. 68 Rdlectance spectra (79 of BS-1 in dry nitrogen (solid line) and in toluene

containingnitrogen p po* = 0.86,dashedine)

Spectroscopic ellipsometrallows correlatingthe pore filling to theincreaseof the
refractive index of the individual layerkig. 69 shows the pronounced change due to
sorption of toluene. The exchange of the gaseous nitrogen by liquid toluene inside the

porous multilayer stack significantimfluences the refractive index of the individual

films.
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Fig. 69: Experimental ellipsometry data of BISin nitrogen (solid line) antbluene

atmospherép po™* = 0.86,dashed line)

Fitting of the new experimental data is achievdy simply increasing the refractive
index of the layerst constant film thicknes§ hus, he np valuesfor the silica layer
increass from 1.2 to 1.48, andthe one of the titania layer from 2.70 193. Fig. 70
shows the experimental data and the model fit 6flB& gaseousoluenewith modified

optical properties. The good correlaticonfirmsthe theory of filled pores:
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704 = experimental data
model fit
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Fig. 70: Experimental ellipsometry data and model fit for samplelBStoluene

atmospherép po™* = 0.86,dashed line)

The total porositys calculated withellipsometricporosimetryusing theLorentzLorenz
equation It is based on the Clausiyossotti equatn, which describes the relation
between the macroscopic measurable relative dielectric constant and the electric
pol ar i z Bhb @dorptonyof alyolatile speciem the film changests refractive

index When the refractive index of the filled aathpty porous substrate is known, one
can determine the porosity of the material without knowing the refractive index of the

dense materiallhe values arésted inTable7:
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Table7: Porosity of the layers iBS-1 determined witlellipsometricporosimetry

layer describtion Np Np Np porosity
in dry nitrogen in toluene vapor toluene (%)

Cauchy Ztitania) 1.718 1.925 1.496 27.7

Cauchy I(silica) 1.266 1.476 1.496 39.3

Knowing the optical properties of the materials, one can predict the optical properties of
Bragg reflectors with different thicknesses for wavelersgilective coatings. The
optical thickness (OT) of the layers is adjusted to one fourth of the desiretengthe

(OT =a4). Depending on the refractive index of the material, the physical thickness of
the film is calculated (OH). If the Bragg mirror is supposed to reflect the green part of
the light (500- 550nm), the optical thickness of the layers should be abouhdB8Mn

order to observe a color change depending mainly on the low refractive and modifiable
SiO.-layer, the titaia-layer was chosen thin enough to realize an optical thickness (OT)
outside the visible part of the light (GT100nm), even in the filled state dfractive
indexof the toluene filled layer at 35m: 1.93. Table8 shows the desired and realized
optical properties of the prepared individual layers of a green reflecting Bragg Stack

(BS-2):
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Table8: Desired and actuahyer thicknessesnd oppical propertieof the sampldS-2:

modified silica titania

reflected color green uv
selected wavelength range 500550 nm <350 nm
optical thickness ~ 130 nm <90nm
refractive index of filled layer (325 nm - 1.93
refractive index (85 nm) 1.28 -
theoretical film thickness ~ 100 nm <47 nm
realized film thickness 102 nm 40 nm

Therefore, the concentration of the colloidal suspensions and the spinning rate of the
spincoater were adjusted in order to realize the preparation of thin filmgheithbove
shownthickness for reflecting green light. Single layers of the films were deposited on
silicon wafers in order to examine the thickness, before the preparatiomstéick was
performed oraglass plateFig. 71 shows the color of the transmitted and reflected light

of the Bragg stack B@. The coated transparent glass plate (perpendicular) is
illuminated from the right side with sunlight at an angle al@&ft The transmitted and
reflected light falling onto the table is complementary. Due to the illumination angle,

the Iight is shifted tao shorter wavelengths
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Fig. 71 Sample B reflecting and transmitting sunligh

The desired theoretical reflected wavelength of the Bragg mirror (maximh@b rm)
was confirmed with transmission measuremelrig,. 72 shows the transmittance

spectrum at an angle of 90of sample B&. The transmittance minimum is at 520.

empty glass

transmittance

400 600 800
wavelength [nm]

Fig. 72 Transmittance spectrum of BSat an incident angle 90
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The coated glass cover plate was placed in a quartz cuviditggas in and outletin
order to follow the change in the reflectance and transmittaalmes of the Bragg
reflector after adsorption of gaseous toludfig. 73 shows the sample in dry nitrogen
atmospherdabove)and in an atmosphere of tolue(ep,® = 086) illuminated with

sunlight at an angle of about 45

Fig. 73 Wavelength shift due to adsorption of toluene in sampl Bsanples in a

quartz cuvette illuminated with sunlight at 95

The adsorption of toluene increases the optical thickness of the adsorbing layer and thus
drastically changes the reflected as well as the transmitted wavelength. This change can
be clearly seenni the transmission spectruat 45° (Fig. 74). The transmission
minimum (reflection maximumxharges from about 510m ([lue) to 590hm (yellow).

This change happemgthin secondsvhen the film is exposed to the gaseous adsorbate.
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Fig. 74: Wavelength shift of transmitted light at an incident angle of 45 ° due to
adsorption of toluene in sample BS

Recording the transmission spectrum {P@t different partial pressures of toluene
resulted in the isotherm shown kg. 75. The curve resembles a type IV isotherm,
typical for mesoporous material8fter a relatively steep increase, it passes nearly a
plateau at a relative pressuw&about 053 before theslope increases again at about
0.70. The capillary condensation of the mesoporous film occurs at a higher relative

pressure.
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Fig. 75 Wavelength shift of transmitted light BS-2 at differentrelativepressures of

toluene (9C incident angle)

Conclusion

Wavelength specifi@®ragg mirrors could be produced by a simple and reproducible

spincoating approachThese Bragg reflectors show a sensitivity towards specific

relative pressures of organic vapergh adoluene.The existence of various colloidal

suspensions of porous nanoparticles opens a wide field of possible functional Bragg

mirrors. The functionakation and thus the sorption propertisgy be varied by

introduction of different organic groups offering different interactions with the

adsorptives (or analytes) of intereshe sensitive layer can also be replaced by other

low-refractive index mateais such as zeolites. The thickness of the individual layers

can be tuned in order to obtain reflectance or transmittance minima or maxima at a

desired wavelength, even in the UV or IR region, or a combination of different

wavelengths.
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Colloidal suspensions of various kinds of discrete porous nanoparticles could be
synthesized and additionally functionalized with a multitude of organic groups.

Due to the versatile functionalization of porous silica nanopatrticles, the materials have a
high potential in many applications, e.g., as artificial viruses. The pathway of a
fluorescently labeled particle into a cell could be observed with confocal ogys

Due to the very small particle size, the colloidal suspensions are completely transparent
to the visible part of the light. Thus, the material can be used, e.g., as host material in
spectroscopic investigations. Additionally, liquid NMiRudies argpossible due to the

fast rotation of such small objects in typical solvents. The transparency is also
advantageous for the encapsulation of dyes or other materials which may allow one to
disperse otherwise insoluble substances in all kinds of matricemnbination with
sensitive caps, the controlled release of drugs or other substances, e.g., of initiators in
polymers, constitute interesting topics for further research.

Homogeneous colloidal suspensions of very small nanopatrticles are of speciat interes
for the production of thin films by spicoating on electronic semiconductor devices and

for optical coatings. The thin films show very low refractive indices around 1.2 in the
case of zeolites and functionalized mesoporous silica nanoparticles, nesdgecti

The usage of porous nanoparticles has numerous advantages (see introduction in
Chapter 4.3). Porous titanium dioxide (thin) films may be interesting for the
development of dysensitized solar cells. Thorough characterization and optimization
of the porosity can help to improve the loading with a dye or the permeation with the

electrolyte.
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The ability, e.g., of thiefunctionalized mesoporous silica to adsorb high amounts of
heavy metal ions could be further investigated in thin films. Their pressmmad
influence the optical properties of the thin films.

Finally, the preparation of chemically sensitive Bragg mirrors using zeolites or other
porous metal oxides is also very promising. Due to the usage of nanoparticles, the
refractive index of the thifilms can be easily adjusted by simply combining colloidal
suspensions of different materials. Thus, the color change due to adsorption can be

controlled in many respects.
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6.1 Functionalized Mesoporous Silica

Nanoparticles as Host System for the

Synthesis of CdS Quantum Dots

Introduction

Mesoporous materials like MCM1 can act as molds for the synthesis of structures by
inclusion chemistry in otherwise hardly accessible dinogrss Depending on the pore
system, the size and shape of the embedded structures can be controlled in a certain
range. In the past, many different nanoclusters such a8?°G&e04? or
semiconducting GaA¥” have been synthesized within the channels. The main
interesting features of semiconductor nanocrystals or quantum dots (QD) derive from
their atomlike electronic structure. His atomlike electronic structure is a result of the
confinement of the electrons in all three spatial directions when very small-sizes
typically between 2 and 1fim - are realized. In contrast to atoms, the energy spectrum
of a quantum dot can be engared by controlling the geometrical size, shape, and the
strength of the confinement potential. Quantum dots show unique properties concerning
their interaction with light. Their high quantum yield and the possibility to tune the size
and thus the spectru of quantum dots is advantageous for many applications.

However, it is sometimes difficult to benefit from these features, because QDs are
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difficult to handle. Depending on the desired application, the QDs have to be
functionalized with specific shell metules, for example, for in vivo optical
imaging!*?® or they have to be embedded in specific matrix materials when used with
high opttal efficiency**%!

A striking example for a possible application of QDs is the utilizatioa so called
Gratzel or electrochemical solar cell (ECS} Until now, commercially available
systems of that new kind of solar cell use Fiystals in combination with dyes in
order to convert photts into excitons (electrenole pairs) and realize charge
separation. Quantwmiot sensitized mesoporous TiOfeatures several advantages
compared to the standard electrochemical solar cell, like a better optical tenability and
stability™ Common IFVI semiconductor nanoclusters include cadmium
chalcogenides, e.g., cadmium sulfide or telluride. The emission wavelength depends on
the diameter of the dot§? The desired size range coincides with the typical pore size

of the MCM4l-like mesoporous silica materials. The typical synthesis of
semiconductor nanoclusters in the channels of mesoporous materials has been shown
following surface modificadn of the material&¥ After functionalization, e.g., with

thiol groups, a dissolved cadmiwsalt is absorbed. The resulting sample can be reacted
with a chalcogenide source, e.ga3Hgas, forming nanometer sized quantum dots or
wires inside the pores. As discussed before, the functionalized silica materials can also
be synthesized as nanopasl These colloidal silica particles are of great interest for
several optical and biological applications. The combination with a bated

synthesis of cadmium chalcogenide nanocrystals promises large cost advantages
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compared to commonly synthesizedagtum dots with organic stabilizing ageHté!
Here we describe the attempt to prepare CdS quadtisninside the pores of

mesoporous silica nanoparticles retaining the colloidal nature of the suspensions.

Experimental
All chemicals were reagent grade @Bor higher) purchased from Sigmddrich and
used without further purification. The water was deionized. The synthesis was carried

out in open polypropylene (PP) bottles.

MS-1 host

The synthesis of M3 followed a mthod published by Grin et & 2.4g
cetyltrimethylammonium bromide (CTAB, 6rmBmol) were dissolved in 12l
deionized water in a 2561 PRbottle. 9.5 of ammonia solution (2%, 140mmol
NH3), and 10ml EtOH were added and the solution was stirred fomikQ After the
addition of 10g tetraethoxysilane (TEOS, #8mol) a white precipate was formed and
the suspension was stirred foh1The product was recovered by filtration and washed

with water and EtOH.

MS-SH host
Thiol-functionalized mesoporous silica was synthesized similarly in@ndensation
process: 2.4 cetyltrimethyammonium bromide (CTAB, 6.&mol) were dissolved in

120ml deionized water in a 2501 PPRbottle. 9.5 of ammonia solution (25%,
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140mmol NHs) and 10ml EtOH were added and the solution was stirred fomir0
After the addition of a mixture of 8¢ tetmethylorthosilicate (TEOS, 4timol) and
1.63g mercaptopropyltrimethoxysilane (MPTMS, 8&Bnol) a white precipitate was
formed and the suspension was stirred for The product was recovered by filtration

and washed with water and EtOH.

Extraction of tenplate from the bulk mesoporous hosts

For extraction of the template, the product was suspended imR&Dan ethanolic
solution of ammonium nitrate (2PI™"). The mixture was refluxed under vigorous
stirring for 1h and then filtrated. The procedure sveepeated with 25@ of an
ethanolic solution of concentrated hydrochloric acigj (3). The white filter cake was

washed with ethanol and dried at @D

CMS-SH host

Colloidal mesoporous silica with thiol groups was synthesized following a published
procedurd®® 143g (960mmol) triethanolamine (TEAH) and a mixture of 2218
(100mmol) TEOS plus 3.&n1 MPTMS (2 mmol) were combined in a 5001 PR
bottle with lid. The twephase mixture was heated in an oil bath at®G@or 20min
without stirring. Immediately after taking the mixture out of the oil bath, 267 an
agueous solution (2\t %) of CTAC which hadeen heated to 6@ was added and

the final mixture was stirred for at leashat 23°C.
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Extraction of template from the colloidal mesoporous host

Extraction of template was performed by adding 26®f ethanol to the translucent,
colloidal agueoususpension of the mesoporous material. The resulting precipitate was
centrifuged for 10min at 40.00Qy (RCF). After decanting, the sediment was
redispersed through vigorous stirring in 250 ml of an ethanolic solution of ammonium
nitrate (20g ™) and the refluxed for 1h. This procedure was repeated with a B8®f

a solution of concentrated hydrochloric acid in ethandglI(5. After washing with pure
ethanol, the transparent gelatinous cake obtained after centrifugation could be

redispersed in ethah leading to a colloidal suspension of the extracted product.

CMS-SO3H host

The oxidation of the thiol groups in CM&H to sulfonic acid was performed with
concentrated hydrogen peroxide (&3 before template extraction. Hydrogen peroxide
(120ml) wasadded to 2.9 (calculated dry weight) of the wet sample G&¥8 and
stirred for 24h at room temperature. After oxidation, the sample was washed first in
HCl-ethanol and subsequently in pure ethanol (EBCBHEtOH) or water (CMS

SO3Hwater), respectively.

Incubation with Cdll)
The amount of 1@nl of a 0.1M solution of Cd(NQ), in ethanol or water, respectively,
were added to 8 of mesoporous silica host (dry weight or calculated dry weight in the

case of colloidal suspensions) and stirred fdr. Z’he product was recovered by
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filtration or centrifugation and washed with ethanol or watgr gampleCd-EtOH,

sampleCd-water).

Reaction with hydrogen sulfide

The ethanolic or aqueous suspensions of the corresponding products obtained after the
incubation wih Cd(ll) were treated with gaseous hydrogen sulfide as follows:

FeS was slowly dissolved withN hydrogen chloride and the developingSHwas
bubbled through the suspensions in a flow of nitrogen using the apparatus shogn in

76. Excessive b5 was eliminated in two washing Het containing concentrated

aqueous NaOH or @ aqueous Cu(Ng), (A sampleCdS).

NG
NG

FeS silicate
suspension [, w o
losge

Fig. 76: Setup forthe reaction with hydrogen sulfide

Alternatively, dry powder of the Cd(Hjontaining mesoporous silica was exposed to

dry H,S atmosphere by connecting a Ca€lumn before the reaction vessel.
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Characterization

Dynamic light scattering (DLS) data werelleoted with an ALVNIBS/HPPS High
Performance Particle Sizer in PMMA cuvettes at°@5 Raman spectroscopy was
performed with a H&Ne laser (633im) on a LabRAM HR UWis (HORIBA Jobin
Yvon) Raman Microscope (Olympus BX41) equipped with a Symphony CCGigtaet
system. The spectra were baseloerected. For thermogravimetric analysis (TGA)
10mg of dry powder were heated in corundum crucibles from 30 to°@00
(10°C min™) in a flow of synthetic air (251 min™) using a Netzsch STA 449 C Jupiter
thermdbalance. Xray diffraction pattern were recorded on a Scintag Inc. XDS 2000 in
thetatheta geometry (CKy; o=1. 5&K0,6 g1 .Cudd4 ).
Transmission electron microscopy (TEM) was carried out on JEOL JEM 2011
instrument with LaB6 cathode at 2RU. Samples were prepared on a Plano holey
carbon coated copper grid by evaporating one droplet of diluted ethanolic suspension of
the extracted material. The nitrogen sorption isotherm&jA¥ere obtained using a
Quantachrome NOVA 4000e Surface Area & PorgeSAnalyzer. Surface area
calculations were made using the BrunaiemettTeller (BET) equation in the range
from ppo*=0.05-0.25. Poresize distributions were determined using the DFT
method (NLDFT equilibrium model, cylindrical pores; dh oxygen) The pore volume

was determined for mesand micropores gipy* < 0.8.
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Results and Discussion

Fig. 77 shows the XRD patterns for the prepareckksadmples with (a) and without (b)
mercaptopropyl groups. After template extraction the peaks become more pronounced.
The typical reflection peak for such mesoporous materials can be observed at about 2
(2d) for the pure siliceous material (M and 2.3 for the functionalized one (MS

SH). In the sample with thiol groups, the reflections are less intense and shifted to
higher values. This can be explained with the smaller pore size in combination with a
higher degree of disorder in the functionalized terials synthesized via €0

condensation.

—— MS-1 extracted —— MS-SH e>.<tracted
—— MS-1 with template —— MS-SH with template

Fig. 77. XRD powder pattern of pure siliceous and functionalized mesoporous bulk

material after drying and extracting

These two observations are naturally more pronounced when lookiing powder of
functionalized mesoporous nanoparticl€sg( 78). Characterization of the colloidal

suspensions of mercaptopropyl functionalized narimpes is described in Chapté2.
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—— CMS-SH extracted
—— CMS-SH with template

Fig. 78: XRD powder pattern of colloidal functionalized mesoporous silica (CSW$

after drying and extraction

Sorption measurement&ig. 79) confirmed the successful extraction of the template

and the availability of highly porous materials.
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Fig. 79: N sorption isotherm of extracted MIS
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Incubation with Cd(ll)

Evaluation of theltermogravimetric analysis data resulted in an estimated weight loss
of 190mg mercaptopropyl residues per gram for-8BI8 as well as for CM&H. Using

the molar weight of 7§mol* for these mercaptopropyesidues, resulted in a
calculated concentration of 20dmol thiol per g material (ignoring residual template).
The more conclusive elemental analysis showed a sulfur conten®oofnéweight.
Using the molar weight of sulfur (32 mol?) results in a concentration of 1.8%nol

thiol per g silica. Based on an average value win®ol g* and the assumption that one
Cd?* ion coordinates to two thiolates, the maximum of adsorbed cadmium ions should
not exceed nmol per g functionatied silica. The usage of a great excessifol g™)

in the treatment with Cd(ll) should ensure the coordination of every accessible thiol
group.

TGA measurements after incubation and washing showed a successful loading with the
heavy metal ions. The rela¢ weight loss in percent caused by the decomposition of

the organic residues is lower in the material loaded with (Fil. 80)
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-254
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Fig. 80: TGA data of extracted MSH before and after loading with Cd(II)

A further indication for a successful coordination to the thiol groups is the decrease of
the pHvalue, when the cadmium salt is added to the suspensions of extract8tl.MS
The Cd**-ions replace the protons when coordinating to theg8Hips, resulting in a
higher acidity. Fig. 81 shows that the phalue of the suspension §3.decreases

significantly to 2.4 after addition of the aqueous cadmium salt solutior GHB).

5.6
35
e] o 24
£ § B
) z 5
%) —

Fig. 81: Increase of the acidity caused by the coordination &f @dVS-SH
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Deprotonation of the Sigroups can also be observedRaman measurementsg. 82
shows the spectra before and after insertion of cadmium ions in -BMEBMThe
characteristic $1-stretching at 2580m’ ‘lost most of its intensity after the adsorption

of cadmium ions.

500 1000 1500 2000 2500 3000 3500 4000

Fig. 82 Raman spectra of MSH before and after incubation with €ibns

Oxidation of CMSSH

After the first adsorption experiments with cadmium salts in colloidal suspensions of
thiol-functionalized mesoporous silica, it emerged thatparticles tend to agglomerate
irreversibly.

The selective oxidation of the external -§kbups into sulfonic acid groupsSO;H)

was believed to solve the aggregation problem. This modification should have been

achieved with hydrogen peroxide in comhioa with templatefilled material. The
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conversion of thiol groups in mesoporous silica nanopatrticles into sulfonic acid with
hydrogen peroxide is provét!

Apparently, the strength of the,8&, and the reaction time were sufficient to oxidize all
thiol groupsi also those inside the pore system. Probably, the organic template is
decomposed>® while the functional head of the organic residue is only converted into
sulfonic aid. The completeness of the thiol oxidation can be observed in Raman
spectra. Before the reaction with hydrogen peroxide, the typical signals of the thiol
groups appear at 258" and 65cm™. These peaks completely disappear after the
treatment with HO, and instead a new one occurs at 1650 (sulfonate stretching).

The signals for the aliphatic propyl groups around 2980 are retainedFig. 83).

— CMS-SO3H
— CMS-SH

intensity

500 1000 1500 2000 2500 3000 3500 4000

wavenumber [cm™]

Fig. 83 Ramanspectra before and after oxidation of CI88 with hydrogen peroxide.

The coagulation of the particles after Cd@glt addition could be avoided byidation
of the thiol groups. The suspensions showed the same particle size distribution after

incubation with cadmium salts.
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In order to further verify the effective coordination of heavy metal ions to the functional
groups, equivalent amounts of the wadm salt are introduced to the aqueous or
ethanolic suspensions of:

pure siliceous bulk material (M&Cd)

functionalized bulk material (MSH-Cd)

colloidal suspensions of functionalized material (CBIS-Cd)

colloidal suspensions of oxidized functionatizmaterial (CMSSO3HCd)

After washing the material, the cadmium content was investigated with elemental
analysis. As seen iRig. 84, the amount of iocorporated cadmium found in the thiol
functionalized materials is significantly higher compared to the pure silica. The amount
additionally depends on the solvent. The remaining amount is higher when the loading
and washing is performed with ethanol. Cwmld suspensions and suspension
containing bulk material adsorb comparable amounts. Interestingly, the suspension
containing the nanoparticles with sulfonic acid groups also adsorbs a considerable

amount of heavy metal ionsand the colloidal particles dwt coagulate.
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| Ms-1-Cd water
j MS-1-Cd EtOH

MS-SH-Cd water
CMS-SH-Cd water

MS-SH-Cd EtOH|
CMS-SH-Cd EtOH|
CMS-SO3H-Cd EtOH

Fig. 84: Amount of Cd" in the different suspensions found with elemental analysis

Reaction with hydrogen sulfide

After the successful loading of the cadmium ions into the mesoporous hosts, the
materials were expesl to gaseous hydrogen sulfide. The aqueous as well as the
ethanolic suspensions immediately turned yellow upon bubbling with @nly if the

CdS is present as bulk materialor at least not as quantum dotst shows its
characteristic bright yellow cot. The expected nanopatrticles inside the pore system
should be colorless and fluorescent under-ittadiation. Fig. 85 shows an image of
CMS-SO3HCdS with the typical yellow color of bulk cadmium sulfide. The colloidal

nature of the suspension with an average particle diameter ol /preserved.

170



APPENDIX 6.1

intensity

1 10 100 1000 10000
diameter [nm]

Fig. 85: Image and DLS data of CMSO3HCdS in ethanol after loading with €dand

reaction with HS

Probably, the initially formed Cd8lusters are very mobile in water or ethanol and tend

to leave the pore system in order to creatgda particles on the surface of the
mesoporous hosts or in solution. Even the supposedly dry powdeSM]) in H,S
atmosphere showed this yellow color after a few seconds. Presumably, the moisture
present with the development of hydrogen sulfide ibleroatic because it enhances the
mobility of the sulfide species involved.. Therefore, th&S Hvas dried in a Cagl
column before it was reacted with the completely dry materialt @4SCd). No change
in color could be observed under these conditions. Heweafter addition of water the

white powder instantly turned yellowrigy. 86). This observation supports the proposed

high mobility of initially formed CdS species.
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Fig. 86: MS-SH-Cd after exposure to dry,8 (A) and after addition of water (B)

Powder Xray diffraction
Fig. 87 shows the XRD pattern of CMSO3HCdS in combination with the expected
diffraction pattern of bulk CdS material. The peaks are significantly broadened,

indicating the existence of small craBites.

—— CMS-SH-CdS

", , ” —

20 30 40 50 60 70
2qg[degrees]

Fig. 87: Powder diffraction pattern of CMSO3HCdS
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Applying the Scherrer equation allows approximating the average patrticle size. For this
purpose, the full width at half maximum (FWHM) of a peak at a certain and)as(2
determined. Here, the instrumental broadening is neglected and the value of 0.94 was

chosen for the Scherrer constant K.

K9
FWHM (@osg

In combination with the wavelength of the ®g r a di a t=0.164nm)(aad a
FWHM of 0.014 (radian measure) atf 244° or d=22°, respectively, an average
particle diameteD of approximately 17hhm can be calculated. Thus, the particles are
much too big to fit into the Bm pores.
TEM-micrographs of the same sample show the monodisperse spherical particles with a
starshaped pa system. As expected from XRD measurements, there is no evidence for
the existence of CdS particles inside the pores. Instead, a few dense particles in the

dimensions of about 18m can be found beside the porous silica parti¢tes 88).
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Fig. 88: TEM-micrographs of CMSO3HCdS

As mentioned above, the colloidal suspension had a bright yellow color. Interestingly,
this coloation became less intense with time and nearly disappeared after 10 days. The

suspension showed a pink fluorescence undeirtiMiation fig. 89).

Fig. 89: CMS-SO3HCdS after 10 days (left) shows fluorescence undeilight (right)
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Presumably, the initially 1hm-sized CdS particles slowly dissolved and penarily
had the appropriate size to show fluorescence. The undefined pink fluorescence may
derive from a rather diversified size distribution of the CdS clusters. Two days later the

fluorescence disappeared.

Conclusion

The aim of the project was to udeetexistent colloidal suspensions of functionalized
mesoporous silica nanopatrticles as host system for the synthesis of CdS quantum dots.
It was possible to load these porous particles with a high amount of heavy metal ions
preserving the colloidal statédowever, when introducing the hydrogen sulfide, it
appears that the initially formed CdS species inside the pores are very mobile, and that
they can easily leave the pore system to form larger clusters at the outer surface of the
mesoporous particles or the solvent. They are not stabilized in the confined space as
desired. It is imaginable that the synthesis could be successful with other solvents or

reagents
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6.2 Colloidal Suspensions of T1O0
Nanoparticles for the Preparation of

Porous Thin Films

Introduction

Titania exists in a number of crystalline forms, of which the most important are anatase
and rutile. It is inert, does hardly react with other materials, and is thermally siaisle,
flammable, and notoxic. TiO, is the most widely used white pigment because of its
brightness and very high refractive index=2.4). As effective opacifier in powder
form, it is employed as a pigment to provide whiteness and opacity to prodetigssu
glass and porcelain enamels, cosmetics, sunscreens, paper, paints, and foods.
Titanium dioxide, particularly in the anatase form, is a photocatalyst under ultraviolet
light. The strong oxidative potential of the positive holes oxidizes water tdecrea
hydroxyl radicals, and the holes can also oxidize organic materials directly. Titanium
dioxide is thus added to paints, cements or directly coated as protective thin film onto
the desired surface. When deposited as a thin film, its high refractive mdkes
titania an excellent reflective optical coating for dielectric mirrors. A further important
application is the utilization as semiconducting layer in-siyesitized solar cells

(DSSC)Y In these secalled Gratzel cells, nanoparticulate layers or homogeneous
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mesoporous films can potentially offer great improvements. Their high surface areas
allow a high loading with dye. For an efficient operation, the titania layer should have a
highly accessile pore system. Thus, it is important to obtain the material as discrete
nanoparticles in colloidal suspensions. The synthesis of titanium dioxide paatitties
nanometer scale can be achieved by several methods, such as pyrolysigeir sol
chemistry*®”!

In the last years, several studies on the synthesis of mesoporous titania, which should
exhibit a higher specific surface area than the nanopatrticles, wdighpdb Most of the
experiments are based on the synthesis of mesoporous silica, for example, the synthesis
procedure described by Amolt8 which uses a complexing agent in order to retard

the hydrolysis of the titaniumalkoxid®ue to fundamental differences in hydrolysis

and condensation behavior as well as template interacitioturned out that the
principles used for the synthesis and extraction of mesoporous silica cannot be adopted
easily. The main difficulty is the removal of the template either by extraction or
calcination. In the latter case, collapsing of the poreesystue to the formation of large
crystalline domains is one reason.

The preparation of mesoporous titanium dioxide in nanoparticulate form is also
frequently claimed®* %% For the preparation of thin films via spiwating, the
existence of discrete mesoporous particles im@mogeneougolloidal suspesion is
necessary, but the focus of the research is often on othectives, like a high

crystallinity or stability:"*% *44
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The preparation of mesoporous titania in the form of thin films with the EISA agipro

is welkinvestigated®” This recipe was also adopted for the synthesis of bulk material,
by slowly evaporating the solvefit> *°! Although the synthesis ofiomogeneous
mesoporous Tithin films following the EISAapproach is practical, the formation
from nanoparticles might badvantageous in some respects. As already mentioned in
Chapter 43, it is believed that such films might exhibit improved diffusionial access.
Additionally one can work with a stable suspension of already extracted and
characterized nanopatrticles, thusweimgy good reproducibility. The coating of sensitive
substrates is facilitated due to the mild conditions and the thickness can be easily
controlled by varying the concentration or by multiple step coating. As a further
treatment such as extraction or @aétion is no longer necessary, sensitive substances,
e.g., dyes, can already be added to the coating suspensiodisg an appropriate
titania precursor is the first challenge in titania-gel chemistry, as the hydrolysis of
the titanium precursors igypically much faster than that of the silica analogues.
Common  precursors are titanium  alkoxides and complexes, e.g.,
titanium(lV)bis(acetylacetonate)diisopropoxide  or titanium(IV)(triethanolaminato)
isopropoxide.The aim of this work was the preparatiohhomogeneous porous thin

films from TiO, nanopatrticles by a facile and reproducible smating approach.
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Experimental

CMT-1/CMT-1A

The amount of 2.44 hexadecyltrimethylammonium bromide (CTAB, @&mol) and
6.33g titanium(IV) (triethanolaminatasopropoxide (TiTEAIOPr, 8% in isopropanol,
20mmol) were combined at room temperature and mixed witml6@ater under
stirring. Precursor and template were completely dissolved and stirred faugs! at
room temperature. The initially clear solutistarted to become opalescent after about
2 hours. One half of the final colloidal suspension was centrifuged and the sediment was
washed 3 times and then redispersed in water (@MThe other half was autoclaved
at 100°C for 24 hours and then washeddaredispersed (CMLA). Parts of the
material were calcined (CMI-c, CMT-1A-c) at 350°C for 3h (1K min™) or

extracted (CMT1l-e, CMT-1A-e) as described in Chapter 4.2.

CMT-2

The experiment above was repeated &tGWithout autoclaving.

CMT-3

The amount of g TITEAOIPr (80% in isopropanol, 6.&.hmol)was added to a
preheated (60C) solutionof 0.5g hexadecyltrimethylammonium chloride and (@

water under stirring. The mixture waept at60°C and stirred for &. The final
colloidal suspenen was centrifuged and the sediment was washed 3 times and then

redispersed in water.
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CMT-4

The amount of 2.7§ concentrated hydrochloric acid (3a) was added to a solution of
5.68g tetraisopropylorthotitanate and @0 EtOH. A mixture of 1.1¢
hexadeyltrimethylammonium bromide (CTAB) in 84 EtOH and 4.3§ dest. HO

were added and the clear solution was refluxed under stirring liorwhile slowly
forming a white suspension. The suspension was diluted withl Z200H, centrifuged

for 30min at 4@00 g (RCF) and redispersed in a mixture o EtOH and 2 dest.

H,O. Centrifugation and redispersion in pure ethanol was repeated twice leading to a
colloidal suspension of Ti&hanoparticles. For characterization of the material, a part of

the suspesion was dried at 6TC.

CMT-5

The amount of 2.7§ concentrated hydrochloric acid (3a) was added to a solution of
5.68¢ tetraisopropylorthotitanate and 184tOH. The amount of 4.38 dest. HO

was added and the clear solution was refluxed undemgtifor 6h, while slowly
forming a white suspension. The suspension was diluted withl Z200H, centrifuged

for 30min at 4M00 g (RCF) and redispersed in a mixture oh2EtOH and 2 dest.
H.O. Centrifugation and redispersion in pure ethanol wpeated twice leading to a
colloidal suspension of Tikhanoparticles. For characterization of the material, a part of

the suspension was dried at®D
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CMT-6

The amount of 5.58 concentrated hydrochloric acid (3a) was added to a solution of
11.369 tetraisopropylorthotitanate and 3@&&tOH. The amount of 8.4 dest. HO
was added and the clear solution was refluxed under stirring iorwhile slowly
forming a white suspension.

The suspension was diluted with 20 EtOH and peptized with thl water before it
was centrifuged for &in at 4@00 g (RCF) in order to remove big agglomerates. The
supernatant suspension was flocculated withg 2Bydrochloric acid and after
centrifugation the sediment was redispersed in a mixture ofl Z28OH and 2y des.

H,O. This washing procedure was repeated once.
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Thin film preparation

The colloidal suspensionsf CMT-6 contained about &t %. titaniumdioxide. The
ethanolic suspension can be used directly for the preparation of thin films by spin
coating. The thirfilms were deposited on polished silicon wafers or QCM chips (XA
1600 AT-cut, KVG Quartz Crystal Technology) by sginating using a Laurell WS
400B-6NPRLite-AS. All substrates were pideaned with ethamofor 5s under
spinning at 800rpm. The film thckness was adjusted by diluting the colloidal
suspensions with absolute ethanol, by variatibthe spinning rate between 3000 and

5000 rpm, and by multi step coatings.

Characterization

Dynamic light scattering (DLS) data were collected with a Maldaino ZS in PMMA
cuvettes at 28C. Raman spectroscopy was performed with eNddaser (633im) on

a LabRAM HR U\Vis (HORIBA Jobin Yvon) Raman Microscope (Olympus BX41)
equipped with a Symphony CCD detection system. The spectra were baselawed.
For thermogravimetric analysis (TGA) 10g of dry powder were heated in corundum
crucibles from 30 to 906C (10°C min) in a flow of synthetic air (25l min™) using

a Netzsch STA 449 C Jupiter thermobalanceaydiffraction pattern were recorded on
a Scintag Inc. XDS 2000 in thetaeta geometry (CHKy; =&.5406 A; CuKg,

o= 1.5444 A). Transmission electron microscopy (TEM) was carried out on a JEOL
JEM 2011 instrument with LaRcathode at 20QV. Samples were prepared on a Plano

holey carbon coatl copper grid by evaporating one droplet of diluted ethanolic
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suspension of the extracted material. The nitrogen sorption isothernk§ (¥e&re
obtained using a Quantachrome NOVA 4000e Surface Area & Pore Size Analyzer.
Surface area calculations were madeng the BrunaudEmmettTeller (BET) equation

in the range fronp py* = 0.05- 0.25. Poresize distributions were determined using the
DFT-method (NLDFT equilibrium model, cylindrical pores; bn oxygen). The pore

volume was determined for mesand micropores ap po™

< 0.8. Ellipsometry
measurements were performed with a Woollam M2000D at an angle of 75° in the
spectral range of 1901000 nm. The data was fitted in the range betweeni 350
1000nm using the Cauchy material as model layer. Ellipsometric porosimetry
measurements were carried out in a liquid cell at different partial pressures at a
measurement angle of 75 The recording of isotherms was performed using a
homemade Labviewontwlled gas mixer. Digital mass flow controllers {Y01A-110-

P, F201C, Bronkhorst HigiTech) ensured the accurate dosing of the carrier gas
nitrogen and the liquid analyte, which was vaporized in a controlled evaporation and
mixing element (WL01A, Bronkhost High-Tech). Partial pressures were calculated
using the van der Waals equation with reatsfase assumptions.

(QCM) A 10 MHz Quartz Crystal Microbalance (QCM) device (XA 1600-&l,

KVG Quartz Crystal Technology) was used to measure frequency chdogeso
additional adsorbed mass. Some parameters of the Sauerbrey equation, such as the
density 4 = 2.648 g-crit and the shear modulug, = 2.947-16" g-cm'.s?, are

characteristics of the piezoelectric material quartz. The Sauerbrey equation is

normalized to 1cn? sensing area on the QCM chip; thus, a frequency change of 1 Hz
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corresponds to a maksading of 4.42-18 g. The overall frequency fluctuation of the

system is +42 Hz at room temperature.

Results and Discussion

The first experimentgnot stown) wereinspired by the synthesis of mesoporous silica
nanoparticles described in Chapte2. The pretreatment of the titaniumalkoxide with
triethanolamine at elevated temperature resulted in yellowish clear solutions, which
slowly hydrolyzed in waterampared to the titaniumalkoxides. the reactions shown
here, the commercially available complexed precursor titaniung(id}hanolaminato)
isopropoxide was used.

After hydrolysis, the resulting colloidal suspension GlTontained discrete particles

with an average hydrodynamic diameter (DLS) ofalmasth a f t e rFigW@@.s hi ng (
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Fig. 90: DLS particle size distribution of washed CMT

The powder diffraction patterriFig. 91) of the dry product shows a weak reflection at

2.3° (2d), which is typical for CTMA templated mesoporeEi). 77 Chapter6.1).

max. = 2.34

123 456 7 8 910

Fig. 91: Powder diffraction pattern of the washed sample EMT

Although the material seems to possess a certain mesostructure, TEM investigations
(Fig. 92) could not confirm the existence of mesopofdse material possibly exhibits a

fibrous structure, but it was not further analysed.
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T

Fig. 922 TEM-micrographs of the washed sample GIUT

- S

The particles appear anisotropic with an irregular particle size distribution. At higher
magnification, an undefined mesostructure in the material can be obddoweeler, it

is not clar if this structure formed as a result of adding the template. Therefore, the
washed product was subjected to an extraction procedure and the weight loss before and

after this treatment was determined with TG#Ag( 93).

—— CMT-1 extracted
10 N e CMT-1 washed

weight loss [%)]

100 200 300 400 500 600
temperature [°C]

Fig. 93 Thermogravimetric analysis of washed and extracted sample CMT
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Heating of the washed product caused two distinct steps in the weight loss. Towefirst

at about 250C could be assigned either to the template decomposition or further
condensation under elimination of alkoxygroups. The second step at higher
temperatures between 400 and 3G0might be due to complexing triethanolamine
residues. Afterdraction, the weight loss is much lowebut it cannot be assured that
the material is completely extracted mesoporous titania.

Elimination of the template should also be achieved after heating ttC3@alcination

at temperatures up to 35Q is alsoclaimed in several publication$*! Both materials

i extracted(CMT-1-e) and calcined(CMT-1-c) - were investigated by XRDF(g.
94).The initial reflection at 2.3, and thus the mesostructure, completely disappeared

after the treatment.

intensity
intensity

10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
2q[degree] 2g[degree]

Fig. 94: XRD pattern of(a): calcined(CMT-1-c) and(b): extracted(CMT-1-e) material

Nitrogen sorption analysis also suggests the absence of ordered mesopores in both
materials Fig. 95). The isotherms argpical for an inkbottle type pore system, but the

difference in the adsorption and the desorption step argue against pore channels with a
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defined diameter. The BESurface areas of the calcined and extracted material are
80m? g and 200 g™, respectively. One would expect a significantly higher specific
surface area in ordered mesoporous titania, even though it can not reach the value of a
comparable mesoporous silica, due to the higher density ¢f TiO

The DFT-pore size distribution was notlculated because no appropriate model is
available at this time. As expected from the isotherm, a BJH pore size calculation

regarding the adsorption branch gives a rather undefined and meaningless distribution.
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Fig. 95: Np-isotherms of extracteCMT-1-e) andcalcined (CMT1-c) samples

In order to improve the condensation of the inorganic material and possibly an enhanced
debonding of the complexing triethanolamine, the synthesis was repeated at an elevated
temperature. Theeaction at 50C resulted only in minor improvements, for example, a

more pronounced reflection at about 2i8 x-ray diffraction Eig. 96).
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Fig. 96: Powder diffraction pattern of CMZ

The particle size distribution in DLS as well as TGA data and sorption analysis showed
no significant difference or improvement. In a further attempt to improve the
condensation and debondingf triethanolamine, the suspension of CMITwas
autoclaved at 100C after synthesis. Again, the peaks in the XRD powder pattern were

more intensive and even showed higbeter reflections at 4.6and 6.9 (Fig. 97).

max.: 2.3°,4.6°,6,9°

intensity

l
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Fig. 97: Powder diffraction pattern of CMTA autoclaved at 100C
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The positions of the reflections indicate the existence of a lamellar stru@tuee.
structure is believed to be the thermodynamically more stable one. The results in
transmission electron microscoplig. 98) could only confirm the exgrted lamellar

structure.

Fig. 98 TEM-micrograph of CMT1A autoclaved at 100C

As expected for lamellar systems, template removal resulted in a loss of the

mesostructure as shown in XRD patternBio 99.
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Fig. 99: Powder diffraction pattern of ti{e) calcined CMT-1A-c) and(b) extracted
(CMT-1A-e) material

The combination of solid template (CTAB) and titania precursor might be
disadvantageous for the formation of nanoparticles. Thus, in further experiments, an
agueous solution of the template was prepared and heated, before the slowly
hydrolyzing precursor as addedCMT-3). After hydrolysis at elevated temperature
(60°C), ahomogeneougolloidal suspension with a narrow particle size distribution

was obtainedKig. 100).
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—— CMT-3

10 100 1000 10000

Fig. 100 Colloidal suspension and particle size distribution (DLS) of €T

The product was subjected to the same extraction process as the mesoporous silica
particles in Chaptet.2. The particles in the relsimg ethanolic suspension were
agglomerated to a high degree. After drying, the product was slightly yellow and
adhesive. TGAKig. 101) showed thathe template was removed for the most part, but

the material still seems to contain a noteworthy amount of triethanolamine, as already

observed in the sample CMII.
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