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KURZFASSUNG

Im  Signaltransfer zwischen elektronischen Kompoeent haben optische
Lichtwellenleiter gegeniiber Kupferleiterbahnen ei&lorteile, wie zum Beispiel kein
auftretender Ohmscher Widerstandes oder die hobleextragungsrate bei gleichem
Querschnitt. In dieser Arbeit wurden silikatbasiele transparente nanoporose
Monolithen und diinne Schichten hergestellt undilagf Eignung als Tragermaterial flr
polymere Lichtwellenleiterbahnen geprift. Solchest8ge haben Potential fir den
Einsatz in der Leiterplattentechnik, um mittels gg@ren von optischen Verbindungen
via Zwei Photonen Polymerisation (TPP) vorgegebetektronische Komponenten
nachtraglich miteinander zu verbinden. Durch diegahe des Siliziumprecursors
Tetramethoxysilane (TMOS) zu einem lyotropischetisgigkristallingen (LCC) 4
Phasen Template konnte ein durchgehend nanoporbosgEgermaterial mit einem
einstellbarem Porendurchmesser von 80 — 280 nnmesillf werden, welches sich zur
Infiltration durch ein Monomer eignete. Um die maslschen Eigenschaften des
Materials zu verbessern, wurden anorganische-asgaaiHybridmolekile auf Basis von
Polyethylenglykol in verschiedener Kettenlange asRfecursor hinzugegeben. Nach
ausharten einer Mischung aus TMOS und Co-Precyrdayante das eingesetzte
Template mittels Losungsmittel und, bei monolithea Proben, zusatzlicher Soxhlet
Extraktion wieder entfernt werden, wodurch flexiblend rissfreies Tragermaterial
erhalten werden konnte. Anschlie3end wurde eingge¢es Acrylat-Monomer infiltriert
und durch UV-Bestrahlung gehéartet. Die Wahl des toers musste hinsichtlich eines
Brechungsindexunterschiedes vop*0.003 zwischen Tréger und Leiterbahn bei
zusatzlich  erhaltener Transparenz des Gesamtsystegedroffen  werden.
Thermogravimetrische Analysen zeigten die Zersejzdes Tragermateriales als auch
den Gehalt an aufgenommenem Monomer in den PoemendGrol3e und Verteilung
mittels Atomic Force Microscopy erfasst wurde. Dumdano Indentation konnte mit
steigender Co-Precursor Konzentration und mit langerdender Polyethylenglykol-
Kettenlange eine Abnahme der Indentation-Harte alsh des Indentation-Moduls
festgestellt werden, resultierend in einer erh6hResistenz gegen Rissbildung im
Material. Schlussendlich wurden auch noch erfotdreirste Versuche zur Strukturierung

von Lichtwellenleitern im Tragermaterial mittels FRnternommen.



ABSTRACT

For signal transfer between electronic device campts, the use of optical waveguides
has various advantages over conventional coppeuitsr a higher transmission rate at
constant cross-section, no heating up due to ladhmic resistance, limitation of cross-
talk between adjacent circuits etc. In this worlica-based transparent nanoporous
monoliths and thin films were investigated for us® carrier material for polymeric
waveguides to be inscribed into the solid hostcstime by selective polymerization. Such
an approach should enable also direct writing ofegaides as interconnects between
pre-aligned components of integrated circuits bg photon polymerization (TPP). By
adding the silica precursor tetramethoxysilane (T9@ a lyotropic liquid crystalline
(LCC) Ls “sponge” phase template, a continuous nanoporgsters with adjustable
channel dimensions of about 80 - 280 nm was fataicaia sol-gel processing that could
be infiltrated with monomer. The composition of ttarier was varied by adding various
inorganic-organic hybrid compounds as co-precursmorsisting of sol-gel compatible
silica-heads with an organic polyethyleneglycolcgpain order to adjust the mechanical
properties. After hardening of the precursor vid-gab process, the template was
removed by both solvent exchange and, as requaedndnolithic samples, additional
Soxhlet extraction. The carrier material was irdidéd with an appropriate monomer,
whereas the appropriate choice of the monomer edsarrefractive index gap between
carrier and waveguide of;f’=0.003 and full transparency, properties necessanyse
the polymeric structures as effective waveguiddserimogravimetic analysis gives an
insight both in the thermal decomposition of thetenial and in the materials content of
pores, accessible for monomer infiltration. Nandeintation experiments of the carrier
material showed a distinct decrease of indentdtamdness and indentation modulus with
increasing concentration and spacer length of therecursor. A higher co-precursor
concentration also led to an improved stabilityref final carrier material, i.e. appearance
of cracking could be suppressed and completelydaehirespectively. By Atomic Force
Microscopy cross-section images of the various nateompositions could be made as
well as an investigation of the pore sizes andr thistribution. Last but not least, first
successful tests to inscribe waveguides via TPR warried out, verifying the operability
of the approach and hence opening a promising defdrther development.
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Introduction

1. INTRODUCTION

Nowadays, printed circuit boards (PCB) in electcaievices conventionally are based on
copper circuits. With decreasing size of the PCesd problems such as overheating,
limited signal transfer rates and cross-talk betweeighbouring circuits arise. This
situation could be considerably improved by useopfical interconnections such as
waveguides. And indeed, in the last couple of ydhes idea to integrate optical

interconnections in PCB raised a great deal of@stevorldwide*

In general, optical waveguides are structures imckvla commonly dielectric material
with a high permittivity (i.e. the transmission arf electric field in a dielectric medium)
and thus a high refractive index is surrounded bglaalding material with a lower
refractive index. The structure guides light wavesn one point to another by total
internal reflection (fig. 1). The most common apations of optical waveguides are

optical fibres made of polymers or glass.

\ Cladding
i
Acceptance M
cone \
/ — "‘x\
/ Cladding

Figure 1: The idea of waveguiding

As mentioned above, a further possible applicatibthe waveguiding concept is signal

transfer in PCB. An approach was developed by the integration &f ftims of an

optical material in which waveguides can be stmertu The structuring can be done by

using several technologies like photolithograptaplation® embossing, or direct laser

writing®. Especially the latter has gained remarkable ésteby the application of two

photon adsorption (TPA) structuring. Nowadays, mwmnly used optical material class
1
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are ORMOCERS; silica based inorganic-organic hybrid polymershwoutstanding
properties resulting from their inorganic and oigamits® * Hence waveguides can be
produced within one material claS#dditional advantages of ORMOCERSre the
good adhesion on most substrates as metalizedf8ray&organic glasses and polymers.
The thermal stability is high enough for most oé tiechnological applications and the

refractive index is tuneable by mixing various nssi

The aim of this work was to develop an alternatmechanically and thermal stable
optical material for the structuring of waveguid&ince silica-based materials have
commonly rather low refractive indices, the devehent of a silica-based porous carrier
material, which can be infiltrated with a photoddeamonomer with a high refractive
index for subsequent structuring of waveguides Wwg photon polymerisation (TPP;
theory: chapter 1.3), was considered to be a daitablution. This implied several
requirements for the material, for instance fulingparency and the ability to withstand
the stress of monomer infiltration. Unlike well kmo one component approaches for
waveguide structuring, as the application of ORM®SE, the work focused on a two
component system consisting of different materibds the waveguide and the
surrounding carrier, respectively. A related reslearoject at the Vienna University of
Technology is based on the use of a polydimetlodaih matrix as carrier material, which
can be swollen by a photocurable monorhér.contrast, in this work a porous, silica
based matrix should be employed as host materidhlde to be infiltrated with
monomer. Based on the idea of true liquid crystahdlating (theoretical background:
chapter 1.1), appropriate silica precursors wepdiegh on lyotropic surfactant aggregates
with a defined porosity, in order to generate thsthmatrix by sol-gel processing (theory:
chapter 1.2). Note that on the one hand the pameter had to be large enough to
enable the infiltration of monomers but on the otlend the pores had to be
considerably smaller than the wavelength of visiiglet, in order to avoid light scattering
and thus a limitation of the materials transparenidyese requirements were met by
mesoporous silica with controlled porosity. Moregwglica material exhibits a very low
refractive index, making it a promising carrier eral for optical waveguides.
Tetramethoxysilane (TMOS) is a commonly used prmuin sol-gel chemistry, but with

the disadvantage of resulting in very brittle giaks solids, that usually results in

2
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cracking in the course of the preparation procédss.enhancement of the commonly
applied precursor by addition of inorganic-orgarigbrid molecules with flexible
polyethyleneglycol chains as co-precursor was damed to improve the mechanical
properties of the carrier material combined withetained ability to monomer uptake.
The improvement should prevent cracking of the meltdéo make it suitable for
applications in various fields with the respectreguested geometries, as for instance
monolithic shapes or thin layers. Furthermore, tf@omer used for infiltration should
retain its transparency even after curing and tarajuiee waveguiding ability after
structuring by TPP, its refractive index had toibiha considerable increase compared to
those of the hosting material. The system showd bé stable and free of cracking when
the remaining uncured monomer is removed afteptibeess of waveguide structuring.
Last but not least, waveguides should be inscribeébe synthesized host matrix by TPP

and tested in their functionality by incouplingligihhtwaves.

1.1. True Liquid Crystal Templating

Nowadays, liquid crystal phases have a broad ret®/éor technical applications. Unlike
liquids these phases have a certain degree ofaméyulbut lower that those of solid
crystals. Regarding their behaviour, liquid crysfdlases can be classified as by
thermotropic or, relevant for this work, lyotropi@hermotropic liquid crystals are
governed by variations in their appearance causeteimperature changes. However,
lyotropic liquid crystals (LLC) are usually made tself-assembly of amphiphilic
molecules in a solvent. Among other parameters témperature, LLC phases are
governed by the composition of the system.

Amphiphilic molecules consist of a hydrophobic péitail”) and a hydrophilic part
(“head”), denoting that one part is soluble in wated the other one remains unsolved. In
general, these types of molecules, also known Hacsants, can be classified as non-
ionic, cationic, anionic and amphoteric, dependinghe charge of the hydrophilic head.
The hydrophobic tail consists commonly of an alighhydrocarbon chain. Examples for

amphiphiles are block copolymers, proteins or padgbarides.
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Specifying the behaviour of micelles and LLC in wumn, it is obvious that the
concentration of surfactant in the solvent is a@uparameter. Already low amounts of

surfactant trigger a spherical self-assembly ofnttedecules, known as micelle (fig. 2).

Figure 2: Generation of micelles from surfactants

The reason is the following: The more surfactamésgathered on the water surface, the
lower becomes the surface tension. When the suidaesetirely occupied with surfactant
molecules (critical micelle formation concentrati€@@MC) the surface tension does not
decrease anymore and certain structures in theerstslvinterior will be generated,
depended on the type of surfactant (e.g. micetfes).

In water, the molecules are arranged such thatybeophilic heads compose a spherical
interface between the hydrophilic solvent and tlhdrdphobic interior of the micelles.
Increasing the concentration of the surfactanthe solvent can cause intermicellar
repulsive forces and hence release an agglomermaitithve micellar structures up to three
dimensional LLC structures (fig. 3). In generale thelf-assembled morphology can be
roughly classified as discrete or infinitely contest
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discrete
L 1A I A .]
A 8 |
[
Infinite
D iD

Figure 3: Possible structural variants for aggregation ofasuants

However, the ability to generate a certain striectisr associated with the type of the
respective surfactant molecule. The morphology lté tiggregates now essentially
depends on the energetically most favoured localature of the aggregatésor
equivalently on the most favoured ratio of the hgaoup area to the volume of the
lipophilic tails. For the latter, Israelachvili ard-workers developed a method to predict
structures, which can be obtained by a certairastant'?

L

CPP = (1)
g+ ig
CPP critical packing parameter; form factor
Vi volume of the hydrophobic part (“tail”) [m3]
& area of the hydrophilic part (“*head”) [m?]
lo maximum length of the hydrophobic part [m]

For systems consisting of surfactant and solvemt. (vater) the formation of the
following structures are favoured, depending on ftiren factor (Table 1} Note the

used solvent for all the surfactants is water:
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Table 1: Form factor of surfactants and the resulting stmex

CCP acc. to lit* critical packing

favoured structure

examples for surfactants

and eq. (1) form
spheric micelle Surfactants with large heads and
one tail.
<1/3 e.g.: Sodium dodecylsulphate,
5’1 1-hexadecylpyridinium chloride
monohydrate
truncated cone Mﬁ%c _
i D2 Q64 Surfactants with small heads and
L S50 0.9 .
R e one tail.
1/3-1/2 ' 0
e, e.g.:
cylindric
micelle Cetyltrimethylammoniumbromide
flexible bilayers,
truncated cone vesicles
Surfactants with large heads and
two flexible tails.
1/2-1 _ ) ]
| } e.g.: Dialkyldimethylammonium
4 surfactants (DDAS)
cylinder planar bilayers
SR ﬁﬂﬁ ﬁ ﬁ' ﬁ Surfactants with small heads and
~1 ‘ two tails.
UHH u ug e.g.: Phosphatidylethanolamine
. inverse X
inverse : s
truncated cone s E
szg(’ G o Surfactants with small heads and
1 i ; two flexible tails.
>

;B B

e.g.: Unsaturated

phosphatidylethanolamine

However, by the help of an auxiliary chemical, aggtions of surfactants can be

modified. For example, 1-hexanol with a short hyambon chain and a small

hydrophobic group lowers the rigidy of the struetwaused by its placement in the

interior** The —OH groups of the alcohol should decreaseetentrical and mechanical

6
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repulsion between the surfactant polar héad$hus structural transitions can be
controlled by varying the ratio of auxiliary chemido surfactant. Moreover, non-ionic

surfactants are also known to change its aggreg&dion by elevated temperature.

As example the addition of 1-hexanol to a system tbe surfactant 1-
hexadecylpyridinium chloride monohydrate (altenwatname: cetylpyridinium chloride
monohydrate; Cp@H,0) in the solvent water (in fig. 4 a 0.2 M NaClw@odn serves as
solvent) will be explained in more detail in théldaving: Fig. 4 shows a pseudo-binary
representation (1-hexanol and surfactant as ratithe y-axis) of a quasi-ternary phase
diagram®® The solvent content of the system has a rang8 & 598 wt%:

+
7 N\

cl

1-Hexacetylpyridinium chloride monohydrate

Multiphase
il R ’/,«/f
~ Lt L
% 10k L, (Lamelliar)
g
e
5
E 081 L, +L, (Sec;nd
= lamellar phase
N
=
E 06}
T
LtLl.+L, Ll
0.4 —’/"’
: | L, (Micellar) |
70 80 90

Solvent content (weight %)

Figure 4: Phase diagram of the 1-hexanol / surfactant / sblsystem



Introduction

According to its form factor, pure CpELO in water favours a micellar structure; )L
Addition of 1-hexanol and hence an increase ofhteranol/surfactant ratio, alters the
shape of the structure. First a mixture of micelléh a type lamellar LLC structure {k

L,") occurred, followed by a mixture of different laltae structures (I~ + L,). After
reaching a pure lamellar structure,XLa special phase became thermodynamically
favoured (I3, the so-called “sponge” phase, highlighted in Fegd). It consists of a
three-dimensional continuous connected pore systém bilayer membranes, dividing
the solvent volume into two equal continuous péits 5).>” Since the phase behaviour
remained the same, 0.2 M HCI can be used instetttedd.2 M NacCl solution to achieve
the same result$: *® That implies that, in either solvent, the eledmts interactions

between headgroups are similar

T
Liquid crystal <8 pi.
bilayerwall £ g0

o FF,
e

&

Figure 5: Schematic drawing dhe L; “sponge” phase

The Lg “sponge” phase was first observed experimentailythe early 1980°s and
subsequently extensively studied regarding its ishysproperties’ Apart from
CpClIH0 various other surfactants were observed to shtranaition from the micellar
phase into the 4 “sponge” phase by adding an auxiliary chemicalldsexanol or
resembling homologous compounds. For instance dmtylpyridinium bromidé?
dodecyldimethylaminoxid or octylbenzenesulphonafevere also able to achieve the

transition. In literature various thermodynamicccédtions® and mathematical modéfs

8
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of surfactant / solvent systems can be found. Aiatyarameter for the behaviour of
bilayer LLC Phases is the bending energy as funatiothe mean curvature modulds
the Gaussian curvature moduldsand the bending rigidy. Strong positive valueskof
favour the formation of micellar structures, whereagative values favour the formation
of a multiconnected large aggregate structfiré® For charged surfactants, the charge
density on the membrane has also a strong influeneeand %, and hence also the pH
value of the solvent has to be taken into accoissuming a sufficient concentration of
surfactant in the solvent, a Gaussian curvatur& ef 0 would result in a Llamellar
phase, however a negative value leads to tegonge” phase, with local variationsof
from 0 to the minimum, i.e. the interface betwegueous and nonaqueous regions bends
away from the hydrocarbon chains of the amphipHikes dilution of the system exceeds
values of 99 wt% solvent content (fig. 4), the “sponge” phase may be charged to a

vesicular phase ks ™

Based on an appropriate template, the idea ofltquel crystal templating implies the
conversion of the surfactant morphologies intorarganic replica via addition of liquid
precursors that may fill empty spaces and solidify. via the sol-gel transition. The
approach corresponds to nanocasting of matétialsere the self assembled morphology
of soft matter is “hard copied” into inorganic hamatter (fig. 6).

Figure 6: The principle of true liquid crystal templating

The casting process starts at the surface of th pihase and hence various interactions
have to be taken into account for the interfacaveen the template and the inorganic
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precursor. After solidification of the inorganicade, the template is removed and a solid
negative replica of the original phase is obtained.
For pore-like aggregates, the mass relation ofastaht, auxiliary chemical and solvent
determines the pore size Three different size regiate defined by IUPAE.

* Micropores: pore diameters <2 nm

* Mesopores: pore diameters 2 - 50 nm

» Macropores: pore diameters > 50 nm

But the approach is also related with problems. iRstance, sol-gel transition releases
alcohol from hydrolysis and condensation reacti(spter 1.2.), and many lyotropic
surfactant phases are incompatible witf it.

1.2. Sol-Gel Process of Silica Compounds %

The sol-gel process can be described as the aneattian oxide network by progressive
polycondensation reactions. This method enablaxtackemical approach to synthesise
amorphous oxide materials.

A “sol” is a stable suspension of colloidal solidrficles of polymers in a liquid.
The particles can be amorphous or crystalline.

» A “gel’” consists of a porous three dimensional comus solid network
surrounding and supporting a continuous liquid phds most sol-gel systems,
gelation (i.e. sol-gel transition) is due to thenfiation of covalent bonds and
hence irreversible. Other interactions could berbgdn bonds or van der Waals
forces.

Compounds serving as silica sources for the solugglisition are silica containing

precursors, where tetraalkoxysilanes (Si(§)Rje the most common ones.

In general, the sol-gel process can be dividedseteral steps:

10
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Hydrolysis and condensation of the molecular precwgors: The formulation of sols.

The basic chemistry behind sol-gel processingadtéinsformation of SOR and S+tOH
containing species to siloxane compounds by coradiemsreactions. The mechanism can
be depicted by a simple scheme, but the proces®is complex since hydrolysis and
condensation compete with each other during alpssté-ig. 7 shows some of the

intermediates that can be obtained in the initedss of the reaction using Si(QR)

?R
—Si
OR™:"N R
OR
H,0
cat.
(l)R
Si
OR™.°'\
< TOH
OR
OR OR OH OR
OH 7 Lol
lSi ORI~ 0~ S~0R OR™:>~o >I~OR
OR™SIN | OR OR OR OR
o \ \ l
OH ?H ?R ?R cl)R (l)R (l)R
| . . _ _ . .
or=Six OR™ S~ Sl=~0R OrR™Si~ o~ SioR OR™ S~ Si=0R
HO\\ OH OR OR o OR cl)R Cl) R
I . .
OR™ SN ORI\ J~Si=or

NN |

Figure 7: Initial stages of the hydrolysis and condensatiepsusing Si(OR)

The rate of hydrolysis and condensation reacticespectively are influenced by various
factors during in the conversion process.

* The kind of solvent

 Temperature
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* pHvalue

» Steric and inductive effects of the precursorsfdct, branching of the alkoxy
group or increasing of the chain length lowers tmgrolysis rate. The
substituents attached to a silicon atom are vepomant regarding the electron
density on the central Si-atom. For acidic condsioprecursors with aliphatic
organic groups (e.g. RSIi(OR)increase the electron density and hence the
reaction rate. In mixtures of tetraalkoxysilane audbstituted alkoxysilane the
different reaction rates can lead to phase sepatati

* In aqueous solutions: The alkoxy group to watdoréR,). For sol-gel processes

the overall reaction is the following:

Si(OH), S0, + H,0

That implies that two equivalents of water are ssaey to convert one molecule
of a tetraalkoxysilane (i.e. four alkoxy groups)3i®, (R, = 2). As a general rule,

Rw >>2 favours the condensation reaction, aRdR favours hydrolysis.

Sol-gel transition (gelation)

In the initial phase of the gelation, three dimenai oligomeric particles as nuclei are
generated, with-OH groups on their outer surface followed by anraggtion of the
oligomers to larger particles with polymeric substures. Due to electronic effects acidic
conditions lead to the generation of linear strregsyReactions are favoured on terminal
Si-atoms — three dimensional polymer like network) and basonditions lead to
branched structures (Reactions are favoured inntluglle of the chains— spherical
agglomerates). As the aggregation and condensegioies on, the viscosity of the sol
increases gradually until the sol-gel transitiorel (gpoint) is reached and hence a
continuous network, the wet gel, is formed. Thetgee (§e) is the time at which the gel
point is reached after starting the hydrolysis aoddensation reactions. The volume of
the gel in this stage is the same as that of tlggnat precursor solution. The gel time is
generally depended on the rate of hydrolysis andleonsation reactions as mentioned

above. A simple picture for gelation is that thertigles grow by aggregation or
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condensation until they collide to give clusterspafticles. The clusters become bigger
and bigger by repeated collisions until the lasit between two giant clusters of particles
form the gel (mathematically described by the pattan theory). Note that gelation is
no thermodynamic event by the last bond of the &tiom.

Aging

At the gel point, a considerable number of hydroagd alkoxy groups that haven’t
reacted yet are still present, but the sharp irsered viscosity freezes the gel body in a
particular network structure. Hence the chemicalktiens are not finished ajtand
structural rearrangements take place in the wes d&ging” of the gels). This
phenomenon occurs because:

* The gel network still contains a continuous ligpithse which is in fact a sol that
eventually can condense to the existing network.

* The network is still flexible, allowing neighbougrS-FOH or S+OR groups to
approach and react with each other. This caus@kalge of some gels as long as
the gel exhibits sufficient flexibility. Driving f@e is the reduction of the large
solid-liquid interface.

* Due to the reversibility of hydrolysis and condeima reactions, mass can be
dissolved from thermodynamically unfavourable regi@nd again condensed to
more favoured regions.

Drying

This step describes the evaporation of pore liduian a wet gel by conventional
methods, i.e. by temperature increase or presaoease. Three different stages can be
distinguished:

* During the drying procedure, the gel shrinks byt th@ume that was previously
occupied by the liquid, causing a decrease of tre pize accompanied by a rise
of the surface tension in the pore liquid an aease of the networks stiffness.
The liquid flows from the interior of the porestte surface.

* As the network becomes too stiff for further shegk, the tension in the gel
reaches a point that makes cracking very likelye Tiquid/gas interface retreats
into the body, but with a remaining liquid film ¢ime pore walls.

* The liquid film is ruptured and liquid eventuallgmains only in isolated pockets.
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Usually, conventional drying methods like heat timgnt result in a collapse of the gel
body to a powder (Xerogel). However, certain dryipgpcedures (e.g. supercritical
drying with CQ or EtOH) enables the retain of the gel body volumgereplacing the
pore liquid by air (Aerogel).

1.3. Structuring of Waveguides by Two Photon Polyme  risation

The concept of multi photon absorption was thecaétpredicted by Maria Goeppert-
Mayer already in 1931, but experiments failed duthe high necessary intensity of light.
In the last couple of years, three dimensionalcstining of waveguides in an appropriate
photocurable medium, like a monomer, by two-phatbsorption (TPA) laser structuring
using the two photon polymerisation (TPP) processed a big deal of interest. This
rather new and innovative method enables the egaliz of optical circuits in a special
thin layer' To trigger the photoinitiation, it is necessaryathieve the excited state of
suitable initiator molecules by absorption of ataer amount of energy by photons. In
two photon polymerisation the material is polymedznot by one UV photon, as for
single photon absorption, but by simultaneous agiisnr of two photons at a longer
wavelength, usually in the red-near-infrared (NEpectral range (left hand image of
Figure 8). To trigger the generation of radicald &ence the polymerisation, the sum of
energy of both photons have to fulfil the resonamcpiirement for an exited electronic

State.

By pulsing the laser in femto second intervals, ititensity of the NIR laser can be
remarkably increased. Focusing the laser by a deaseases the diameter of the beam
resulting in a further increase of the intensitgt{t hand image in fig. 8). Therefore, since
the polymerisation rate has a dependence on tharesqof the light intensity, the
likelihood to induce photopolymerisation by the sltaneous absorption of two photons
by an appropriate photoinitiator (PI) is constritt® the focal volume of the laser
beam?” % In contrast, single photon adsorption has a lirdegendence of the light
intensity, i.e. polymerisation could be triggeredthe entire beam path through the
sample, with a decreasing rate across the samflilghaiss adsorbed.
14
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For TPP, since common monomers have a negligibéati absorption in the NIR range,
the laser can penetrate deeply into materials @amteh polymerisation can be induced
exclusively inside the focal volume. By TPP, a gdaesolution down to 100 nm can be
achieved.

Apart from the mentioned generation of optical wits by waveguides, TPP has various
fields of application as for example the fabricatad complicated 3-D microstructures

Excited state )
focusing lens —»

2 photon [l S
process

resin — Pl —p

1 photon
process

Ground state

Figure 8: Single photon adsorption vs. two photon adsorption

1.4. State of the Art of Silica — Based Nanoporous  Materials

In 1992 members of the Mobil Research and Developr@®operation presented the
MCM-41 (Mobil Composition of Matter) as member bietM41S family, a molecular

sieve with zeolithic structure and hence the fasample of a mesostructured material
was synthesized with a material made by calcinadioaluminosilicate gels based on an
ordered hexagonal array of cylindrical miceff&¢s®® The MCM approach described a
development of a ordered pore structure, obtainad & non-ordered surfactant solution
by co-precipitation with a condensing sol-gel migtuthroughout the condensation
process. This released a development for the fesmaif mesoporous material by
amphiphile / water systems, due to the high paténfisuch material in various fields of
application. The approach of true liquid crystahfaating (chapter 1.1) with addition of a
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suitable silica precursor, starting from an orgadifiquid crystal phase, gained a great
deal of interest. One pathway to control and retaensurfactant mesophase geometries
and structure morphologies contained the use ofimmic amphiphiles as structure
directing agent! Hexagonal and cubic templated amorphous monoléttica structures
with 3 nm channel size and full transparency wespared based on true liquid crystal
templating. A remarkable example is the use of iomnc amphiphilic triblock
copolymers of the Pluronic type (PolyethylenegyRblyproyleneoxyg
Polyethyleneoxyg; e.g. P123, F127) in acidic conditions, the sdedalSBA (Santa
Barbara Amorphous) materials, which enabled thethegis of highly ordered
mesoporous silica structures in cubic, hexagondl lamellar symmetries up to 30 nm
pore size depending on the applied surfactahtydrogen bonds stabilized the interface
between silica-compound and surfactant (ether axygef the polyalkyl compound).
Hence, transparent and porous monolithic samplese veecessible by addition of
tetraalkoxysilane to the LLC, whereas the resultaaterial conformed to the shape of
the container in which it fornTs: ** Another route to porous silica materials includeel
assembly of cationic amphiphiles in a 0.2 M NaQuson.*® With help of an auxiliary
chemical, the g “sponge” phase, as explained in chapterl.l, wasdamd as template
with an obtainable range of pore diameter up to 0 Apart from its transparency, the
major features of such a system compared to otliea ¢ surfactant systems are the
isotropic structure and the pore connectivity thakes the pore network well suitable for
the transport of materials throughout the systehe phase behaviour didn’t differ very
much by replacing the NacCl solution by diluted loahioric acid (0.2 M HCI).

Nowadays, the range of suitable silica precursomaterial science is very broad. Apart
from common tetraalkoxysilane precursors, the udseadous inorganic-organic hybrid
molecules have gained various applications inadsedouple of years.

A difficult step in the preparation of porous ma&eby true liquid crystal templating is
the removal of the surfactant from the solid and Vi@t chemical methods as sol-gel
chemistry, the drying procedure of the resulteddsimicluding the intended retaining of
the materials transparency. Common methods asnaéilom, i.e. heat treatment (400 —
500°C), result in cracking of the material (chafe3.). However, other approaches were
more successful with retaining the shape and teaesgy of the material. Supercritical
solvent extraction (SSE) yielded optical clear psramaterials sufficiently robust to

withstand reinfiltration by a simple solution aftére drying step as well as by various
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monomers® *' The choice of the solvent plays a key role, sitheeuse of C@resulted

in a severe coloration of the material but withagethl transparent material could be
obtained. The same results could be achieved biyncmus Soxhlet extraction avoiding
high pressures and temperatures as well as sgecdaiuipment’ An alternative gentle
method contained treatment with trimethylchloras#igpurposing an extraction of the
used templating agent and crack free drying progety reversing the surface polarity
by modification of the material with organic metlybups®®

Nanoporous silica material has found numerous dietd application in biological
separation, catalysis, catalysis support and ashreeras. Furthermore, authors suggested
also use for optical applicatiod$Thus, in this work the material is considered gove
as porous host material for polymeric waveguideadenby TPP of an appropriate

photocurable monomer which was infiltrated in avppas step.
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2. METHODS

2.1. Silica Sources

Tetraalkoxysilanes are a very common compound cissd in sol-gel chemistry. The
two types of these compounds used in this work were

/ \ .0
O~
O\ O /\O/S\I
~ O/S\I O
° $
Tetramethoxysilane (TMOS) Tetraethoxysilane (TEOS)

As solvent 0.2 M HCI was used. Hence aqueous acahditions were present to convert
the precursors to a rigid lattice with favour taghlike networks regarding to pH value
of ~1 (chapter 1.2). Since, the solid silica netgoderived from TMOS and TEOS are
very brittle, inorganic-organic hybrid compoundsravaynthesised, in order to enhance
the mechanical properties of the host material ilglible polyethyleneglycol (PEG)
chains.

Prior to the preparation of the co-precursors, bisifill)hexanoateX) was synthesised to
act as catalyst for the subsequent —NCO coupliragtien. () was obtained by a

transesterification of bismuth(lll)acetate and proic acid®® *°

C5Hll
O:( O:<
(l) O (@] I
Bi. )J\ + /\/\)J\ - i + )J\
0" o OH ~Bi J\ oH
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According to successful tests on the following tescand due to a difficult purification
process via recristallisatior, )(was further used as-prepared.

Now, 4 types of co-precursors with different spaemgths could be synthesiz&dThe
reaction connected two isocyanopropyltriethoxyslaflCPTES) molecules with one
molecule of the respective polyethyleneglycol viarathane bonding to the co-precursor
compound. Since trialkoxysilanes have a shorggrthan tetraalkoxysilanes, it was
expected that ethoxy groups on the Si-atom woultht@yact that acceleration of gelation
(chapter 1.2).

0 .
| Bi(lll)Hex, (1)

2 \/O_‘T’i/\/\NCO + WO Tron
0

> n=2~4,~9,~13

> > 2 n=2
0 H o
? o N si—o 3. n-4
L
/\O—|Si/\/\N o > \/\/(') T4 neg
<O H < 5 n-13

Polyethyleneglycols (PEG) are liquids up to a molac weight of 600 g/mol, while
compounds with higher molecular weights are solid. general, PEG are very
hydrophilic, therefore it is necessary to remowe @ddsorbed water prior to the conversion
with the silica compound (chapter 3.1.2). Apartniraiethylenglycol (DEG), all used
compounds are polydispers with the average molegudgght included in the respective
compound name (i.e. PEGxxx). In order to descrifbemt more convenient, the by
rounded mean of the chain length was used (tab. 2).

The coupling reaction of ICPTES with DEG and theZP&mpounds, respectively, was

accompanied by heat development due to exotheffifieict® and proceeded over night for
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a full conversion. With the increasing number ofiyneglycol units, the products
appeared slightly turbid.

Table 2: Synthesized co-precursors

average ﬂw, co-prec
compound name spacer rounded mean
spacer length [g/mol]
2 ICPTES/DEG Diethyleneglycol n=2 n=2 600.86
3 ICPTES/PEG200 Polyethyleneglycol 200 n=4.25 ~h 694.74
4 ICPTES/PEG400 Polyethyleneglycol 400 n=28.75 ~ % 894.74
5 ICPTES/PEG600 Polyethyleneglycol 600 n=13.25 ~ 18 1094.74

All 'H-NMR measurements showed the same chemical shiffeak ats = 3.10 ppm
occurred due to the methylene group next to theogen of the urethane group.
Remaining isocyanate groups would show a peakeofitethylene group next to —NCO at
ca.o = 3.30 ppm. Depending on the average spacer lexigiblyethyleneglycol, the peak
at 3.58 — 3.66 ppm differed in the area. This digm@inates from the methylene group
next to oxygens in the spacer. Urethane groups stiam ATR-IR signal at 1706 ¢m
However, the signal of remaining isocyanate groupsld appear ca. 2273 ¢mHence,
according to'H-NMR and ATR-IR measurements, there was no need fdcther
purification procedures and the product could bedu®r sol-gel processes as-prepared.
For the'H-NMR-spetrum of 5, the peak for the methylene gron the spacer side next
to the urethane group was missing. Hence the esgp@ctupling reaction probably failed.
Since the spectrum exhibited the above mentionedk p¢ app. 3.10 ppm, a possible
reason could be that ICPTES did not react with -@élps of PEG600, but with,B
molecules (i.e. PEG600 was not dry enough). Dugetteral disadvantages of this co-
precursor (chapter 4.1, 4.2, 4.3), an exact onitnis fact was not tracked in more detail.

The synthesised co-precursors had two crucial ptiegdor the further use:

* All compounds 2, 3, 4 and5) were fully soluble in TMOS. Thus a homogenized
mixture of the co-precursor in TMOS could be pregaprior to addition to the
template agqueous solution.

» All compounds were fully soluble in water. This wasjuired for the use as silica

source in aqueous solution.
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2.2. Mesoporous Template

To create solids with an appropriate porosity fdiltration with monomer, the approach
of true liquid crystal templating (compare to 1df) surfactants was chosen. A first
method contained an estimation of cylindrical rodgh a diameter of ca. 10 nm.
Therefore, an amphiphilic block-copolymer (Pluréhit23) was used in combination
with n-nonane as swelling agent and mesitylen asliay chemical’* ** Due to
experimental difficulties in the accomplishmentstmethod of creating a porous host
material was abandoned.
Hence, a template based on the'dponge” phase was considered (chapter ‘f: 158 3¢
37 Since only certain types of amphiphilic molecutesiform to the requirements needed
to form such a system, 1-hexadecylpyridium chloridenohydrate (CpCl-#D) was
chosen as surfactant. In combination with an aarxiliagent (1-hexanol) and a solvent
(0.2 M HCI), the ls-sponge phase was generated, which should havelkhwing crucial
properties:
* Full transparency
* Low viscosity (comparable to water); if the visdgsappeared pretty high or
turbidity was visible, the system wasn’t in thegpbase.
» Stable over a long period of time.
* The solvent content (0.2M HCI) of the-Eponge phase (amount of solvent in the
mixture [wt%]) should determine the pore size aftee subsequent sol-gel

transition based on the template.

Liquid crystal
bilayer wall
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2.3. Calculation of the Initial Weights

Considering Figure 4, an appropriate ratio of lamst to surfactant had to be chosen.
For all samples prepared in this work, this ratesviixed at 1.16, which should guarantee
the formation of k-sponge phases. Commonly, the amounts of 1-hexgueicinium
chloride monohydrate (¢r= 0.43 g) and 1-hexanol (nx 0.50 g) were fixed. Based on
this ratio and a chosen solvent contegy,Cthe amount of solvent (0.2 M HCI) in [g]

could be calculated by:

. CSOEU (m's + m'h)

Msorvent = 1— CS . eq' (2)
Msolvent amount of 0.2 M HCI [g]
Csolv solvent content [wt%)]
Ms amount of surfactant [g]
mp, amount of hexanol [g]

Regarding the constant ratio of 1.16, changesdiad to be considered also in and

vice versa. Considering Figure 4, a reasonableaviaiuGs,, had to be chosen prior to the
calculations. For most samples a solvent conten7%fwt% was chosen for precise
investigation. Solvent contents of 85 wt% and 9%wtere tested in order to study the

difference on preparation process and the resutingture.

For the calculation of initial weights for the puesor and used co-precursor, respectively,
several assumptions had to be made:

» The choice of the molar ratio of alkoxy groups tgOHR, value; tab.3). It has to
be considered that the total mole number of usedupsor (A9 contains silica
compounds, which were used as unmodified precu@aOS, TEOS). Each of
these molecules represented 4 alkoxy groups; threrefquation (3) contains “4”

in the denominator.
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Table 3 R, values

R, N molar ratio
silica compound : HO
2 1:2
1 1:4
0.941 1:4.25

Concerning the co-precursors structure, one maecohtained two Si-atoms.
Hence, one molecule co-precursor included 6 alkgsgups and an aliphatic
chain, which connected the two Si-Atoms (Therefokg,c had to be multiplied
with (6/4) = 1.33).

0,2 M HCI contains 0.7 wt% HCI and 99.3 wt%

Now, the initial weight of the precursor compouids be calculated by the following

eguations:
Msorvent * 0.993
— . eq. (3

Nprec MHZO 4 Ryy q ( )
Nprec moles of the totally used precursor [mol]
Msolvent amount of 0.2 M HCI [g]
Mu.0 molecular weight of water [18 g/mol]

m __ Mprec* Crmos - Mruos

Mrmos amount of tetramethoxysilane[g]
Crmos content of tetramethoxysilane in the precursottuane [mol%]
Mtmos molecular weight of tetramethoxysilane [152.22qj]
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_ Nprec* Cooprec * 1.33 - Mcoprec

MeorPrec = 2 . 100 eq‘ (5)
McoPrec amount of co-precursor [g]
Ccoprec content of co-precursor in the precursor mixfarel%]
M coprec molecular weight of co-precursor [g/mol]

Note that the sum the contents of TMOS and cp-psecudenotes the total content of

precursor:
100 = Cryos + Ceoprec

2.4. Monomers

To generate waveguides in the host material, aptepmonomers had to be infiltrated
in the mesoporous solid. Due to the requiremerst loify difference in the refractive index
between carrier material and monomer, and conagthigir ability for photocuring, tests
on several monomers were performed. All of themamglates with one, two or three
acryl groups per molecule with the ability for reali polymerisation and chosen regarding
aspects as high refractive index, low volatilitgactivity or degree of cross-linking.

Hence, the following acrylate-compounds were testatle course of this work (tab. 4):

Table 4: Tested monomers for the infiltration

structure name abbreviation

(0]
HO. _~ OH 2-Hydroxyethyl acrylate HEA

0 Isobornyl acrylate IBOA

o

24



Methods

O
QO\/\OH 2-Phenoxyethyl acrylate POEA
(0]
O
o \/\OH 2-(2-Ethoxyethoxy)ethyl acrylate EEEA
I O
N o) Acrylic acid-2-
~N \”/ \/\OH (butylcarbamoyloxy)ethyl ester UA
o] (Urethane acrylate)
i |
(0]
ﬁj\o/\/\/ \H) 1,4-Butandiol diacrylate BDDA
(6]
10
O
o
\%—\O)H Trimethylolpropane triacrylate TMPA

All monomers were fully soluble in ethanol, whichriecessary both to infiltrate them as

mixture and to remove the remaining monomer sule®do photocuring.

2.5. Preparation of the Carrier Material

2.5.1. Sol-Gel Transition

=si-OR + HO0 ——> =Si-OH + ROH

=Si-OH + =Si-OR =Si-O0—Si= + ROH

=Si-OH + =Si-OH =Si-0—Si= + H,0
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Based on the 4-sponge phase, the precursor or precursor mixtaseadded to prepare a
colloidal solution (Sol). The gel timey) was reached, when the vessel could be turned
upside down without any movements of the interidre obtained wet gels retained the
shape of the hardening vessel and began to shfiek several days during the aging
procedure. The transparency of the samples decrdmdh with increasing PEG spacer
length of the co-precursor and their increasingeanin the sol. Independent of the type

of precursor mixture, the gels were allowed to dtfom 3 days.

Accordingly, the preparation of both monolithicros and thin films (thickness: 80 — 200
pKm) was possible, only depending on the type olvssel. Monolithic samples with the

following sizes were synthesized:

+ Diameter: 3.5cm, 2.25 cm

e Height: 5 mm, 3 mm

2.5.2. Solvent Exchange

Three days after the start of preparation, theedethmples were treated with successive
solvent exchanges, both in order to remove partbefurfactant from the solids and to
prepare them for the following extraction procesisice the pore liquid had been aqueous
until this point of the process, the solvent exgemas carried out stepwise with the

following solvents:

* EtOH:HO 50wt% : 50wt%
* EtOH:HO 75wt% : 25wt%
* pure EtOH (2 times)

The samples were covered with the according solwexture in its vessel to a solvent
height of app. 3 - 5 mm above the sample surfazel(®& g solvent was necessary), sealed
again and allowed to stand for 1 day until the rexdhange step was carried out. Finally,

samples covered with pure ethanol were ready fofdtiowing extraction step.
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The used solvent was recollected and vaporizedroyaay evaporator until the surfactant
precipitated from the solvent. Since CgGD is fully soluble in ethanol substantial parts
of the template were removed just by the solvertharge.'H-NMR measurements

confirmed that the precipitate was the used swafddcompare with chapter 4.3.3).

2.5.3. Extraction of the Template

Continuous Soxhlet extraction was chosen, to béiegppn monolithic samples on the
one hand to remove the remaining parts of the taeta@nd on the other hand to avoid,
microscopic cracking that would appear without astion in monolithic carrier material

during the subsequent infiltration step.

The samples were cushioned in layers of glasswodhis manner, three samples could
be positioned in one extractor, divided from eatheo by a layer of glasswool. The
samples had to be kept in ethanol, and the timehertransfer from the vessel in the
extractor had to be as short as possible, in de@void macroscopic cracks that may

occur during vaporisation of the solvent.

2.6. Generating Waveguides

2.6.1. Infiltration with Monomer

After solvent exchange (thin films) and Soxhletragtion (monoliths), respectively, the
samples could be infiltrated with an appropriatenoroer (tab.4). Resembling to the
solvent exchange the infiltration was carried dapwise with mixtures of monomer with
ethanol, since the viscosity of the monomer deewasm the mixtures. Thus, the
infiltration was supposed to be more effective:

e Monomer : EtOH 50wt% : 50wt%
e Monomer : EtOH 75wWt% : 25wt%

e pure monomer
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The samples were covered with the respective naxiturtheir glassy vessel, again to a
mixture height of app. 3 - 5 mm above the sampldasa (ca. 1.5 g solvent was

necessary). Afterwards, the vessel was tightlyeseaintil the next exchange step was
carried out.

For the second and third infiltration step, phoitcator was added. Therefore, exposure to
daylight should be avoided from this state on, mdeo to prevent curing. The used

photoinitiators and their amount regarding theahiveights of monomer are:

O

OH

« Darocuf’ 1173; 2 wt%, based on monomer:
This Pl was used, in order to check the applicabibthe respective monomer. To
cure the monomer, the sample was kept under angodrexgosed to UV-Light for
30 min. Parts of the sample were covered with amadium foil to achieve partial

polymerisation.

* 1,5-Bis[4-N,N-(dimethylamino)phenyl]penta-1,4-di@gsen (NDPD); 0.05 wit%,
based on monomer

This Pl was used for two photon polymerisation (¥ &plication**

Uncured monomer had to be removed after the cymiagedure:
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» The sample was rinsed with ethanol, in order tsalie the remaining monomer.
Cured monomer is insoluble in ethanol, thus theggons were not affected by
this process. While the approach was applicabléhiarfilms, monolithic samples
got microscopic cracks during this process.

* In order to stabilize the monolith, a second monomi¢h much lower refractive
index as compared to the waveguide monomer, calidfiitrated with the same
procedure like the first monomer and cured withdaar® 1173. This step was not

carried out for TPP-structured waveguide samples.

2.6.2. Two Photon Polymerisation

The infiltrated samples were structured by TPPdpegate waveguides. This work was
accomplished at the Joanneum Research Institiein.

Test were carried out to determine the abilityftdkinfiltration of monomer in the carrier
material as well as to find out the optimal lasewpr and structuring speed, respectively.
Since thin films are stable even without a liqudthe pores, they were covered with
ethanol over night in the tightly sealed vesselus hbig parts of the uncured monomer
should be dissolved. However, monolithic sampleslcamot be treated with alcohol,
because the samples cracked when the monomer s&swdid (Obviously, this type of
samples needed a pore liquid as scaffold). Thexefaronoliths were investigated

subsequently, with the monomer remaining in thegor

2.7. Determination of Thermal Properties

2.7.1. Thermogravimetric Analysis

Thermogravimetic analysis (TGA) was applied for fibkowing reasons:
» Thermal behaviour of the various co-precursors
* Determination of the amount of infiltrated monom@&his correlated with the

porosity of the material
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In TGA, the mass of the sample in a controlled aphere was recorded continuously as
a function of temperature or time as the tempegatdirthe sample was increased linear
with the time* A plot of mass or mass percent as a function wipgrature is called a
thermogram of a thermal decomposition curve. Adgpinstrument for thermogravimetry
consists of a sensitive analytical balance, a ftegna purge gas system for providing an
inert gas atmosphere and a computer for instrumentrol and data acquisition and
display, respectively. The mass change was detdnteah analytical balance with the
sample holder housed in the furnace, to guarartieemtal isolation. This furnace,
equipped with a probe to record the temperatureuldhprovide appropriate heating and
cooling rates. Nitrogen was used to purge the ftena

For a measurement, the following required inputsevebosen (tab. 5):

Table 5: Required inputs for TGA

Input Value
Heating rate 10 °C/min
Max. Temperature 800 °C
Nitrogen flow rate 5-7mlls

For measurements of the carrier material, a sapipte of app. 20 + 5 mg was placed in

the platinum sample holder.

Regarding the uncertainty of the measurement fesdhcarrier material samples, the
following point had to be considered (apart frore gystematically error of the device,
which could be neglected):

Prior to the measurement, the samples were storéeirespective monomer, in order to
avoid cracking, which could occur even for infited samples. The monomer was
carefully removed from the selected sample piecegrder to guarantee no remaining
substance on the sample surface. Thus, only theomenlocated in the sample pores
vaporized during the TGA measurement. Tests comggrthe reproducibility of the
measurements resulted in an error of ca. 5 %, oBlyalue to some remaining monomer

on the sample surface.
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2.7.2. Differential Scanning Calorimetry

Concomitant to TGA measurements, differential sa@mncalorimetry (DSCY
measurements could assign the appearing mass lmssestain types of transition. In
DSC, differences in the heat flow into a substazmce a reference were measured as a
function of sample temperature. For this work, haat DSC was employed with the
sample pan and the reference pan and a thermaéeléitk. Thermocouple junctions
under the sample pans monitored the differentiat flewn through the two pans on a
computer screen. Nitrogen was purged through th&esy to guarantee an inert
atmosphere. The required inputs for the measurenvegre (tab. 6):

Table 6: Required inputs for DSC

Input Value
Heating rate 10 °C/min
Max. Temperature 500 °C

2.8. Determination of Mechanical Properties

Since only small pieces of sample were availabterfeestigation, nano indentation (NI)
was chosen to determine the mechanical propéftidscording to this approach, the
following materials parameter could be derived fritva force/indentation depth data set:
* Indentation modulus (B
* Indentation hardness (H

» Plastic and elastic parts of the deformation wd¥g{s; Welas)

Sample Preparation:

The sample pieces (10 — 30 mm?) were fixed on #mepte holder by an epoxy resin
mixed with hardener and a thixotropic agent.

Procedure:

For the test, the procedure was displacement dedrasing the progressing indentation
of a diamond pyramid with triangular base (Berkbvpyramid) to the default setting of
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maximum displacement (indentation depth) of 1000=nth um in the sample. The test
force, the corresponding indentation depth and tiveee recorded during the whole test
procedure. As result of the test, a set of datdhfertest force and the relevant indentation
depth as a function of time was obtained (fig. Since the indentation tool must have
higher hardness than the test piece, a diamonatedeas used.

After the indentation process, a permanent casthef indenter with the depth,h

(depended onr; compare to chapter 2.8.3) remained in the méateria

W
Fiss
a: Application of the test force
b: Removal of the test force 3
\

c: tangent to curve b at Fmax

[4

b
|

h h h h

Figure 9: Test force vs. Indentation depth

Note that the temperature should be constant andethtive humidity should not exceed
50 %. In general, measured values were only corbjerbthey had the same conditions
during the measurements. Deviations led to sysiematertainties in the results. Further
sources for uncertainties are listed*inFor all measurements the following required

inputs were chosen (tab. 7):
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Table 7: Required inputs for NI

Input

Value

Percent to unload
Surface approach
Ax for finding surface
Ay for finding surface
Maximum depth (Ra)
Load rate multiple for unload rate
Allowable drift rate
Approach distance to store
Peak hold time
Time to load
Surface approach distance
Surface approach sensitivity

Poisson’s ratiov)

2.8.1. Indentation Hardness (H 1)

100%
10 nm/s
Oum
-50 um
1000 nm
1
0.05 nm/s
1000 nm
30s
20s
8000 nm
25%
0.2

Indentation hardness is a measure of the resistagamst permanent deformation or

damage by a second, harder material. It is defasethe maximum test force, divided by

the projected (cross-sectional) contact area ointhenter with the test piece:

F
H,. = % eg. (6
=y g. (6)
Hir Indentation hardness [GPa]
Frnax Maximum test force [N]
Ap Projected area of contact of the indenter atdcs iy from the tip [mm?]

Indentation hardness was given in [N/mm?] or [GRal5Pa= 1000 MPa 1000 N/mm?).
Note that for indentation depths < 6 um, the ametion of the indenter is not equal to

that of the theoretical shape, since all indenbenge some degree of rounding at the tip.

For a Berkovich indenter, the projected contach éseajiven by:
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A, =23.96 - h, eq. (7)
hc = h’max - E(hm.a:ic - hfr‘) €q. (8)
he Depth of the contact of the intender with the psece at Fax[mm]
€ Correction factor
hy Point of intersection of the tangent c to cunat By with the indentation

depth-axis [mm]

The contact depth was derived from the force rermoweve using the tangent depth and
the maximum displacement correcting for elasticpldisement of the surface. The
correction factor depended on the indenter geonfEuya Berkovich pyramid: = 3/4)°

In order to compare the indentation hardness vesults in the literature, hardness values
(Hir) were correlated to Vickers hardness (HV). Notat tho direct conversion can be
made due to different size and shape of the indeantd therefore resulting different

deformation behaviour. Usually the following corsien factor is used:

ay =104 0924 . 1
T A “Hir eq. (9
Ap Projected area of contact of the indenter atdc iy from the tip [mm?]
As Surface area of the indenter at distandedm the tip [mm?]
On acceleration due to gravity [9.80665 m/s?]

2.8.2. Indentation Modulus (E 1)
The indentation modulus could be calculated from $fope of the tangent from the

unloading part of the force-displacement curvig.ig€usually in the range of the Young's

modulus of the material. Significant differencedween the indentation modulus and
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Young’s modulus may occur, however, if either pifes- or sink-ins are present or if the

material is very anisotropic.

E. — 1-—- (Us)z
11— eq. (10)
E, E;
Err Indentation modulus [N/mmZ]
Vs Poisson’s ratio of the test piece
Vi Poisson’s ratio of the indenter (for diamond .07
E Reduced modulus of the indentation contact [N/mm?2
E; Modulus of the indenter (for diamond 1.14 %)I/mm2]
VT

eq.(11)

",

Indentation modulus is given in [N/mm?] or [GPa]GPa= 1000 MPa 1000 N/mmg2)

2.8.3. Plastic and Elastic Parts of the Indentation Work

The mechanical work W, indicated during the indentation procedure is opdytly
consumed as plastic deformation work,A% During the removal of the test force, the
remaining part was set free as work of the elagtwerse deformation Ws: Since the
mechanical work is defined as the area between ftinetion resulting from the
application of the test force and the x-axis, BMwsiand Wiastappeared as different part

of this area.

Wtotai! = Welast + Wplast eq' (12)

35



Methods

The elastic part is expressed by the followingtreha

_ Welast .
nir W

total

100 eg. (13)

Relation Wjas{Wiotal [N/mm?]
Elastic reverse deformation work of indentatibim]
Total mechanical work of indentation [N-m]

Hence, the plastic part is given by:

2.9.

2.9.1.

100 % — n;r = —22£. 100 eq. (14)

Structural Properties

Scanning Electron Microscopy

In order to obtain first structural informations fodicturing areas and surface areas of the

samples, scanning electron microscopy was caraédrgeneral, the device consisted of

the following components’

An electric gun, with a heated tungsten filament cashode and an anode
maintained at an adjustable potential (For this kw@® kV), produced high
energetic electrons. The Wehnelt cylinder betwéerntwo electrodes modified the
electric field, in order to focus the emitted efeat in one point below the anode.
The produced electronic beam passes by severdfalaclenses with magnetic
fields to adjust the intensity of the electronialeand to focus or defocus it.
Additional, deflection coils enabled a scanningha beam on the sample surface.
A moveable and revolving sample holder was locatesl sample chamber, which
could be evacuated to a pressure of app. iér. The samples were arranged
circular near the edge of the sample holder.

By scanning the high energetic beam of electroms the sample, several types of

signals were produced from the surface: backseaktesecondary and Auger
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electrons; X-ray fluorescence. Backscattered acdrsfary electrons are used to
depict an image of the sample, in order to get imaiggic and topographic
information about the surface. It produced imagehkigh resolution, examining
also closely spaced features on the surface.
Depending on the surface morphology, secondaryrele@anages varied in its brightness
(intensity), whereas backscattered electrons Viaeyimtensity regarding to the atomic

number of the various atoms.

Small pieces of the samples were fixed on the sainplider, covered with an aluminium
foil, with conductive silver glue. Since the sangpleere isolators, it was necessary to coat
the surfaces with a thin conductive gold film bypwar deposition. Now the sample
chamber could be loaded with the sample holdercaroy out measurements, the sample

chamber was evacuated to a pressure of appba0

The maximum resolution of the device to obtain oeable surface images was x15000,
i.e. it was not possible to register mesoporesndJsai higher resolution made the images
blurry and not usable, obviously suffering on tastricted sample conductivity (Although

they are covered with a gold film).

2.9.2. Atomic Force Microscopy

Atomic force microscopy (AFM) is a powerful toolrfoano scale analytics both to image
the sample surface and to obtain various spectpiscata.’’ The aim of this approach

for the work was to gain complementary informatio@sSEM images regarding surface
topology and porosity of the samples.

The approach included a soft microscale cantileggripped with a sharp tip at its end
(Figure 10) that was used to raster the specimeilacguby the help of a piezoelectric
scanner. Interactions between tip and sample led deflection of the cantilever. The
vertical displacement of the cantilever was meakumg focusing a laser spot onto the
back of the cantilever and detecting the positibthe reflected beam with a photodiode.

Two common modes were applied in this work:
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Contact mode (constant force). The tip was in cdntath the sample surface
permanently. As the tip rasters across the surfaitie constant force, it was
vertically deflected regarding the samples topolbgyepulsion forces. An image
could be generated by this deflection and the tedubending of the cantilever.
Since, the tip dragged across the surface, thisencodld cause damages at the
surfaces.

Intermittent contact (“tapping”) mode. The cantdewvas driven to oscillate up
and down near to its resonance frequency by a edbelectric crystal. Due to
the various interactions acting on the cantilevdren the tip came close to the
surface, the oscillation decreased or increasedrdit to the samples topology.
During the operation a feedback loop adjusted ifhsample separation, in order
to maintain the oscillation amplitude and force stant. Hence an image could be
obtained. Additionally, informations could be oliad by the phase displacement
between the phase signals of input and cantileugtd. The “tapping” mode

achieved a better resolution as the contact mode.

Figure 10: left image: contact mode; right image: tapping” mode
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3. EXPERIMENTAL

3.1. Synthesis of the Co-Precursor Compounds

3.1.1. Synthesis of Bismuth(lll)hexanoate

C5Hll
O:( O#
o 0 o |
Bi. )J\ + /\/\)J\ [ + )L
o o OH ~Bi, J\ OH
/§O CH N

5 111 O
1
Chemicals:
19269 (5 mmol) Bismuth(lll)acetate
1.925¢ (16.5 mmol) n-Caproic acid
220 ml Toluene dry
Synthesis:*® %°

Bismuth(lll)acetate and n-caproic acid (10% excegsje dissolved in 110 ml of dry
toluene in a 250 ml 3-neck flask and purged witoar Subsequently, the mixture,
equipped with a magnetic stirrer and reflux condensvas heated up to 125°C and
refluxed for app. 3 h. Afterwards, the reflux carolvas replaced by a distillation bridge,
in order to remove the azeotropic mixture of aceticd and toluene (28:72 wt%,; bp:
105.4°C acc. to lit.) over a period of 4 h. Thetiladion was repeated by refilling the
flask with 110 ml dry toluene. Finally, the resngioily liquid was first kept at 40°C and
0,03 mbar for 1 h (a white solid appeared) and tlewly heated up to 140°C at the
same pressure, to get rid of the remaining n-caoid, which did not react. The white
solid turned again to an oily liquid, until finally brown solid appeared, caused by the

cooling to ambient temperatures at atmosphericspres
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Analytics:

1 'H-NMR: (CDCk) & [ppm]: 2.40 — 2.31 (t, 2H, -CO-GH
1.69 — 1.65 (m, 2H, -CO-GHCH;,-)
1.40 — 1.33 (m, 4H, -GH
1.00 — 0.91 (m, 3H,-G}

3.1.2. Synthesis of Co-Precursors with different PE G chain lengths

Bi(lIHex, (1)
2 ~_O0-S > "nco o+ A U Ay

> n=2~4,~9,~13
0]

2 n=2
O H
? )LP o N si—o 3 n-4
e N il i A
I I @)
<O H © < 5 n~13
Chemicals:
12.369 g (50 mmol) Isocyanopropyltriethoxysilane
2 2.653g (25 mmol) Diethyleneglycol
3 5.002g (25 mmol) Polyethyleneglycol 200
4 10.000g (25 mmol) Polyethyleneglycol 400
5 15.000g (25 mmol) Polyethyleneglycol 600
6.25 ml Chloroform dry
0.2 ml 0.5M 1 in Chlorobenzene
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Preliminaries:
Drying procedure of Polyethyleneglycols:
» Diethyleneglycol was dried via distillation at 1@ 113 °C and 2 mbar.
* Due to the high boiling points of PEG 200 — 60B0©°C), the drying procedure
was carried out via addition of 4 A molecular sieed stirring for 24 h.
The water contents of the various PEG compoundsrdity to Karl-Fischer-
Titration are shown in tab. 8. Since PEG 600 waslal, a determination of the
water content wasn’t possible.

To avoid adsorption of moisture, the Polyethylegegls were kept under argon.

Table 8: Watercontent of used polyethyleneglycol compounds

number of measurements water content [ppm]
PEG 200 2 68,7
PEG 400 3 39,7
PEG 600 no measurement possible

Synthesis:**

First of all, a 100 ml flask was silanized by treaht with some ml of
dichlorodimethylsilane, which subsequently was reeabfrom the flask by purging it
twice with dry diethylether. Afterwards, the silaad equipment was placed in a drying
oven for at least 1 h at 70°C.

The as-prepared flask, equipped with a magneti¢c was filled with the respective
polyethyleneglycol compound and isocyanopropyhiaetysilane. After a short period of
stirring, in order to obtain a homogeneous emulsibthe educts, dry chloroform was
added, which resulted in a full solubility of thea compounds. To prevent subsequent
hydrolysis of the product, the flask was purgedhvatgon. To start the reactioh,was
added, accompanied by a strong heat developmeaitdiag exothermic effects. Due to
the polyethyleneglycol compound, the products becaightly turbid, whereas the
degree of translucence increased with the incrgdsimgth of spacer. To guarantee full
conversion, the reaction proceeded over night fgg. @5 h.'H-NMR and ATR-IR

measurements showed a full conversion and no rémgagocyanate groups.
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Analytics:
'H-NMR: (CDCL) & [ppm]: 4.22 — 4.14 (t, -CO-O-CGHCH,-O-)
3.81 —3.72 (m, 12H, CGHCH,-O-SE)
3.66 — 3.58 (-CO-O-CH CH»-O-)
3.17 — 3.07 (s, 4H; 12,2H; 30H; 50H; -GNH-)
1.68 — 1.50 (M, 4H5Si-CH,-CH,-)
1.24 — 1.14 (t, 18H, CHCH,-O-)
0.65 — 0.55 (t, 4HsSi-CH,-)

IR (cmi™): 3344, 2978, 2933, 2890, 1706, 1527, 1445, 13925, 1195, 1166, 1102,
1075, 955, 862, 753

3.2. Generation of the L ; “Sponge” Phase Template

Liquid crystal
bilayer wall

Chemicals:
For a Lg “sponge” phase template needed in further usefdlleving formulation was

necessary:
0.430¢ (1.33 mmol) Cp&,0
0.500 g (4.90 mmol) 1-Hexanol
2.790¢g 0.2 M HCI
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Synthesis:**

The surfactant 1-hexadecylpyridinium chloride moyarate (CpCH20) and 1-hexanol
were placed in a penicillin flask, equipped wittmagnetic bar. After 2 min stirring in the
closed flask, 0.2 M HCI was added via a syringéofeéd by a period of agitation. The
appearance of the solution should turn from tudsidcompletely clear within a few
minutes, resulting from a transformation of the édlar to the Lk “sponge” phase. If the
solution retained its original state longer tham3@, a few mg of either Cp&,0 or 1-
hexanol, depending on which compound had an excess] be added to achieve the
phase transformation. Finally, a stable solutions vestablished, which hardly was
distinguishable from water. Samples which didelear within 30 min were discarded.

3.3. Preparation of the Carrier Material

=si-OR + H,0 ——> =Si-OH + ROH
—Si-OH + =Si-OR ——>  =Si-0—Si= + ROH
=Si-OH + =Si-OH ———>  =Si-0—-Si= + H,0

Chemicals:

Ls “sponge” phase template (amount: acc. to 3.2)
TMOS

Co-Precursory, 3, 4, 5)

EtOH

Monomer (acc. to 2.4)

Photoinitiator (NDPD; Daroc(ir1173)

Tab. 10, 11 and 12 show the initial weights of aetethoxysilane (TMOS) and co-

precursor, calculated by equations (2-5) as wethasdesignations of the samples, used
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in this work. To downscale the amounts of precuws;stire calculations had to be carried
out with lower initial weights of Cp@H,O and 1-hexanol, respectively. The solvent
content Gqy describes the amount of 0.2M HCI in the template] R, determines the

molar ratio of alkoxy groups of the precursors t®Hchapter 2.3).

Table 9: Initial precursor weights for the sol-gel proceSs;, = 75 wit%; R, = 0.941

sample TMOS cont. co- spacer of co- co-precursor Mwos [g] M coprec[d]
[wi%o] precursor _ precursor cont. [wit%]
A 100 5.513
B1 95 DEG 5 5.237 0.723
B2 90 2 DEG 10 4961 1.447
B3 80 DEG 20 4.441 2.894
C1 95 PEG200 5 5.237 0.837
C2 90 3 PEG200 10 4.961 1.673
C3 80 PEG200 20 4.441 3.346
D1 95 PEG400 5 5.237 1.077
D2 90 4 PEG400 10 4,961 2.155
D3 80 PEG400 20 4.441 4.310
El 95 PEG600 5 5.237 1.318
E2 90 5 PEG600 10 4.961 2.636
E3 80 PEG600 20 4.441 5.273
Table 10: Initial precursor weights for the sol-gel proceSs;, = 85 wt%; R, = 0.941
sample TMOS cont. co- spacer of co- co-precursor Mwos [a] M coprec[d]
[wit%] precursor precursor cont. [wt%]

A(Cson=85%) 100 --- 10.413
D3(Cso=85%) 80 4 PEG400 20 8.330 8.140
Table 11:Initial precursor weights for the sol-gel proceSs;, = 95 wt%; R, = 0.941

sample TMOS cont. co- spacer of co- co-precursor Mwos [0] M coprec[d]
[wit%] precursor precursor cont. [wt%]

A(Cson=95%) 100 --- --- 34.941
D3(Cso=95%) 80 4 PEG400 20 27.931 27.294
Table 12:Initial precursor weights for the sol-gel proceSs;, = 75 wt%; R, = 2

sample TMOS cont. co- spacer of co-  co-precursor Mwos [9] M copree [0]
[wit%] precursor precursor cont. [wt%]

AR.=2) 100 11.714

D3(R.=2) 80 4 PEG400 20 9.376 9.158
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Synthesis:

Prior to the reaction, the co-precursor was disgmblin TMOS until a homogenous
mixture was formed. The solution was now addedavgyringe to the template, in order
to silicify it. Due to the exothermic hydrolysis thfe reaction, a water bath was provided
to avoid high temperatures and the addition wasethiout dropwise. All the samples
turned slightly turbid, caused by the developmdmhethanol bubbles during hydrolysis,
but after further addition it became clear agaim éxception was the mixture with
compound 5, which retained its cloudiness even after full wension and
homogenization.

After the addition, the mixture was slightly stulréor a short time (est. 30 s — 1 min),
both to get rid of the occurring bubbles and toldb@own to ambient temperatures.
Subsequently, the prepared sol could be transfentedappropriate vessels, which were
tightly sealed. Depending on the type of the caprgor and its content in the silica
source, the gel time varied between several daysafd only a few minuteD@, E3,

D3(Cson=85%), D3(Csov=95%), D3(Rw=2)).

After an aging time of 92 h (3 days), the solvexthange from the water to ethanol was
carried out. Therefore, the solid was covered wilvent mixtures in the following steps
with a treatment time of 1 day in the sealed vefsekach mixture: 1.) EtOH : 4@
50wt% : 50wt%; 2.) EtOH : H20 75wt% : 25wt%; 3.X; ( optional 4.) pure EtOH ).
After treatment, the solvent was carefully remowsda Pasteur pipette. Note that the

samples were never allowed to dry during the varexchange steps.

Now, thin films were ready to be infiltrated witim a
Condenser E oglln;g appropriate monomer. However, monolithic samples
I - were additionally treated by continuous Soxhlet

extraction (Figure 11).
The extractor was equipped with a reflux cooler, a

Extractor

Mantle

Figure 11: Soxhlet extractor

500 ml flask, half filled with the extracting solve
EtOH and a magnetic stirrer. The solvent was heated
up until a continuous stream of hot solvent
throughout the apparatus occurred. In such a

manner, the extraction procedure retained for 3 day
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in order to remove as much template as possibler Aie extraction, the samples were
transferred to glassy vessels, in order to accamplhe following infiltration with
monomer. Vessels made of polystyrene would be dttlyein some of the monomers.
Note that the samples were immediately covered wiehfirst monomer mixture and

tightly sealed, in order to avoid cracking of thaterial due to vaporisation of EtOH.

Infiltration with monomer resembled to the procexlof the solvent exchaagEach of
the three monomer mixtures was allowed to stand.fday in the tightly sealed vessel.
For the second and third step, a certain amouphofoinitiator, based on the monomer
amount, was added (2 wt% DaroBurl73 for test purposes, 0.05 wt% NDPD for two
photon polymerisation (TPP) application).

1.) monomer : EtOH  50wt% : 50wt%; 2.) monom&tOH 75wt% : 25wt%; 3.) pure

monomer
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4. RESULTS

The letters in the sample names are designateddiegao the used type of precursor
(compare also to tab 10 — tab. 12):

* A: no co-precursor (100 wt% TMOS)
« Bx:ICPTES/DEG2)

« Cx: ICPTES/PEG2003)

 Dx: ICPTES/PEG4004|

* Ex: ICPTES/PEG6005)

The numbers in the sample names refer to the coofeprecursor and co-precursor,
respectively:

e x=1:95wt% TMOS; 5 wt% co-precursor

e x=2:90wt% TMOS; 10 wt% co-precursor

* Xx=3:80wt% TMOS; 20 wt% co-precursor

Sample names without index represent a solventendn{Gs,,) of 75 wt% and

Rw=0.941(chapter 2.3). Samples with changes for thpaemeters are marked
accordingly.
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4.1. GelTime

The type of precursor determined the gel tige(te. the time at which a continuous
network was formed after starting hydrolysis andhdemsation reaction). It was
determined just by taking the time from the stantilithe vessel could be turned upside
down, without any appearance of viscous movemerg.well known that increasing the
length of the alkoxy groups (e.g. TMGS TEOS) increases the gel time by a decrease of

the reaction rate. However, by replacing an alkgxgup by an aliphatic groupget
decreased dramatically.

50
2
3
40+ 4
30
= 30 m B3
Al < 20
20 - Bl £
-5 10/ *x C3
A D3
(0] . ,
10 4 A 18 20 22
D1 co-precursor [%]
0 T T T =4
0 5 10 15 20

amount co-precursor [%]

Figure 12. Gel times of the various precursor mixtureg;G 75 wt%

Samples made of TMOS (sampe thecompositions of the various samples are given in
tab. 10; chapter 3.3) took over 40 h to gel, ifytleood tightly sealed. Already the
addition of 5 wt%2 lowered ¢ by the half (fig. 12). The longer the spacer léngft the
co-precursor, and the higher its amount in a metwith TMOS, the shorter became the

gel time. At 20 wt% amount it took only a couplenoinutes to turn the colloidal solution
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into an elastic gel body. Experiments for higheroants failed, sinceyd was already
reached before the solution could be casted inpanoariate vessel. Therefore, 20 wt%
amount of co-precursor in a mixture with TMOS whs timit for reasonable use of the

approach.

Table 13 Gel times of various mixtures, varying.and R,

sample solvent content [wt%] R tgel

A 75 0,941 ~42h
A(Cson=85%) 85 0,941 ~30h
A(Cson=95%) 95 0,941 ~24h
AR,=2) 75 2 ~15h
D3 75 0,941 6 min
D3(Csov=85%) 85 0,941 6 min
D3(Csov=95%) 95 0,941 6 min
D3R.=2) 75 2 6 min

While samples made of TMOS gelled much faster witlreasing solvent content and
with a higher R value, samples with 20%4 seemed to be not affected by this
acceleration (tab. 13). A suggestion was, singewas measured in minutes, it just

appeared constant. Probably, the time decreasstia few seconds.

4.2. Refractive Indices

To determine refractive indices, an Abbe refractemehermostated at 20 °C by a water
bath, was used. The colloidal solution was measimgdediately after addition of the
precursor, by putting a drop of the sol on theawfymeter. Fig. 13 gives a survey of
refractive indices for samples with a constant eetvcontent of G, = 75 wt% and a

difference in the precursor composition.
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1,410

1,405

1,400

1,395

20

0 1,390

1,385

1,380

13754 A

amount co-precursor [%0]

Figure 13: Refractive indices for various precursor mixtur@g;, = 75 wt%

Samples without modification by a co-precursor, hagery low index (5° = 1.3750).
Raising the content of co-precursor and its spsaregth resulted in an increase of the
refractive index to values of about 1.41. Hencéameement of other material properties
resulted in an unwelcome elevation of the refraciivdices, and this would lead to a
lower differenceAn from the host material to the polymer waveguide.

Depending on the type of precursor, the sol-gelsiteon took a certain time. To observe
the alteration of the refractive index during tpi®cess, the change of the value was
overviewed for the gelation of sampe because it had the longegt tThe tightly sealed
hardening vessel was equipped with a needle agdrags, in order to take samples in a

certain time interval (tab. 14).
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Table 14 Development of the refractive index of sampleluring the sol-gel transition

20

time [h] Mo

0 1.3777
0.5 1.3741

1 1.3730
1.5 1.3725
2.5 1.3730
22.5 1.3720
25.5 1.3720
27.5 1.3720
46.5 1.3725

20
np

1,3800 A
1,3780 4
1,3760
1,3740
1,3720 A
1,3700 A

1,3680

*
.0
*

th]

After approximately 46 hyd was reached. The refractive index remained aliecmsstant

throughout the whole gelation process with a sligitrease in the first hour, which has

been neglected, since the carrier material hadbther index compared to the polymeric

waveguide. Hence, refractive indices for the sah be taken as representative for those

for the solid gel as well. Commonly, polymers exhéhigher refractive index than the

respective monomers, with an increase of app.= 0.04 to 0.05 (e.g. 2-ethoxyethyl
acrylate: p*° = 1.4247; poly(2-ethoxyethyl acrylate;i= 1.4710)

It was interesting, that with an increase of thivestt contentnp® decreased slightly

both for samples with pure TMOS and for samplegaioimg a co-precursor (tab. 15).

Table 15 Refractive indices of various mixtures, varyimgGs,, and R,

20

sample solvent content R np
A 75 0.941 1.3750
A(Cson=85%) 85 0.941 1.3695
A(Cson=95%) 95 0.941 1.3655
AR.=2) 75 2 1.3715
D3 75 0.941 1.4040
D3(Csa.=85%) 85 0.941 1.4000
D3 Cson=95%) 95 0.941 1.3980
D3(R.=2) 75 2 1.4060

To guarantee a reflection of light at the wavegudelding interface, the refractive

index of the polymeric waveguides should be remagkaigher than those of the host
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material. As mentioned in chapter 2.4, various sypemonomers have been tested, in

order to choose the most suitable one (tab. 16).

Table 16 Refractive indices of the contemplated monomers

20

monomer 05)
HEA 1,4520
IBOA 1,4762
POEA 1,5200

BDDA 1,4569
EEEA 1,4385
UA 1,4600
TPA 1,4748

Concerning the refractive indices, it was obviduet tall monomers are suitable to serve
as compound for waveguide structuring with thewdéifed increase of at leash > 0.003
compared to the cladding material. Since compouwidls aromatic groups had the
highest values, 2-phenoxyethyl acrylate (POEA) basn chosen as monomer for the
infiltration. Besides, this monomer had a comparatlv viscosity and did not show any

coloration after polymerisation.

4.3. Observation of the Carrier Material throughout Preparation

4.3.1. General Considerations

To achieve a porous template for the precursor coumgs, it was necessary to assemble
the used surfactant Cp&LO in a Ls-sponge phase. The formation was easily visible jus
by its clear water-like appearan®e., lamellar phases in contrast were quite turbid, and
furthermore discernible by their viscous behavidmlutions with a hexanol/surfactant
ratio at the boundary to the; Esponge” phase (i.e. ca. 1.12) did not appearidubloit
very viscous. If the ratio exceeded the upper tiolesof the I3 phase, it became turbid

again and separated into a cloudy and a clear phiase the agitation stopped.
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Based on fig. 4, the following fig. 14 shows theapés of a system withs§y = 75 wt%
(chapter 3.2) from the left hand to the right harde: L, phase (hexanol/surfactant: ca.
1.06); L, + Lz (ca. 1.12); k phase (ca. 1.16); multiphase (ca. 1.24).

Figure 14: Appearance of the various phases of the system

1-hexanol / CpCH,0 / water (Go = 75 Wt%)

A very crucial property of the carrier material witsstransparency. Samphe appeared
totally transparent and hence suitable for usewaweguide applications. Although
addition of co-precursors with polyethyleneglycopaser groups enhanced the
mechanical properties of the material, the trarepar suffered. The greater the chain
length of the polyethyleneglycol and the higher demtent of co-precursor, the more
turbid the sample appeared, making formulation$ wi-precursor concentration > 20

wt% and chain length >m 9 (i.e. compound) unsuitable for optical applications.

Figure 15: Turbidity as function of the co-precursor cont@aft hand sideB1; right hand sideE3)
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The left picture in fig. 15 shows the monolithiorgale B1. Its appearance did not differ
from samples made of pure TMOS (samfs}eand even for sample3 the transparency
was fully maintained.

However, the right picture shows samf8 that had an unclear result regarding the
synthesis (chapter 2.1). In the image, there i®kanous cloudiness visible. A reason
could be that PEG 600 is already a turbid solidoamtm temperature, and hence the
according co-precursor compound remained turbidvels. Dissolving in TMOS and
addition to the preparedsisponge phase solution did not change the appearamd
neither do the gelation process. Hence, PEG 40@éas chosen as upper threshold for
the spacer length.

Moreover, the turbidity got stronger for a solvenntent of 95 wt%. Acc. to literature,
the pore size increases with an increased solvemieot, and it gets close the wave
length of visible light for a very high solvent dent, thus causing light scattering and

therefore decreased transparency.

Another problem of the preparation procedure was firmation of macroscopic and
microscopic cracks when the pore liquid vaporized.

Macroscopic cracking was triggered by the shrinkafythe material. By increasing the
amount of co-precursor and the spacer length, ¢hésking could be suppressed.
However, the shape of the sample had to be takenaiccount. Hence, crack-free thin
films could be synthesised. Monolithic samples wearere susceptible to cracking,
especially when the solvent exchange frop©Ho EtOH had already been carried out.
With water as solvent in the pores, even monolihgd a crack-free appearance (fig. 16).
Obviously, this was caused by the higher surfagsio® and reduced volatility of water
Monolithic samples always had to be covered withagol prior to the infiltration with
monomer, in order to avoid the vaporisation of sisévent due to microscopic cracks.
Rinsing of the material with ethanol after the ogrprocedure for removal of the non-
cured monomer from the host material always causgtoscopic cracks immediately
with the vaporisation of ethanol. As possibilitysacond monomer with a remarkable
lower refractive index could to be infiltrated (Ado chapter 3.3). However, for sample
D3, the ethanol in the pores of thin films could ba&perized at any state of the
preparation process in order to obtain an emptgieczamaterial (fig. 16; the monolithic

sampleD3 was still covered with some ethanol).
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SampleA SampleD3

Monolithic sample <+—— Monolithic sampli

Thin film

Figure 16: Suppression of cracking by co-precursors

The infiltration process with POEA induced a lotstfess in the porous carrier material,
obviously released by the steric structure of #snrcompared to the solvent. While thin
films resisted those forces even after solvent amgh, monolithic samples cracked due
to the infiltration process. However, by applyingx8let extraction the monoliths
achieved enough resistance to withstand the strfiei® infiltration, and thus this step
didn’t lead to further cracking.

4.3.2. Mass Loss

The mass values were tracked gravimetrically bgraadytical balance by subtracting the

tare of the used vessel. It should be noted that# not possible to remove the solvent
from the sample completely, due to the danger afléng by solvent evaporation in the

samples. Checking the reproducibility with sevesaimples of the same composition
revealed that the values are affected with an esfaapp. + 3 - 5% and can only be

treated as estimation.

The mass of the samples always correlated witrstidigeis of the preparation procedure.

Actually, each procedure resulted in an increasgearease of the samples mass (fig. 17
and 18):
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Each solvent exchange step (chapter 3.3) remositain part of the template.
Regarding the lower density of ethanol comparedvéder, the mass should
decrease in the same solvent volume.

Contemporary to the respective steps of preparatigmg of the wet gel body
released further volatile alcohol compounds.

Soxhlet extraction removed the remaining templig@ding to a further lowering
of sample mass. Furthermore, a significant shriakagaused by further

condensation reactions of the precursor, contribtite main part of mass loss at

mass loss [%)]

mass loss [%]

this point of preparation (compare to chapter 4.3.4

Of course, infiltration of monomer into the poresd lto an increase of the sample

mass. In fact, this can be taken as indicatorabatally porosity was present.
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First of all, the sol-gel transition caused deveilept of methanol and ethanol,
respectively. This was accompanied by a generas ags of app. 5 wt%. Subsequently,
exchanging the solvent from water to ethanol ineps led to a very different course in
the mass change tendency between the respectiygosdians. Increasing the amount of
co-precursor and its spacer length resulted inmarkeable mass loss compared to sample
A. A possible reason was that according to chap&rtBe spacer lengths governed the
molecular weight of the co-precursors and hencartii@al mass. Due to the increasing
ratio of precursor mass to water + template m&ss fact could lead to a decrease in the
porosity and hence to a lowering of the solventtitoation to the total weight of the
sample. Since the different behaviours of the weionass losses during solvent
exchange were determined by the sol-gel processdéarease of mass could be more
pronounced for samples with lower porosity. Thetgbation caused by the removal of
template during the solvent exchange (chapter 4.8n®uld be the same for each sample
A remarkable behaviour was that the longer theexpl@ngth, the curve with 10 wt% co-
precursor amount approached from the curve witht% wo-precursor amount to the
curve with 20 wt% co-precursor amount. This couldi¢ate a similarity in the pore
volumes of the respective samples.

Continuous Soxhlet extraction led to a further dnoghe mass to app. 50 — 60 wit%,
again with the lower values for samples with a haghmount of co-precursor. Finally, the

last part described a mass increase due to itifilira

4.3.3. Removal of Template

Surfactant and hexanol, respectively, were remdmethe treatment with ethanol. This
was carried out both during the solvent exchangeSwxhlet extraction. Each exchange
step removed a certain part of template from tmepéan For quantification, the solvent
fractions from a sample series with the same coitippsvere collected and vaporized
by a rotary evaporator (50 °C; 90 mbar). Hence,rdspective dissolved template was
isolated, measured by NMR-spectroscopy and couldobgared with the initial weight

of surfactant and hexanol.

57



Results

SampleD3 serves as example:

* Ls-sponge template: 0.43g 1-hexadecylpyridinium eééomonohydrate,
0.501g hexanol, 2.802g 0,2 M HCI
* Precursor: 4.373g TMOS ; 4.272g9 ICPTES/PEG400

Hence, the total mass was 12.377g. The mixturecastsinto six hardening vessels with
a diameter of 2.25 cm. Monolithic samples (eackdlof 3 mm and 5 mm height) were

obtained and treated as described in chapter 3.3.

1-Hexadecylpyridinium chloride monohydrate:

'H-NMR (CDCL) & [ppm]:

9.42 (m, 2H, Aryl H); 8.45 (m, 1H, Aryl H); 8.09 (n2H, Aryl H); 4.86 (t, 2H=N"H-
CHo-CHy-(CHp)13); 3.27; 2.06 (S, 1H=N'H-CH,-); 1.93 (m, 2H,=N*H-CH,-CH,-
(CHp)13); 1.14 (bs, 26H, -(Ch)13) ;0.76 (t, 3H, -(CH)13-CHa)

1-Hexanole:

'H-NMR (CDCL) & [ppm]:

3.56 (t, 2H, -CH-OH); 1.73 (bs, 1H,-OH); 1.30 (t, 2H, -GHCH,-OH); 1.22 (m, 6H,
CHs-(CH>)3-); 0.83 (t, 3H, CH);

As determined by'H-NMR spectroscopy, the various residua from thévesu
evaporation consist of Cp€LO and 1-hexanol, respectively. Since 1-hexanohat
soluble in water, only the residue from solventtaage 3 showed a remarkable content
of it (CpCIH,0:1-hexanol = app. 2:1). Tab. 17 shows how muchplata the three
solvent exchange steps removed from the monolghiples in comparison to the initial

weight of the template.
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Table 17 Recovered template from the various residua

substance mass [mg] rel. mass [%]
used template (surfactant and hexanol) 931 100
residue from solvent exchange 1 360 39
residue from solvent exchange 2 160 17
residue from solvent exchange 3 170 18

According to the addition of the three residua fribn@ solvent exchange steps, it could be
reasoned that app. 75 wt% of the template was rethfust by solvent exchange. All the
CpCIH,O should be dissolved, and the remaining amount-béxanol was released
from the carrier material by continuous Soxhletastion.

Since samples with the shape of thin films werédlilt to extract in the common way by
Soxhlet extraction, it was assumed to be suffictergerform only solvent exchange for
this sample type. Through the low thickness offilnes (max. 200 um), the diffusion of
ethanol in the pores should be more effective amanolithic samples. Additionally, the

extraction, a very time and material intensive prapion step, could be skipped.

4.3.4. Shrinkage

The progress of the sol-gel process, from the igelaib the aging, caused certain
shrinkage in the material. In general, the higheramount and spacer length of the co-
precursor, the higher was the shrinkage. The medsualues were taken from the

diameters of the samples (tab. 18 and 19).
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Table 18 Shrinkage of the various precursor compositions

shrinkage in diameter after shrinkage in diameter after

sample solvent exchange [%] Soxhlet extraction [%]
A 0 17.1
B1 1.4 20.0
B2 2.9 22.9
B3 11.4 22.9
C1 2.9 22.9
c2 7.1 25.7
c3 14.3 25.7
D1 7.1 25.7
D2 12.9 28.6
D3 17.1 28.6

Table 19: Shrinkage ofA andD3, varying G, and R,

shrinkage of diameter after

sample solvent content Rw solvent exchange [%]
A 75 0.941 0
A\(Cson=85%) 85 0.941 0
A(Cso=95%) 95 0.941 0
AR,=2) 75 2 0
D3 75 0.941 17.1
D3(Cson=85%) 85 0.941 20.0
D3 Csou=95%) 95 0.941 17.7
D3(R.=2) 75 2 13.3

SampleA results in a rather rigid network of recurrenttsrind hence there was no
shrinkage during solvent exchange. However, samptggaining co-precursor with
flexible polyethyleneglycol units shrank during ghprocess. The shrinkage values
increased with longer spacer lengths and a higheyuat of co-precursor. Thus, the
diameter could decrease up to app. 17 % only byesblexchangeld3). Obviously, the
co-precursors and the therefore resulted increfisadility of the material enabled
further condensation reactions even during solexthange. Otherwise, a fagkt
(chapter 4.1) could also correlate with a fast ggihthe material and thus with a higher

shrinkage.
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Soxhlet extraction and its boiling ethanol cause@raarkable decrease of the samples
volume in all samples, caused by further condemsateactions during the extraction.
Apart from sampld>3, this was accompanied with occurrence of macrasomacks at
almost all samples. Probably, the increase of madesstress due to the shrinkage
procedure triggered this cracking, and shrinkage again more pronounced in samples
with greater spacerlenght and higher amount ofreatpsor. The maximum shrinkage
observed was app. 29 % from its initial volume.

Obviously, increasing & at constant R value did not affect the degree of shrinkage
very much. However, an,Rvalue of 2 lowered the decrease of diameter coeapir R,

=0.941, which was commonly used for sample prdjmsra

4.4. Thermal Properties

The measurements were accomplished by thermogranémanalysis (TGA) and

differential scanning calorimetry (DSC) accordingchapter 2.7. All monomer had to be
removed from the samples surface prior to the nreasents, in order to detect only the
substance which was located inside the pores. Amated error of app. 5 wt% had to be

taken into account for the monomer vaporisation.

4.4.1. Thermal Behaviour of the Co-Precursor
The synthesised co-precursors were studied regartheir thermal behaviour and

decomposition. The following fig. 19 and 20 show tiehaviour of the co-precursor. The

synthesis of these compounds is described in chaie.
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Figure 20: DSC measurements of the various co-precursor oangs
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The following significant steps occurred in TGA db8C, respectively:

The first mass loss occurred from room temperatoirapp. 100 °C. Apart from

vaporisation of remaining ethanol from the porés thermal influence could
carry on the condensation process and thus fuetwehol could be composed.
The weight loss was app. 22 — 27 wt%. After the sueament appeared the
samples as small pieces of solid. Hence, gelatiost inave occurred during the
measurement. Another contribution to that peak c¢cdog¢ desorption of the
chemisorbed species (e.g,®) from the polyethylene spac&rDSC showed a

significant signal at app. 45 °C, which could bsigised to desorption.

According to TGA, the used PEG compounds decomjasegaseous products in a

range from 250°C — 380 °C. The decomposition opreursors could be separated into

three phases:

The second weight loss in the thermogram was inrdnge 200 — 270°C. The
respective DSC peak showed a physical transitionhef PEG spacer, hence
decomposition of PEG was assumed. The differentekda temperature of the
peak for the various co-precursors, was app. 2.peCethyleneglycol unit and
increased from compour® - 4. Literaturd® suggested 3 K increase of melting
point for each ethylene glycol unit for,\k 900 mol/g.

DSC measurements showed a chemical conversionpat335°C. This signal
could not be assigned, but it should also haveritgn also in the decomposition
of PEG. In fig. 19, this third mass loss appearedaaslightly inclined line,
constant for all the substances.

The forth weight loss (TGA: range 370 °C — 440 °@scribed the final
decomposition of the spacer in gaseous productp. AP wt% of black solids
remains after the measurement. The blackening dodidate carbonic residua

due to the decomposition of PEG.

Depending on the spacer length, the co-precurseprdposition behaviour varied

regarding the drop of the second and forth weighs,| respectively. A possible reason

could be: Since, for pure PEG the decompositioreapgdl as one continuous drop, it

could be assumed that there is a difference inldo®@mposition temperature, whether an

ethyleneglycol unit was included in the chain cg tonnection to the silica compound

and hence bonded to a urethane group. An incrdadee spacer length decreased the
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ratio of urethane groups to ethyleneglycol unitenek, the second weight loss became
lower and the forth weight loss became higher.

5 seemed to have a different thermal behaviour thiéwer co-precursors. Since, this
compound was not suitable for the envisaged appits, the origin of this fact wasn’t
investigated further (Probably the synthesis fa{legthpter 2.1, 3.1.2); the accorditidr
NMR spectra did not reveal the success of the pagipa).

4.4.2. Suitability of Monomers for Infiltration

The monomers listed in chapter 2.4, were investtjategarding their ability for
infiltration of the carrier material (tab. 20). Theonolithic host samples had the common
compositionD3. The infiltration process was carried out as dbscdrin chapter 3.3. It
has to be mentioned, that app. 50 % of the used rhaserials showed macroscopic
cracks, resulting from the extraction procedure, despite this they could be tested.
Since parts of EEEA cured during infiltration ataig remained on the sample surface,

this monomer was not applied. The reason for thegwvas not investigated in detalil.

Table 20: Suitability of various monomers for infiltration

weight loss end point of weight loss

monomer [Wi%] °C] boiling points [°C]" monolith
HEA 19 170 210-213 not broken
IBOA 18 185 245 broken
POEA 20 225 287 not broken
UA not accurately detectable not available broken
BDDA 18 215 255 not broken
TMPA 7 200 > 200 broken

" Boiling points are obtained from various matesafety data sheets, available in the internet:
HEA: http://www. chemexpr.com/chemicals/supplie8&1-1.html
IBOA: http://98.130.76.221/products/5888-33-5.htm
POEA: http://ntp.niehs.nih.gov/files/Phenoxyetltyldate2. pdf
BDDA: http://www.veredelungschemikalien.basf.defesma-in/internet/en_GB/function/
evproducts/document/30041345/TI
TPMA: http://redox.com/mdms/data/MONOMC10.html
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IBOA, UA and TMPA were not suitable for the inteddapplication, since the samples
broke into small pieces during infiltration. PerBaghe molecules are not flexible enough
and exhibit a high double bond conversion or a lpglymerisation heat. However, it
was possible to infiltrate HEA, POEA and BDDA inetltarrier material. Due to its
aromatic structure, POEA had the highest refraahdex of these monomers and hence
the biggest difference to the value of the hostemat While HEA became slightly
yellow with time, POEA remained colourless and sgzarent.

The weight loss caused by monomer vaporisation quaie similar for all the tested
substances (18 — 20 wt%). Furthermore, the differdretween the end of the respective
first bends and the theoretical boiling points washer constant. Apparently, the
monomer vaporized slowly before its boiling poinasvreached. In fact, these two
arguments indicated that the tested carrier méat&igporous and able to take up
monomer. The stepwise infiltration with mixtures &OH and monomer should

minimize effects of obstruction caused by a higltosity.

4.4.3. Monomer Content in the Carrier Material

Samples, which were already infiltrated with a abik monomer, were investigated in
this chapter. The mass loss regarding the amountapbrized monomer gave an
estimation of the materials volume, which coulderee monomer, and thus an insight to

the porosity of the material was given.
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Figure 21: TGA measurements of samples contairfray 3 as co-precursor
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Figure 22: TGA measurements of samples contairdregs co-precursor

The chosen substance to be infiltrated in the @amaterial was HEA. Hence, the first
bend ends between 165°C and 215°C depending mathple.

Fig. 21 and 22 show the results from TGA measurésneinsamples with three different
co-precursors and a solvent content of 75 wt%.@abBesides, for sampke mass loss
occurred at the same temperature range as thedentis for samples with co-precursor.
Not converted precursor seemed to decompose attamperature range. Note that
sample A retained its transparency after the measuremenile vélamples with co-
precursor content appeared as black solid. A terydeha higher remaining weight after
TGA with higher co-precursor content could be obsdr

The first drop in mass of sampB2 was much more pronounced than that Bdr.
Probably, there was some monomer remaining onuHace which increased the drop.
In general, an increase of the co-precursor cordenteased the vaporized monomer
amount, i.e. the samples volume accessible to mendetreased.

The values ranged from app. 49 - 53 wt% for sampiéls 5 wt% co-precursor, to 45 —
20 wt% for samples with 20 wt% co-precursor contdimerefore, it can be speculated
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that the co-precursor compounds lowered the polem® due to an increase in wall
thickness although the total volume of the formaolatincreased respectively to the
molecular weight of the used substance.

For waveguiding applications, formulati@B as carrier material for the chosen curable
monomer POEA had a crucial consequence: To guaraméeguiding, the difference
between the refractive indices of a waveguide dmadhost material had to be at least
Anp?° > 0,003. According to the results from TGA, a wavdguconsists of app. 80 wt%
carrier material with s° = 1.4040 and 20 wt% POEA witly! = 1.5200. Therefore, the
difference between the refractive indices of a wgange and the host material had to be
five times greater thannp?® > 0,003. Despite this, the difference was indaeg®® =
0.1200 and thus the stipulated increase shouldbsilge.

The following figure shows TGA measurements fronffedent states of the carrier

materials preparation for samle.
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Figure 23: Tracking the carrier materials preparation regeyds thermal behaviour
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There was a reduced total mass loss for the enmgtyec material with accomplished

Soxhlet extraction (red curve of fig. 23) compafedsamples which only were allowed

to gel (grey curve). The reason was the ethanoiclwtemoved the template from the
material during the exchange steps. Although tlepeetive solvent was allowed to

vaporize, there is still a weight loss at a tempeearange of room temperature — 120 °C.
Either, solvent was still remaining in the carrieraterial or further condensation

reactions occurred. Since the drops of the two esurare slightly displaced, the first

reason seems to be more likely.

The content of surfactant and 1-hexanol was 9 wit%he initial weight. Since the mass

loss of the grey curve was 9 wt% more than thogaefed curve, it could be considered
that the whole template was removed (Cp@DHaporized at ap. 220 °C; compare to
chapter 4.3.3). Furthermore, the infiltration caliseremarkable first drop (blue curve),

while the rest of the curve structure remained same compared to the empty carrier

material.

4.5. Mechanical Properties

Indentation depth-controlled nano indentation wd®sen to be the method for
investigating the mechanical properties of the ousi samples (chapter 2.8). To
guarantee the accuracy of a measurement, 10 —ati2 lgere carried out on one sample.
In general, an uncertainty of app. 3 — 5 % bothdietermination of indentation modulus
and hardness had to be considered. The measusempenided the sample load as
function of the displacement of the Berkovich in@gnin the sample. For all
measurements, the maximum indenter depth was culys&djusted at 1 pm. Hence,
indenter modulus and indenter hardness could besederfrom the curves. Some
measurements were repeated, in order to investigateproducibility of the method.
Regarding the accomplishment, measurements wenre aamtied out with monolithic

samples.
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4.5.1. Indentation Hardness (H 1)

Hardness describes the resistance of a certainrialagainst penetration by a harder
material. In general, increasing both the spagegtteand the amount of the co-precursor

lowered the hardness of the respective sample.
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Figure 24: Indentation hardness as function of the co-pmucontent

The increase of both co-precursor content and spaocgth governed a remarkable
decrease of the materials indentation hardness24igy However, a higher spacer length
reduced the drop of hardness when the amount oprewmirsor was increased.
Apparently, a high molecular spacer influenced lilaedness already in low contents,
since a high spacer length resulted in a reducerkedse. Thus, an indentation hardness
Er = 0.253 GPa could be achieved, i.e. the valuedcbel reduced to one third of the
value for a carrier material consisting of pure TSIO

The uncommon increase of hardness for sarBdlewill be discussed together with
indentation modulus in chapter 4.5.2.

Applying equation (9), Vickers hardness HV couldrblated Hr, expressed in the unit
[N/mm?] (1 GPa = 1000 N/mm?) by a scaling factab(t21). As comparison: Iron: 30 —
80 HVS:
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Table 21 Vickers hardness derived from indentation hardnes

sample indenter hardness i [N/mm?] Vickers hardness [HV]
A 699 (6.47)
B1 724 (6.70)
B2 533 (4.94)
B3 454 (4.20)
C1 562 (5.20)
C2 451 (4.18)
C3 325 (3.01)
D1 356 (3.30)
D2 351 (3.25)
D3 253 (2.34)

Table 22 shows the development of the hardnesagltive preparation of samils:

Table 22 Development of the indentation hardness duriegaiteparation (sampl@3)

step of progress H- [GPa]

after gelation 0.068
after solvent exchange 0.044
after Soxhlet extraction 0.253

Exchanging the solvent from water to ethanol reduttee hardness of the material.
However, extraction causes a remarkable increasengganied by shrinkage of the
sample, resulting from further condensation reastiof the gel, triggered by the high
temperatures during the extraction. This led taghdr resistance of monolithic samples
against microscopic and macroscopic cracking dutivey subsequent infiltration with
monomer, although that fact was achieved on therse of a remarkably decrease of
flexibility. Obviously, Soxhlet extraction involveal soft type of drying procedure.

An obvious consequence of the reduced indentatodness combined with the decrease
in indentation modulus was the remarkably decredasedency to macroscopic cracks.
This observation was correct for thin flms and mighic samples without changed
solvent, i.e. water in the pores. However, for mihic samples with ethanol in the
pores, microscopic cracking occurred during vamidn of the solvent. Not even the
threshold content of co-precursor in sanip8could avoid cracking of those samples.
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4.5.2. Indentation Modulus (E 1)

Young’'s modulus (E), as a value for the materiiffness, is defined by the ratio of an
applied stress to the resulting strain. The smalleung’s modulus, the softer is the
material. As described in chapter 2.8.2., instrue@mndentation experiments yield that
the indentation modulus is related to the Young&&lutus of the material. Concerning
the behaviour of indentation modulus it is obviotmat it resembled that of the
indentation hardness (fig. 24). Fig. 25 gives aveyrover the measured indentation

modulus for various formulations of carrier materia
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Figure 25: Indentation modulus as function of the co-precur®ntent

An interesting result was the remarkable incredsadentation modulus in the sample
Bl compared to sampl& (pure TMOS) as precursor. Possibly, the reasontHisr
behaviour was an increase of the wall thicknesaduition of co-precursor compounds.
Hence, this could lead to an increase of stiffniesshe sample. Although the wall
thickness increased further, a higher content gbrecursor apparently counteracted this
effect by the increased contribution to elastickprmulations with a higher number of

ethyleneglycol units exhibited lower stiffness.
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Thus, an indentation modulus offE 2.347 GPa (i.e. app. one third of the value for
samples with pure TMOS) could be achieved, accormegany a remarkably decreased
tendency for macroscopic cracks, resulted fronréldeiced stiffness of the material. The
development of the indentation modulus during treparation process for samid is

given in tab. 23:

Table 23 Development of the indentation modulus duringgheparation (sample3)

step of progress & [GPa]

after gelation 1.155
after solvent exchange 0.494
after Soxhlet extraction 2.374

Obviously, the removal of the template from thesponge phase bilayer reduced the
indentation modulus of the material by the facten.tHowever, treatment of the samples
with boiling ethanol by continuous Soxhlet extrantwas accompanied by an enormous
raise of . As mentioned in chapter 4.3.4., elevated tempsgat trigger further

condensation of the precursor molecules. Hencendteork became tighter and the

stiffness increased.

4 .5.3. Plastic and Elastic Parts of the Indentation Work

To determine the plastic deformation work and thestec reverse deformation work
during the indentation process, areas under thesuor application and removal of the
test force had to be calculated (chapter 2.8.3¢. 9um of these two amounts resulted in
the total mechanical work, necessary to move thekd@®#ch indenter to the default
indentation depth in the sample. Tab. 24 givesraeguover the work determined from

the load as a function of displacement:
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Table 24:Plastic and elastic content of the total mech. wodcessary to indent to a depth of 1 pm

sample Wees[MJ]  Weiast[MI]  Wpast [WI] - mir [%] 100 -nyr [%]
A 5638,8 1883,8 3755,0 33,41 66,59
B1 5197,1 2407,6 2789,5 46,33 53,67
B2 3738,2 1956,8 17814 52,35 47,65
B3 2957,6 1764,5 1193,1 59,66 40,34
C1 3691,2 1873,5 1817,7 50,76 49,24
C2 3047,2 1696,1 1351,1 55,66 44,34
C3 2379,1 1363,1 1016,0 57,29 42,71
D1 2360,1 1265,1 1095,1 53,60 46,40
D2 2383,7 1366,3 1017,5 57,32 42,68
D3 1487,1 1148,5 338,5 77,23 22,77

Resembling to the development of the indenter madahd the hardness, a high content
of co-precursor and a high molecular spacer ledntincrease of the elastic part of the
mechanical deformation work. Samples without capreor were very brittle with a
plastic deformation work content of app. 66 % (). However, samples containing the
compositionD3 as silica source were chosen for monomer infiiratFor these samples
three quarters of the deformation work was elaatid hence an according raise in
flexibility could be derived (fig. 27).
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Figure 26: Mechanical deformation work of a sample
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Figure 27: Mechanical deformation work of sami&a

A general conclusion from the measurements by nahentation was, that by increasing
the content of the co-precursor and the spacetieageduced brittleness of the samples
occurred and hence an improved resistance agaatsbstopic cracking (compare to the
observation in chapter 4.3.1). For thin films msgwopic cracking could be suppressed as

well.

4.6. Structural Properties

Surface measurements via Ndsorption and using the Brunauer Emmet Teller [BE
and Barret Joyner Halenda (BJH) calculation apgresevere carried out as well, but the
results remain doubtful. According to these measerds, the pore size was very small
for samples with pure TMOS as precursor and samypids additional co-precursor
appeared dense. The samples were heat treatedmaitt250°C prior to the measurement
to desorbe all adsorbed specie from the surfacpadgmtly, this caused damages in the

structure, since microscopic cracks appeared osdah®le after heat treatment. But for a
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reasonable accomplishment of the measurements st neaessary to carry out this
preliminary step. Thus, for the determination ofrgsity, other methods have been

applied.

4.6.1. Scanning Electron Microscopy (SEM)

Prior to the measurements, the sample pieces wa@ 6n an appropriate carrier by a
conductive silver-glue. The samples were covereth & thin gold layer via vapor
deposition, in order to guarantee full conductivilyo estimate the influence of the
various precursors on the porosity, images of thetdire areas were taken. The maximal
zoom to obtain a reasonable resolution for the esagas 15000x. It should be noted that
due to the poor enlargement, pores in an expedtedo$ several 10 nm could not be
identified. Below, SEM images of the surface and fracture surfaces of various

samples are shown (Fig. 28 and 29):

ccV Magn Det WD Exp 1 2mm AccV Magn Det WD Exp
120 kV 15000x SE 111 2 IMST ZA 2009-03-02

Figure 28: SEM images of a sampke (left) and sampl®83 (right)
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Figure 29: SEM images of a sample3 (left) and sampl®3 (right)

Considering the fine and irregular structure of #rea, samples made of pure TMOS
seemed to be rather porous. The irregularity ofnsity regarding morphology would
indicate an isotropic network of the pores, hertee li; “sponge” phase. Samp@3
appeared quite dense and without any topograptstakture as for pure TMOS.
Contemplating a decrease of porosity with the spdeagth, obviously a higher
resolution would show the pore structure of the@aniThe left picture in fig. 29 shows a
blurry image of sampl€3 with a resolution of 30000x%. Although a topologisaiucture
was visible, that could indicate porosity, no clstatement was possible. Obviously,
pictures of the fracture surfaces did not reveal plores due to the topology of the
material, and a clean cut through the samples wieald to better results (compare to the
AFM images in fig. 31).

In general, the SEM images suffered from poor regm.

4.6.2. Atomic Force Microscopy (AFM)
AFM was accomplished at the FELMI Graz. Both imaigethe contact mode and in the
non-contact (“tapping”) mode were made. Therebg,“tapping” mode provided a much

better resolution for the images.

Fig. 30 shows the fracture area of a sandple the contact mode:
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Measure i 100.0 nm Measure ] Pan [ 4|k SU.U nm

1
1: Height 6.7 |.lm 0.0 1: Height 1.6 pm

Figure 30: AFM images of fracture areas of samplén different resolutions

The image on the left hand side of fig. 30 hassaltgion, comparable with those made
by SEM (Fig. 29). Corresponding to the SEM imagt®e black areas could be
interpreted as deep holes, i.e. pores. The figar¢he right hand side shows an image
with a higher magnification that confirms a distib@pography. In fact, the difference in

height is more than 50 nm, which gives the conolushat the samples are porous.

2l P Drata Zaom 50.0 nm P Data Zoam ] 30.0°°
- e i

1 T 1
0.0 1: Height 4.0 pm 0.0 3: Phase 4.0 pm

Figure 31: Cross-section AFM of sampke in contact mode (left image) and “tapping” modght image)
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Fan Data Zaom 50.0 nm

Fan Diata ZDET._] 30.0°

1
0.0 1: Height 2.0 pm 0.0 3: Phase 2.0 pm

Figure 32: Cross-section AFM of sampke in contact (left image) and “tapping” mode (rigimage)

By applying microtomy, it was possible to obtaircr@ss-section of sampl&. Thus,
AFM images, which properly showed the pore sizahaf sample, could be recorded
(right images of fig. 31 and 32; Fig. 32). The iraagontain a very structural surface
indicating the k-sponge phase. In order to obtain reasonable imégeas necessary to
dry the sample with nitrogen prior to the microsgophe pore diameter varied between
app. 80 and 280 nm, i.e. macroporous material wathssized with Si@Qwalls between
the pores (Wall thickness: app. 140 — 230 nm). &the co-precursor increased the silica
compound content of the total weight and hencewiad# thickness, the pores were
certainly smaller with a raise of the co-precursomtent and the spacer length.
According to chapter 4.4.3, the pore size couldhpee times smaller with the threshold
formulation ofD3. In fact, these samples, i.e. monoliths and thimsf (fig. 33), did not
show pores comparable to those from sampl@he appearing lines are artifact, caused
by the sectioning of the samples at room tempezatiir the moment it is obvious that
samples consisting of formulati@3 do not exhibit porosity, but probably sectionirtig a
very deep temperatures would avoid the appearainteeartifacts, in order to make a
better statement. Since the generation of waveguwiges possible (chapter 4.7), there
should be pores, large enough to be accessibtadanonomer POEA.

The images on the right hand side of fig. 31 andl32v images of sampke recorded in

“tapping” mode. Hence, the scale on the right hside of the images denotes the phase
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shift. Corresponding to the images taken in contagtle, the phase contrast obviously
shows bilayers of host material (fig. 32).
Unfortunately, “tapping mode“ images of samplestaonng a co-precursor were not

available at competition of this work.

Fan Data Zaom 30.0 nm

Fan Data Zaom 30.0 nm

1 I 1
0.0 1: Height 2.0 pm 0.0 1: Height 16.7 pm

Figure 33: Cross-section AFM images of saml8: monolith (left image) and thin film (right image

4.7. Two Photon Polymerisation

The structuring process was carried out by Dr. ¥al®atzinger and Dr. Volker Schmidt
on a TPP device at the Joanneum Research InstitWeiz.

According to chapter 4.4.2, POEA was chosen tonfiirated in the carrier material.
0.05 wt% NDPD initiated the curing process, but eydlie samples a strong orange
coloration. Formulatiod3 was used both for monolithic samples and for fiims. It
was interesting that although AFM images (chaptér23 did not exhibit pores in sample
D3, it was possible to inscribe waveguides in thdtrated material.

The movement of the laser beam had a default gesti@0 mm/min.

All the images were taken with an optical microseapth different enlargements, both

in transmitted light and phase contrast modus.
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4.7.1. Varying the Laser Power

The fields consisted of 10 waveguides, where tret &nd the last line were inscribed
with the maximum laser power of 200 uW. In betweéer, power decreased by 20 uW
from line to line. For monolithic samples, the figlwere inscribed both in a depth of 100
pm and 300 pm (fig. 34 and 35). Since the monalifamples would get microscopic
cracks caused by vaporisation of ethanol, the nwaec monomer was left inside the
monolithic carrier for subsequent characterisation.

The depth for structuring waveguides in thin filmas 75 pm and 125 um, respectively
(fig. 36 and 37). The total height of such a filmsaapp. 200 pm.

e 200 [uian

Figure 34: Structured waveguides in a monolithic sample, vayyhe laser power

A ———————C R % 200 pr-n

200 i)

Figure 35: Structured waveguides in a monolithic sampleyivaythe laser power
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For monolithic samples, there was no obvious diffiee between a field inscribed in a
depth of 100 um and 300 um, respectively. Heneec#nrier material was assumed to be
fully accessible in its volume. Apart from the irnbed waveguides, the images showed
many bubbles in the carrier material.

Lowering the laser power was connected with a deseren the clarity of the lines,
probably resulting from a decrease in the doubledbconsumption. The threshold for
curing waveguides was 120 pW, but reasonable eesualy were achieved with a laser
power of 180 — 200 pW. Note that in pure monomerghotoinitiator NDPD just needs
20 — 25 pW. The structured waveguides consiste808b carrier material and 20%
monomer (chapter 4.4.3), so the laser power fosamable curing obviously increased

accordingly.

o R DT, S S A A T Ty T
- S A S T €

Figure 37: Structured waveguides in a thin film, varying taser power
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Structuring of waveguides was also possible with fitms. Concerning the laser power,
the results resembled those for monolithic sampkedifference to the monolithic
samples was that the non-cured monomer was renfomedthe thin films by treatment
with ethanol over night. Nevertheless, the matae#dined its orange coloration caused
by the photoinitiator NDPD. The spots in the mateprobably resulted from the rather
uneven surface caused by the preparation procesthédedges of the images, the film
was unfortunately out of the focus point, becalrgethin films bent very strong during
removal of remaining monomer with ethanol. Howeviire samples were flexible
enough to be bent back to the initial state.

Obviously, the generation of waveguides was possibeach layer of the material, using
at least 180 — 200 pW laser power to obtain satigfyesults. A waveguide had a
diameter of app. 35 - 37 um (fig. 38).

S0 (o

Figure 38: Microscope image of the structured waveguides

4.7.2. Varying the Speed of Structuring

The intensity of the laser in a spot could be iasesl either by raising the laser power or
by decreasing the structuring speed. As defaudt,niovement of the laser beam had a
speed of 20 mm/min (as for the generation of walkguin chapter 4.7.1), and the laser
power could not be increased over 200 pW. Thugsa deries with variations in the
speed of structuring with constant laser power (20 was carried out. The slower the

movement of the focus point, the higher becameritensity of photons and hence the
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energy in the focus. When the applied energy exaadcertain threshold, the cladding
material decomposed and the waveguide was “burtiigd’39 and 40).

Figure 39: Waveguides in a monolithic sample, varying thactiring speed

21000) (Ui

Figure 40: Microscope images of the an “burned” waveguide r(im/min)

Obviously, a movement of the laser beam of 10 mm/amd below, causes defect areas
in the waveguides. The “burned” regions are eagiyble by their dark appearance.
Unfortunately, both monolithic films and thin filmshowed lots of bubbles in the
material. These inclusions resulted probably frboe formation of methanol and ethanol
during the sol-gel process. Due to the short geletifor sampleD3, the sol was
apparently too viscous to get rid of all the gablies in the mixture. When a waveguide
was structured through such a bubble, a defectroextu
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4.7.3. Functionality of Waveguides

The operation tests for the generated waveguides ga&ried out by Mag. Nicole Galler
from the Institute of Experimental Physics at therlkFranzens-Universitét in Graz. The

images were again made by an optical microscope.

A structured monolithic sample (chapter 4.7.1) weepared for cut-back measurements
by breaking the samples normal to the waveguidelsodim sides to obtain a line field of
app. 2 mm length. Now, both front sides of the dasypgontained a cut through all the
lines of the field, which could be used for couglirght into and out of the waveguides,
respectively (fig. 41).

Thus, the ability for waveguiding and the loss gtical intensity during the process
could be determined. A monomode-phase with a wagéheofA = 594 nm was used for
the experiments.

Monolith

Figure 41: Front sides of structured waveguides in a mohiglisample

The images show monolithic samples with lines i@ 10n depth and decreasing laser
power (compare to fig. 34). The clarity of the Brdecreased with decreasing laser power
(200 uW to 20 pW). In fig. 34, the view from abasleowed only waveguides structured
with 120 pW and more. From the front side, lingsactred with less than 120 uW are
also clearly visible. If a waveguide was near tbheus of light of the microscope, the
spots brightened very obviously while the carrieatenial remained dark. This indicates
that light could be coupled into the lines. 200 jawd focus point movement of 20 — 14
mm/min should provide the best results.

84



Results

The following images show the front sides of thengkes where the light was coupled

into the waveguides (fig. 42).

Figure 42: Incoupling of light in the structured waveguides

The light coupled out on the opposite front siddhef sample. Figurd3 43 shows the
intensity of the outgoing light depending of thesda power during the generation

process:
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Figure 43: Intensity of outcoupled light for waveguidesustiured various laser powers
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All the structured waveguides showed an abilitgaade light rays, with a decrease of the
diameter depending on the laser power the line® \yenerated at. Although the laser
power decreased in the test series of fig. 34litles retained a constant diameter of app.
35 um, given by the area of the laser focus. Hemamuld be assumed that for fig. 43
the decrease of the light spot diameter did notlted from a decreased waveguide
diameter. Note that the frequency of initiation qggsses and thus consumption of
monomer was lower with a low power and thus the Inghe waveguides increased.

In general, the experiments showed much loss ad¢apnhtensity, which could be a result
of an insufficient alignment, because the positwérthe waveguides in the optical path
was not optimal. Hence, substantial parts of tlo®mnmng beam irradiated surrounding

carrier material rather than the waveguide.

87



Summary

5. SUMMARY

The aim of the work was to establish a transpapus, silica based host material for
polymeric waveguides. In this way, it should be giole to interconnect pre-aligned
electric compounds of integrated circuits via direciting of the waveguides by two
photon polymerization (TPP). The porosity of theteyn was achieved by true liquid
crystal templating by the iL “sponge” phase (fig. 5\ It consisted of 1-
hexadecylpyridinium chloride monohydrate as sudatt1-hexanol as auxiliary agent
and 0.2M HCI as solvent. The correct ratio of treiaus compounds provided an
isotropic system of pores with an adjustable siappropriate for infiltrating a
photocurable monomer.

A suitable silica sol-gel precursor was added ® pre-arranged template, in order to
prepare a porous material in the desired shape.n@womprecursors for silica sol-gel
chemistry are tetraalkoxysilane compounds, leatbng transparent but rigid network of
SiO, units, which is very sensitive to fracturing. Tére, inorganic-organic hybrid
molecules with flexible polyethyleneglycol (PEG)asprs between two triethoxysilane
heads were synthesized as co-precufsir,order to enhance the mechanical properties
of the host material. In the course of this worthbmonolithic samples and thin films
were synthesized, whereas the template was remeubdequently to the gelation
process by repeated treatment with ethanol soksition

0 H 0
/ I ‘ Si—0
O\ o /\O*SI/\/\N O/\/ko N\/\/ ‘I ~

PN | O

~q-Si o} H o} <
0 n=24,9,13

/ <
Tetramethoxysilane Co-Precursors

Various tests, concerning handling properties ¢igetime and transparency, showed that
a formulation of 80 wt% tetramethoxysilane (TMOS)da20 wt% of a co-precursor
containing a PEG 400 spacer (samp8 was a good trade-off between the requirements
for transparency, mechanical stability and the @ssig of the liquid sol. Hence, that
formulation was investigated in more detail and sgho as carrier material to be
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infiltrated with an appropriate monomer. Althoudte tmechanical properties probably
would be further enhanced both with a higher candéico-precursor and a higher spacer
length, either the sol would gel too fast or theterial would become too turbid. A
negative effect of the addition of co-precursor e refractive index increase of the
carrier material (1) compared to the respective polymes) (o guarantee waveguiding,
the difference had to be at least> 0.003, with a > ry. In fact, mixtures of TMOS and
co-precursor resulted in a refractive index of maxin n = 1.4100. Despite this, the
chosen monomer 2-phenoxyethylacrylate € 1.5200) guaranteed the waveguiding
ability.

Since the amount of precursor in the solvent, basethe R, value, depended on the
molecular weight of the respective silica souraiiag a co-precursor with PEG spacer
increased the content of precursor compounds instiie As a consequence, TGA
measurements of material already infiltrated withnmmer indicated, that the amount of
monomer in the pores of the carrier material desgedrom app. 53 wt% for samples
made of pure TMOS (sampke) to app. 19 wt% for the threshold composition arinple
D3. Determination of the pore size yielded contramtigtresults. While according to
values calculated by BET and BJH approach gfabsorption isotherms, the materials
seemed to be microporous and dense, respectivélly] Anages showed pronounced
porosity with pore diameters of app. 80 - 280 nmrfot enhanced samples. The carrier
material was porous enough to be infiltrated witlbnomer and the AFM images
confirmed the formation of theslsponge phase. However, the decrease of monomer
content in the material had to be considered instipulated increase of the refractive
index between cladding and waveguide. For the deedulation D3, a waveguide
consisted of app. 20 wit% polymer and 80 wt% hostrimiaGiven a refractive index
difference of at leagin > 0.003 for waveguiding, this translated into aet#nce oiAn >
0.015 between waveguide and carrier material.

Concerning the mechanical properties determinedhdnyo indentation, the values for
both indentation modulus and indentation hardnésssampleA could be reduced up to
two-third for samples consisting of the threshotohtent of co-precursoD@). In fact,
values of iz = 2.374 GPa and H= 0.253 GPa~ 2.34 HV) could be achieved, resulting
in a remarkable decrease of the tendency to mampasacracking of the material.
However, for monolithic samples vaporization of tkelvent ethanol resulted in

macroscopic cracking for each precursor compositiom thin films remained crack free
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for the enhanced sampE3. Unfortunately, the carrier material had no straaipesion
on the aluminum substrate and thus the gelatiortgs® was accompanied with a
curvature of the host matrix.

The first attempts to generate waveguides by TPt warried out successfully (fig. 44).
Hence, lines could be structured in different depthth the suitable setting of 180 — 200
MW laser power and 20 mm/min movement of the lasam. Decreasing the writing

speed would result in a too high energy impactaddcomposition of the host material.

Figure 44: Generated waveguides in silica based matrix

Additionally, attempts to couple light into and mftthe waveguides, respectively, were
successful as well. The intensity of the light dedpout of the system depended on the
laser power and writing speed used for the TPP.

Outlook

The aim of the work, to create waveguides in aa&ibased matrix was successfully
reached. However, there are still several issudsetsolved for improved performance
and processability:

» Short gelation time for enhanced samples.
In order to guarantee good handling with the cdlbisolution, do should not be

lower than app. 2 h. Then processing approachesspin coating could be used
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to achieve films in a certain thickness for thepeegive purpose. Furthermore, the
viscosity of the sol would remain rather low durihg@ application on a substrate.

 Appearance of turbidity by applying co-precursorsithw a great
polyethyleneglycol spacer lengthREG600).

» Cracking of monolithic samples due to vaporizatidethanol.

For an improvement regarding these aspects, tHewiolg considerations could be

applied:

« Due to inductive effects of the organic group omalkoxysilanes, these
compounds gel faster compared to tetraalkoxylsdamgth the same alkoxy
groups. A possible solution to slow down the gelativould be a change to other

alkoxy groups as for instance:

/i-Pr i-Pr
. 9 ?  _ip
i-Pr— . . __i-Pr
O—?I—| Spacer i—IS| O
O O
/ \,
i-Pr i-Pr

Another way to adjust the gelation of the co-preows in this work could be a
substitution of an ethoxy group by a methyl groopdecrease the number of
groups for cross-linking and therefore the netwaehsity.

Me

i i
—Si Spacer i-

] —| p |_?I Me
¢ ¢

But note that in general substitution with orgagioups leads to an acceleration

of gelation.

Additionally, e could be influenced by a shift to higher pH values
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In order to avoid interactions such as hydrogendbags between urethane
groups, which are well known to accelerate thetgelathe connection between
the inorganic silica “heads” and the polyethyleyegl spacer can be done in an

alternative way. For example:

(@]
Lo v g —

2/\0

Perhaps other spacer groups can slow down theiarelas well as enhance the
mechanical properties of the porous material. FAstance short polysiloxane
groups could improve these properties. Hydroxyeybibane groups would

ensure the soulubility in water :

Modification of the inner surface could lead to mher resistance against
cracking. The —OH groups of not reacted precuraarke utilized by conversion
with a suitable reagens. Hence the material coeldyarophobized as well as

strengthened by an additional layer in the poresekample:
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\ |
\ / \S'N/\Si/
OH HO_ / + N U o A — Vas "X
/ \ o o,

Note, that the pore diameter decreases by such@opach.
» To cast layers of the carrier materials onto a tsates the adhesion between the

two materials has to be guaranteed. Thus, surfaodification of the carrier

material with alkoxysilane has to be taken intocaut.
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MATERIALS, DEVICES, ANALYSIS

Reagensesvere used with a common quality for the chemicaltisgsis. Furthermore,

solvents were distilled prior to the applicatiorttwtommon laboratory methods.

'H NMR Spectra were recorded on a BRUKER AC-E-200 FT-NMR Specetem The
chemical shifts are given in ppm and referencedetcamethylsilane (TMS). For all
measurements deuterated chloroform (GP@hs used as solvent with the calibration of
the spectra regarding the solvent peak. The migitiplis defined as following: (s =

singlet, d = doublet, t = triplet, m = multiplet)

Infrared Spectra were obtained by the use of a Biorad FTS-135 FIplectrometer with
a Golden Gate ATR unit.

Refractive Indiceswere determined by an Abbe Refractometer manukedtoy the Carl
Zeiss Company, Germany and equipped with a Schai@t€& CT 050 Thermostat, filled
with distilled water (adjusted at 20°C). The devaperated at a wavelength of 589 nm
(Sodium D-Line).

Thermogravimetric Analysis measurements were carried out on a DuPont Instrisme

951 Thermogravimetrical Analyzer connected to ad®80mputer / Thermal Ananlyzer.

Differential Scanning Calorimetry was accomplished by a Shimadzu Differential

Scanning Calorimeter, equipped with a TA-50 WSIrhined Analyzer.

Nano Indentation was carried out by a Nano IndefitexP, manufactured by NANO

Instruments, Inc. Oak Ridge, Tennessee, U.S.Aegngped with a Berkovich Indenter.
Scanning Electron Microscopyimages were taken by a Phillips XL 30.

Atomic Force Microscopyimages were taken by a Dimension 3100 system saitab
AFM and SPM microscopy, respectively. AFM was acpbshed at the Institute of

Electron Microscopy and Fine Structure ResearctherGraz University of Technology.
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ABBREVIATIONS

AFM
BDDA
Csolv
CDCl;
CpCHIH0
DEG
DSC
Eir
EEEA
EtOH
Hir
HEA
IBOA
ICPTES
IR
LLC
NDPD
NI
NMR
PCB
PEG
Pl
POEA
Rw
SEM
tgel
TGA
TMPA
TMOS
TPA
TPP
UA

Atomic Force Microscopy
1,4-Butandiol diacrylate
Solvent content
Deuterated chloroform
1-Hexadecylpyridinium chloride monohydrate
Diethyleneglycol
Differential Scanning Calorimetry
Indentation modulus
2-(2-Ethoxyethoxy)ethyl acrylate
Ethanol
Indentation hardness
2-Hydroxyethyl acrylate
Isobornyl acrylate
Isocyanopropyltriethoxysilane
Infrared
Lyotropic Liquid Crystal
1,5-Bis[4-N,N-(dimethylamino)phenyl]penta4ddiin-3-on
Nano Indentation
Nuclear Magnetic Resonance
Printed Circuit Board
Polyethyleneglycol
Photoinitiator
2-Phenoxyethyl acrylate
Ratio of alkoxy groups to water
Scanning Electron Microscopy
Gelation time
Thermogravimetric Analysis
Trimethylolpropane triacrylate
Tetramethoxysilane
Two Photon Absorption
Two Photon Polymerisation
Urethane acrylate
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