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General Indtroduction

Nanomaterials offer interesting properties and wisgfnctionalities than can differ
substantially from their bulk counterparts. Among@rigty of these materials, hybrid
nanomaterials compared to single component nanoiaatpermit flexibility of properties by
varying their composition, morphology and interfacéhe properties in the hybrid
nanomaterials depend on both the chemical natuk the interaction between the
components. In case of the negligible interactibtrey could be a sum of individual
component’s properties.

In the 1970s, a new concept «chimie douce», prapbgelivage, 1977, opened up
new horizons of synthetic chemistry. Finally, tloé-gel chemistry has become, probably, the
central concept of the elaboration of hybrid maisriNew precursors and possible reaction
paths, based on the sol-gel approach, have becosmbfe to use in synthetic chemistry.
Recently, in last 20 years (Gomez-Romero and San@@o3; Kickelbick, 2006; Merhari,
2009; Sanchez et al., 2010), pi#dased materials attract much attention due torghei
properties and possibilities of practical use irotpkatalysis, solar cells, micromarching,
painting industry, etc. The Ticbased materials can be found in different formshsas
polymorphs of crystalline solid Tig(rutile, anatase, brookite), wet sols and gelsyqers

with different presence of crystalline and amorpghpbases and hybrid materials.

The TiO-based hybrid materials are well known for uniquetpsensitivity and
photochromic properties The observable “darkenpiggnomenon is due to relatively simple
reduction reaction (ff + & = Ti*"), which can take place in hybrid materials whikiniy
irradiated with UV light. The efficiency of i reduction, thus darkening characteristics, is
defined by the material involved. Kuznetsov A. (Ptii@sis, 2006) has shown that quantum
yield of the darkening process, defined as th&ain{t=0) charge separation efficiency of the
process, depends on the inner morphology of theidhyhaterial: nanoparticle size, size
distribution, inter-component connection type, fattgelation, etc. For his studies, he used
hybrid materials produced by the synthesis prosekgh was presented in details in the PhD
thesis by Kameneva O. (2006).

In order to get well-defined Tizbased hybrid material and repetitivity of its

properties, two approaches can be envisaged:

. The morphology control of the inorganic componeiat; which the sol-gel

process has to be adequately designed and optiniisexbtain macroscopic
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quantities of size selected nanoparticles. Thidyshas been realized in the PhD
work by Pavlo Gorbovyi (2012)

. The control of the organic component, which formarge contact interface with
inorganic single and/or chained and defines strattand electronic properties of
the hybrid material. The related studies constitubt® main purpose of this phD

work.

AIM OF THISTHESIS

The work presented herein was carried out at thleotadoire des Sciences des
Procédés et des Matériaux (LSPM, UPR3407 CNRS) rutide supervision of Research
Director Andrei Kanaev and Assistant Professor M@moaTraore as a continuation of the
series of previous studies related to the syntltdsisO,-based nanoparticulate materials. The
objective of this work was to provide more deté&ilsthe better understanding of the polymer
— inorganic nanopatrticle interaction during theofganic) gelation / (organic) polymerization
processes with an ultimate goal to improve the @Vguality and structural stability of the
hybrid materials related to the tolerance to amtbiemmidity and oxygen. Furthermore, in
frame of this work the mixed organic component ENHA-EMA and HEMA-TEGMA
copolymers was proposed and investigated; as dt,rédse obtained hybrid materials have
shown an improved tolerance to water, better prayoperization and easier handling in the

laser one- and two- photon microstructuring.

This manuscript is organized in six chapters. Géraptintroduces the organic-
inorganic hybrid materials and provides the stéi@roof research in the field. In Chapter Il, a
detailed description of the experimental equipnsert apparatus used in the current studies is
given. Chapter Il described chemicals and metha#sl to conduct the experiments, as well
as purification methods, applied in order to retwh best process performance. Chapters IV
and V then constitue the main part of the expertalestudy carried out in this PhD work,
where a thorough analysis of the material compmsiand modifications was carried out
during the hybrid solution formation and organidical polymerization. More precisely, in
Chapter IV by using a complex experimental instalta of Thermo Gravimetric Analysis
(TGA) coupled to Fourier Transformed Infrared Spestopy (FTIR), Gas Chromatography

10
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and Mass Spectroscopy (GC-MS) we were able to fefiea details of the complex
interactions between organic HEMA monomers and-s&tected TiQ nanoparticles at the
solvent exchange and polymerization stages. We halg® performed TGA-DSC
experiments, which complement the above measuream@itapter V pursues the studies
engaged in Chapter IV by addressing the complexysisaof the hybrid samples with the
organic component composed of HEMA-EMA and HEMA-T#& copolymers. The
availability of the hybrid material for microfabation via direct laser writing by using two-
photon polymerization (2PP) process is describedhapter VI. The last Chapter of General
conclusions and Perspectives concludes the maptusesuming the main results and open
points to be resolved of this study.

11
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1.1 What is an Organic-Inorganic Hybrid?

The definition of organic-inorganic material is radtvays clear, the IUPAC definition
is: “a hybrid material is composed of an intimate migtof inorganic, organic materials, or
both types of componeht§ote: the component usually interpenetrate aesof less than
1pm) (Aleman et al, 2007). However, this definitibad disadvantage indeed it's not clear
enough and could cover some kinds of inorganictalyse materials, polymer blend or
nanocomposites; a more specific definition could“benhybrid material consist of at least two
components-usually an inorganic and organic compbitigat are molecularly dispersed in
the material (Kickelbick, 2014) making a difference betweere thanocomposites and the
hybrid base on structural features. The big difieess between these concepts are at the
intimidate mixture of the components on the molacstale, this can change many properties
compared to those of nanocomposites (Kickelbick,720Thus, conventional hybrid systems,
as for instance typical commercial polymers comtgrmineral charges, or pure molecular
systems such as the metal salts of organic ani@nsnacromolecules containing small
inorganic counter-ions of polymer such as (Polya@)l/ClO,, should not be included.
Exceptions related to these last materials, arsyeEms based on much bigger counter-ions,
as for the instance the polyoxometalates basedeggid or Wells Dawson structures which
could be regarded as metal oxide clusters and wprgsent their own chemical and

electrochemical activity (Gomez-Romero, 2001).

1.2 History

Nowadays, hybrid materials have a great potente: most obvious advantage that
they can combine very diferent properties of orgaamnd inorganic components in one
material. It could seem something artificial anddam but, definitely, the hybrid materials
are known for a long time. Beautiful example of thaterial’s age is “Maya blue”. It's an
extremely old and breath-taking man-made hybridems elaborated via soft chemical

conditions.

An organic pigment (indigo) and inorganic substrétlay mineral, also known as
palygorskite) are combined together forming a sgiwematerial, where a coloration of
organic component and mechanical property (resisjanf the clay have been resulted in
astonishing example of, probably, the most anawaterial.

15
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Later, on industrial era, hybrid materials wereoalsed in paint industry, where
inorganic nano-pigments are suspended in organituness: various surfactants, solvents and
etc. But the true burst in hybrid organic — inorigasynthesis happened in the eighties, with

the expansion of soft inorganic chemistry processes

1.2.1 Materials

Through time, the kind of hybrid materials that dag prepared and the synthetic
routes to obtain these materials have changedeVdlation of synthesis routes is depicted in

this section:
1.2.1.1 Intercalation compounds

This is the first type of organic-inorganic matésieesulting from the intra crystalline
insertion of organic compounds inside the layersahe lamellar solids. The intercalation

compounds could be grouped in:

* Intercalation of ionic species: among the typic@l fhaterial acting as host for
intercalation of organic compounds, the phyllosiles are a group of solids belonging
to the clay minerals family. These substitutiors @naracteristics of a large variety of
smectite minerals being responsible for framewocksrge deficiency which is
compensated by interlamellar cations. Such caaoasamed exchangeable cations as
they can easily be exchanged by treatment of claly galts solution. [Gieseking,
1939]

* Intercalation of neutral species: the formationaofanic-inorganic compounds of
neutral molecules in 2D solids was also accomptisifehe clay minerals family. The
first systems of this sort were reported in 19448.9The polarity of the guest
molecules plays an important role in their tendemaybe inserted between the
inorganic layers and the stability of this new slassulting complexes. A large variety
of compounds of very different organic functionaliare able to intercalated
phyllosilicates, like kaolinite, smectites and vémlites. The Van der Walls forces
are especially relevant in the insertion of longinohalkylamonium species in the
different 2D solids. [Yariv & Cross, 2002]

* Polymer intercalation nanocomposites: from 1961 dbdity of neutral unsaturated

monomers, like acrylonitrile, methyl methacrylateinga), and vinyl acetate, to

16
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intercalate into montmorillonite was reported. Tihaitu polymerization take place by
the initiator such as azo bis isobutyronitrile (AIB the polymer remaining strongly
associated to the minerals substrate. These stafjnic-inorganic materials are
nowdays referred to as polymer-clay nanocompodiiesn these pioneering works to
the present the study of intercalation of organatymers into different 2D host

lattices has been very intense. The first one tesoin combination of polymers

whose interest is centered on their mechanicat@ological properties, such as nylon-
clay nanocomposites. Depending on the nature df eamponent, 2D host and guest

polymer, the following procedures of synthesis adaopted:
% Direct intercalation from polymer solutions or bgiymer melting
% In situ intercalative polymerization

+ Delamination & entrapping-restacking

1.2.2 Organic derivative of inorganic solids:

This class of hybrids is formed by grafting of angagroups onto inorganic surfaces;
the attachment of both phases is assured by cavabewls. The first attempts to obtain these
materials were based on the “esterification ofcafli(1). After works made more stable
compounds, that were obtained by the reactionlichsivith a large variety of mono-, di- or
tri- chloro (or alkoxy)- silanes containing difente organic groups, that my confer different
functionality on the organic substrates. Thus, nogdanes containing Si — X groups gave
very stable bonds through Siloxane Bridge betw&enrtorganic and inorganics parts linked
to Si atoms. To help the reactivity between silagobups and the organosilanes it is
necessary to use an acid treatment on silicates.1@84 an ingenious procedure was
developed to obtain organic-inorganic solids inwadvthe simultaneous hydrolysis of silicate
and organosilane, these process could be appBed@prepare organic derivatives of various
minerals (such as vermiculite, chrysotile, olivinEhe organic derivatives of silicate obtained

using organosilanes are extraordinarily stable tdezahemical agents or thermal treatment.

[silica]Si — OH + CH 3 — (CH;),, — OH — [silica] Si — 0 — (CH;), — CH; + H,0 (1)

17
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Table 1-1. Evolution of Hybrid synthesis since ga&KX century up to our days.

Year Organic-inorganic Hybrids Examples Reference

1939 Clays minerals intercalated byontmorillonite/ quayernary Giesenking, 1939
organic cations ammonium species

1953 Organic derivatives of silica Esterificationf @recipitated silica lller, 1953

with alcohols

1961 Polymer-clay intercalationMontmorillonite/polyacrylonitrile Blumstein, 1961
compounds

1967 Transition metal oxychlorides FeOCl/amines étaguller et al,

1967

1973 LDH intercalated by organic[Znz;Al(OH)g]/ dicarboxylates Miyata & Kimura
anions 1973

1976- Organic derivatives of layere| Grafting of epoxides & direct Yamanaka, 1976

1978 phosphates synthesis of organophosphonates | iAlberti et al, 1978

aZr-phosphate

1980 Organic derivatives of layerednterlamellar grafting of Ruiz-Hitzky & Rojo,
silicic acids thrymethysilyl groups on H-magadite 1980

1986 Conducting polymers 2DFeOCI / Polypyrrole Kanatzidis et al,
intercalated materials 1986

1990 lon-conducting polymers 2DLayered silicates/ PEO Ruiz-Hitzky &
intercalated materials Aranda, 1990

1997 Polyoxometalates dopingdPMo1,04¢] / polyaniline Gomez-Romero &
conducting polymers Lira-Cantu, 1997

2002 Silica grafted surfactanisSelf-assambled organo silica Ruiz-Hitzky et fal,
(SGS) 2002

Sol-gel hybrid materials is the widest categorytloa types of preparation for hybrids.
It's based on organometallic compounds like alkegidf silicon, titanium, zirconium among
others, that acts as precursors, this class ofidg/lare characterize by the presence of Mt-O-
R, metal organic bonds in metal oxo-networks. Tiverdity on the kind of precursors, make
the number of organics-inorganics materials alnuodiimited, since they could be designed
and controlled in different ways. The selectiontlid organic part confers different natures
and properties. Other interesting feature of thigl lof hybrids is the process sol-gel carried

out in the presence of surfactants for the selémsded organic-inorganic materials.

1.2.3 Classification

Based on the nature of bonds and interactionsiegigt the hybrid interface, hybrid

materials can be divided in two main types (P. ingdestein, 1996; C. Sanchez, 1994):

Class I. corresponds to all the systems where walent or ion covalent bonds are

present between the organic and inorganic compsnent

Class Il: in this materials at least a fractionttoé organic and inorganic components

are linked through strong chemical bonds.

18
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1.2.4 Properties

The final properties of hybrid materials dependardly on the characteristics of initial
components involved, but also significantly relytbe component’s interface. Therefore, the
component’s synergy does influence their properties example, Judeinstein and Sanchez

have described many applications of their hybridemals.

Suitable mechanical properties are one of the fostmareas for hybrid materials.
These studies are guided by the strong similaritvégch could be found with structural
composites (Shea et al, 1992). The effect of migind/or grafting polymers to glass fibers or
woven fabrics to reinforce their structure is arent issue. Some research on this kind of
materials is focused to obtain specific properbesresponse to factors such a pH, light,

electric field or temperature.

1.2.5 Technology driven exploration of hybrid materials
1.2.5.1 Hybrid Coatings:

The hybrids’ main advantages for coatings is thghtlveight, some structural
properties, corrosion and resistant, use as baragainst oxygen and water, the films can be
deposited at low temperatures. The electronic imgus one of the most interested, but not
the only one, since others like the automotive aedospace industries are also gaining
interest on hybrid materials (Chiu et al., 2013a@d et al., 2010).

1.2.5.2 Hybrids for optical applications:

The main optical application is at wafer-scale pplacations such as waveguides
grafting, micro-optical devices, high refractivedéx materials and photo-chromic materials

or photo detectors. (Wang et al, 2010)

1.2.5.3 Hybrids in electronic applications:

The hybrids materials could increase the perforrmane&lectronics through shrinkage
of the circuits. Some examples of this materialgliad to devices are low-k dielectrics, also
in some silicon materials they are used to prod&€@SS derivatives. (Liu et al, 2001).

1.3 Strategies for the synthesis of Hybrid Materials

There are 2 different approaches that can be usdtd formation of the hybrids

19



Chapter 1: Bibliography

. Building block approach: in this technique, welfided building blocks is used
to form the final hybrid material, in which the puesor still at least partially
keep their original integrity on one or both stured units. The main advantage
of this approach is the possibility to make pradittof the structure properties

because no significant structural change duringrta&ix formation is observed.

. In situ formation of the components: contrary te thuilding block technique,
this approach is based on the chemical transfoomadf the precursor used
through the preparation of the hybrid materialse @hthe most common cases
is the preparation of the organic polymer, but absaction that involved sol-gel
reaction to produce the inorganic part. In theitn approach the variation of
one parameter could change completely the resultdwo very different
materials. The final performance is strongly demendn their process and its

optimization.

1.3.1 In situ approach

In situ formation of the inorganic component: the widest used process is the sol-gel
reaction. The sol-gel process is chemically relatedn inorganic polycondensation reaction,
in which a small molecules form polymers structupgsthe loss of subsistent. Usually the

reaction results in a three dimensional cross-tinketwork.

The Figure 1-1 shows how the pH influence on tiiegsl reaction. This pH variation
not only change the reaction mechanism but alsecafthe kinetics on the condensation

reaction expressed on the gel point.

Acid catalysis

H RO . H RO H OR

\ H \ 5 5/ _ ] ’
o + W SI—OR ~—— O-—=8i--—0 < HO—Si ~oR * ROH + H
RO"y £\ \

H RO H RO OR OH OR

Figure 1-1. Acid Catalysis Mechanism
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Base catalysis

- RO OR
& B /
HO - Si—OR =—= | HO--—~-8i——-——0OR| <—= HO—Si., R OR
RO" 4 s\ \ O
RO RO OR OR

Figure 1-2. Base Catalysis Mechanism.

Other important parameter on the sol-gel procesthasprecursor structure; larger
substituent (R) decreased the reaction time dukesteric hindrance. The solubility and the
miscibility on the water are also necessary forrdaetion. Hence, for a well defined material

the reaction condition has to be fine-tuned.

The next step on the sol-gel reaction is definedgélation point, which is reached
when the links between the sol-particles are forraed created a three dimensional cross-
linked network. Released solvent (alcohol) can apped in the pores. The condensation
reaction can go on for a long time until the fistdge: this process is called ageing. The gel
structure results of the drying process. Usingestritical condition can give highly porous

aerogel.

Other factor that affects the sol-gel reactiorhes lhydrolysis ratio that means the water
guantity compared with the precursor moleculess eterminant to completed the reaction

just to oxide the precursor or not.

Hybrid Materials by the Sol-Gel process. Organic molecules other than the solvent
can be added of the formed network upon gelati@mdd functional hydrolysable organic are
not tolerated. However, a partial tolerance forghiecan be obtained if the sol-gel reaction is
carried out in a buffer solution. Physical entrapineas the disadvantage that sometimes the
materials obtained are not stable towards phasswa#&m or leaching because of differences
in polarity. While the formation of homogeneous enetls with a chemical link between the
inorganic component is in many case the preferoedier there are case where a controlled,
phase separation between the entrapped organiccatede and the sol gel material is

compulsory for the formation of the material.

Usually the organic functionalization has a larg#luence on the properties of the

final hybrid material. An example, the size on tbarticle is affected if a tri or tetra
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alkosilanes, is used, and also affected the demditthe last material. In addition, the

functional group incorporated changes the propedfdhe final material.

Hybrid material derived by combining the sol-gel aproach and organic
polymers: Compared with other inorganic network forming reéact the sol-gel process
show mild reaction condition and a broad solvennatibility. These two characteristics
offer the possibility to carry out the inorganictwerk forming process in presence of
performed organic polymer or to carry out the orgguolymerization before, during or after

sol-gel process.

The reaction mechanism of the sol-gel process gpital organic polymerization,
such as free radical polymerization, allow the terap separation of the polymerization
reaction, which offers many advantages in the nat@rmations.

The identification of a solvent in which the orgamhacromolecules are soluble and
which is compatible with either the monomers offpn@ed inorganic oligomers is a main

parameter.

Organic polymers are immiscible with alcohols theg released during, the sol-gel
process, this can be avoided if the solvent isched from typically used alcohols to solvents
like the THF, for example, in which many organiclymers are soluble and which is
compatible with many sol-gel reactions. Phase sejoarcan be also avoided if the polymers
contain functional groups that are more compatita the reaction conditions of the sol-gel

process or even undergo an interaction with tharaogmaterial formed.

Formation of organic polymers in presence of prefaned inorganic materials: If
the organic polymerization occurs in the presenfcaroinorganic component to form the
hybrid material, it is important to distinguish iveen several possibilities to overcome the
incompatibility of the two species. The inorganicaterial can have no surface
functionalization but the bare material surfacezah be modified with non-reactive organic

groups, or it can contain reactive surface grouh ®1s polymerizable functionalities.

If the inorganic component has non-reactive graatpesched to its surface and it can
be dissolved in a monomer, which is subsequentlynperized, the resulting material after
the organic polymerization is a blend. In this c#se inorganic component interacts only

weakly or not at all with the organic polymer, henis a class I. Homogeneous materials are
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only obtained in this case if agglomeration of therganic component in the organic
environment is prevented. The strongest interaaggacachieved if class Il, for example with
covalent interactions. Examples for such strongratdtion are the use of surface-attached

polymerisable groups.

If a porous 3D inorganic network is used as theganic component for the formation
of the hybrid materials, a different approach lmbd employed depending on the pore size,
the surface functionalization of the pores and ghiness of the inorganic framework. In
many cases, intercalation of organic components the cavities is difficult because of
diffusion limits. Probably the most studied matkiia this respect is that of 2D layered
inorganic materials that can intercalate organidegides and if polymerization between the
layers occurs even exfoliate producing nanocomeesilThere are three methods for the

formation of polymer—clay nanocomposites can beluse
. Intercalation of monomers followed by in situ polgmzation
. Direct intercalation of polymer chains from soluiso
. Polymer melt intercalation

The method applied depends on the inorganic compared on the polymerization
techniques.

Hybrid materials by simultaneous formation of both components: Simultaneous
formation of the inorganic and organic polymers mesults in the most homogeneous type of
interpreting networks. Usually the precursors foe tsol-gel process are mixed with the
monomers for the organic polymerization and boticpsses are carried out at the same time

with or without solvent.

One problem that also arise from the simultaneoumndtion of both networks is the
sensitivity of many organic polymerization procesta sol-gel condition or the composition
of the materials formed ionic polymerization, foraenple, often interact with the precursors
or intermediates formed in the sol-gel processrédfoee they are not usually applied in these
reactions; instead free radical polymerization isthmd of choice. This polymerization
mechanism is very robust and can lead to very hemegus materials. A very clever route

towards hybrid materials by the sol-gel processse of precursors that contain alkoxides
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which also can act as monomers in the organic pedigation. The released alkoxides are
incorporated in the polymers as the correspondicghal while the sol-gel process is carried

out.

1.3.2 Building block approach

Many future applications in particular in nanoteslugy, focus on a bottom up
approach in which complex structures are hieraatlyicformed by these small building

blocks.

A typical building block should consist of a welkfthed molecular or nanosized
structure and composition. In regard of the prepamaof functional hybrid materials the
building block should also deliver interesting cheath or physical properties in areas like

conductivity, magnetic behavior, thermal propert@gitching possibilities, etc...

Inorganic building block: Prime examples of inorganic building blocks that kaep
their molecular integrity are cluster compoundvafious compositions. Usually clusters are
defined as agglomerates of elements that eithdugixely contain pure metals in mixtures
with other elements. The goal in the chemical desifjthese systems is the preparation of
cluster carrying organic surface functionalizatibat tailor the interface to an organic matrix
by making the inorganic core compatibles and byathdition of functional groups available

for certain interaction with the matrix.

Two methods are used for the synthesis of suchasexfunctionalized molecular
building blocks: either the surface groups are tgohfto a preformed cluster or they are
introduced during the cluster synthesis.

Surface functionalized metal cluster are one premimodel system for well defined

inorganic building blocks that can be used in §ymlsesis of hybrid materials.

Recently the modification and embedment of tramsitmetal oxide clusters and
particles has become more and more important, Beaafutheir catalytic, magnetic or electric
properties. Chemical approaches different to thasgilicate systems are often required for
the attachment of organic groups to the surfacepoamds. The reason for these differences
is the changes reactivity of these species for @k@mmetal oxides often do not show highly
nucleophilic oxygen atoms at their surface and ggmrare frequently delocalized over the
whole cluster core. A variety of methods can beduee surface functionalization of pure
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cluster or nanoparticles depending on the reagtofitthe surface, which often changes with
parameters such as the pH value. Compatibilizingnegsuch as surfactants are regularly
used to increase the compatibility of the clustemanoparticles with an organic matrix.
These molecules have two segments of which onergoée interactions with the surface of
the inorganic particle, for example by electrostadtr hydrogen bonding and other one

commonly a non polar block, interacts with the sunding organic phase.

Post synthetic modification Post synthetic modification means that the cluste
nanoparticles is formed in a first step applyingllx@stablished procedures and the
functionalization with organic groups is appliedaisecond step. Functionalization is required

and allows a chemical reaction with the surfaceocstng molecules.

Another way to attach functional groups to the acefof a performed building block
is the exchange of surface groups, similar to th@va mentioned ligand exchange on gold
clusters. In such a reaction the charges and auatidh number balance of the surface atoms
must be retained, which is more complicated in tase of metal oxides with their
heterogeneous surface than with homogeneous swfacetal clusters and particles. Many
stabilized metal oxide species such a titanium custers can for example, exchange surface

alkoxide groups with other alkoxides.

In the case of metal oxo-clusters or metal oxidgiglas containing metals in high
oxidation states it is often difficult to attachnfitionalized surface molecules, like unsaturated
bonds during their synthesis because of the stoxigjzing conditions either of the cluster
itself or the oxidative reaction conditions duritfteir synthesis. These groups may carry
organic functionalities such as polymerizable deubbnds. However, sometimes strong
ligands can lead to the reorganization of a clusteface or even to degradation of transition

metal clusters or a partial degradation of theiglag which has been show in several cases.

Functionalization of cluster and particles during their synthesis (in situ
functionalization): In the post synthesis modification, functionatizbuilding blocks are
formed in two steps: the inorganic core is formiest,fand the functional organic groups are
introduced later in a different reaction. Thisealized in the case of metal cluster or particles.
If the metal core is prepared in presence of ligamde limitation is that the organic groups
have to withstand the reaction conditions of theistrs core formation. In situ

functionalization is also a versatile route for mamansition early transition metal oxo-
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clusters. The main differences in these reactioaghat surface-functionalization is included

in these systems, similar to the metal clusterumgtionalized ligands.

Interactions between metals or metal oxides corentdecules that act as surface
functionalization are similar on a molecular scafel therefore do not usually change with
size of the core. Thus, the chemistry developedidolated and structurally characterized
metal and metal oxide cluster can also be appl®d tie functionalization of larger

nanoparticles.

Organic building blocks: Organic building blocks can also be used for thenfdion
of hybrid materials. Typical examples are oligo gudymers as well as biological actives
molecules like enzymes. Similar methods have tapalied as in the formerly discussed
examples to increase the compatibility and the bapbtetween the two phases. The small

description of the organic building blocks types.

. Small moleculesthe modification of inorganic networks with smatganic
molecules can be defined as the origin of hybridem@s. The latter is achieved
by the modification of the organic molecules witydiolizable alkoxysilane or
chlorosilane groups. Phase separation is usuatiidad by matching the polarity
of the often hydrophobic molecules to that of tlgdrbphilic environment.

. MacromoleculesOligo and polymers as well as other organic mokesudften
show different solubilities in specific solventsngpared with monomers; most
often the solubility of the polymers is much lowkan that of the monomers.
However, many formation mechanisms for hybrid materand nanocomposites
are based on solvent chemistry, for example thegablprocess or the wet
chemistry formation of nanoparticles. A particwarinteresting group of
macromolecules are block copolymers, consistingadiiydrophobic segment.
They can be tailored in such a way that revealallyotdifferent chemical
characters and therefore, they are known as goatpaibilizer between two

components.

. Particles and particles-like structuresorganic colloids formed from physically
or chemically cross linked polymers can also beduas building blocks for

inorganic-organic hybrid materials and nanocompssifThe good control over
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their properties, such as their size the broad sange in which they can be
produced from several nanometers to micrometersnagganied by their narrow
size distribution makes them ideal building bloéixsmany applications.

Another type of organic macromolecular building did® is the hyperbranched
molecules so called dendrimers. Dendrimers arehhigtanched regular 3D monodisperse

macromolecules with a tree like structure.

The end groups of dendrimers can also be usednfantaraction with metal clusters
or particles and these nanocomposites are forméen oby simply mixing the two

components.

Besides their role as cross linking building bloattendrimers can form hybrid
materials by themselves. For example in their ootenner shell precursors for nanoparticles

are grown within the branches of the dendrimergk&bick, 2007)

1.4 State-of-art techniques for the synthesis of hybrigmaterials
1.4.1 Sol-Gel process

The sol-gel method is a series of the hydrolysisdemsation reactions. Mainly, an
alcoxide M(OR)4 are used as a precursors, whereddepts a metal with the valence n and
OR presents alkoxy group type (-OCnH2n+1) (usuatigthoxy or ethoxy). As an example,
the formation of SiO2 nanoparticles can be givamgge, J., 2000): inorganic polymerization
(condensation) causes the formation of SiO2 namicfes with bigger size, which form a sol
and finally, with the time, a gel can be formedinker et al., 1990 have shown that a newly-
formed gel can be used in production of glass ardmsic. Another definition, given by
Sanchez et al, 1994, is a production method ofedésgal materials by the growth of the
oxopolymers. Generally, according to the naturéhef molecular precursors involved, there

exist two types of synthesis:

. “Inorganic” way: the precursor is in form of metalkalt, which is dissolved in
water solution, the hydrolysis reaction is followeg precipitation, which is
caused by the formation of oxo- bonds.

. “Organic” way: precipitation takes place in orgasiglution of organo-metallic

precursor after reaction with water molecules atsl fiesult of a series of
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hydrolysis-condensation reactions. This reactioty veamore interesting to use

because of its simplicity of controlling (Livage 1994).

The both reaction ways have one thing in commoa:pitocesses are initiated by the
hydrolysis reaction, which allows obtaining the lligreactive particles. The newly-formed
highly reactive particles take part in the reactwdrrondensation, forming oxo-polymers. The
sol-gel production method by “organic” way will e only further used and the sol-gel
process will be devoted to it.

The reactivity of the precursor is mainly definegthe electrophile characteristic of
metal, caused by the presence of the alcoxy grdopsase of transition metals, the presence
of d-orbitals and its unsaturation of coordinatigphere have additional influence on the
reactivity of the process. Thus, chemical mechanismdivided into two stages (Bradley,
D.C., 1958; Corriu, R., 2009; Seebauer, E.G., 2009)

. Hydrolysis, which corresponds to the hydrolysisctiea.

. Inorganic polymerization, a stage of chains’ grawth

1.4.1.1 Hydrolysis

This process is defined by the next reaction:

H R

\ /

H=0 +M—OR —*  O\—=M—OR—> HO—M=—Q
H H H

— M—OH +ROH

Figure 1-3. General representation of the Hydradyseaction

The reaction of hydrolysis can be initiated by #uslition of water or water/alcohol
mixture to the metal alcoxide or by changing ofusoih’s pH. Its reaction mechanism is a
nucleophilic substitution of type SN2. The metabaide hydrolysis steps are shown in the
Figure 1-3 : nucleophilic substitution (step 1)tbe atom of metal with proton transfer (step

2) with separation of leaving group (step 3).
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The velocity of nucleophilic substitution depends onsaturation of coordination
metallic center M of alcoxide, which is presentgddifference between maximum value of
coordination number N of the metal and its oxidatiegree z. Thus, more (N-z) is, more the
possibility of proton transfer (step 2) should bad less activation energy, associated with

nucleophile addition, will be.

The initial hydrolysis reaction can be acceleratgdhe use of catalyst: acid or base
reaction medium or nucleophilic catalyst. In caseadd catalysis, the negatively charged
alkoxy group can be easily protonated, this faatiteto decrease of electronic density on the
metal atom, making it more electrophilic and insieg nucleofugality of leaving group.
Logically, transfer of a proton does not influernice overall kinetics of the process. In case of
base catalysis, a hydroxyl group replaces the watetecule because of its more
nucleophilicity, thus accelerating the first stéfeéfer, 1984). The nucleophilic catalyst, like
Lewis bases: For 4-dimethylaminopyridine (DMAP) creates a hypdent transition state on

the stage of nucleophilic coordination.

A very interesting fact is that catalysis not ospeeds up the hydrolysis reaction rate,
but also controls the shape of the newly-formetbabbparticles. In case of silica colloids, the
use of acid catalysis may lead to the formatiothef final chain inorganic polymers; while
condensation into branched inorganic polymers apeenfiavorable in case of a basic and
nucleophilic catalyst use.

1.4.1.2 Inorganic polymerization

Inorganic polymerization starts even before hydislyeaction has been finished. Its
mechanism is relatively complex, because four masha@s (alcoxolation, oxolation,

alcoolation and olation) may proceed in paralleligd S.,et al, 2004).

Polycondensation

The newly-formed hydroxyl group, bounded to metahais a better nucleophile than
alcoxy group. Thus, similarly to the hydrolysis,dngxyl group of metal-organic precursor
reacts with non-substituted alcoxide. The reagbraduct will be either alcohol molecule or
water molecule, thus two process may take plaagxalation and oxolation, respectively
(Pierre, A.C., 1998; Brinker C. J. 1990).
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. Alcoxolation : This reaction takes place betweea alkcoxide molecules: partially

hydrolyzed and non hydrolyzed. The reaction medmans shown next:

M R
M0 + M—OR —> J0t->M—OR —» M—O—M<—O<
H H H

— M—0—M + ROH

General representation of the reaction:

(RO),xM(OH), + M(OR),, == (RO);.x(OH)x.yM—O—M(OR).; + ROH

. Oxolation : This is the case of condensation reactiwhere both alcoxide

molecules are partially hydrolyzed:

M H

M—Cl) + M—OH —> >O3->M—OH —> M—O—M<—O<
H

H H

—» M—0—M *+ H,0

General representation of the reaction:

(RO)n.xM(OH)x * (RO)qyM(OH)y, === (RO)p.x(OH)yx1M—O—M(OH),.1(OR)y., + H20
Inorganic polymerization by coordination

The next inorganic polymerization mechanisms ar®/ q@ossible if the alcoxide
coordination sphere is not completed, i.e. (N-2.>A0 the same time, the steric hindrance of
metal in its alcoxide molecule may avoid the praeg of this reaction. But, under favorable
conditions: alkyl ligands does not form a steriariea for reaction to take place and
coordination value (N - z)>0, inter-metal bridgencae formed M-OX-M. Two ways of

coordination makes two mechanisms be possibletaion and olation:

. Alcoolation: An oxygen atom of the precursor’'s allkagroup may be observed
like “a bridge”, which connects two metal atomsabfoxide precursors. Thus,
hydrolysis of the precursor does not need to be dmfore alkolation reaction to
take place. 2M(OR)= (RO}M — OR - M(OR).1
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. Olation: Unlike previous reaction, olation reactionolves the partly hydrolyzed
precursor. A mechanism is similar to alcolationctemsn, by in this case “bridge”,
which connects two metal atoms of alkoxides, is@néed by the hydroxyl group.
M(OR), + (OHXM(OR)x = (RO}M — (OH) - M(OR),.x(OH)x-1

The structure and morphology of the final produsftshese reactions highly depend
on the contribution of every component involved.ughseveral experimental conditions:
external (hydrolysis and condensation ratios, gatal nature, concentration of alcoxide,
solvent, temperature) and internal (nature of matal alkoxy groups, structure of molecular
precursors) influence the inner structure of thiimled oxo-polymer net.

1.4.1.3 Micromixing approach

Mixing is a key parameter in tailoring the partidze distribution in precipitation
processes (Batldyga et al.,, 1995). It becomes mactk more critical when the particle
reactivity increases and the particle size deceeddany theoretical and experimental efforts
in understanding of the nano-sized solids prediptahave been made (Schwarzer et al.,
2004; Wang et al., 2004; Artelt et al.,, 2006; Gratllal., 2006; Marchisio et al., 2006;
Schwarzer et al., 2006). Particular emphasize eddbhstudies was given to the development
of a relevant numerical model of turbulent miximgrelation to the particle size distribution.
High reaction order (Soloviev et al., 2003) andceraf hydrolysis-condensation reactions
(Livage et al., 1988) impose serious restrictiomghte sol-gel reagents mixing in order to
achieve the homogeneous reaction conditions, wdwielcritical for attaining narrow particles
polydispersity and reproducibility of the procegsekics.

The need of reproducible fabrication of size-se&ldéanhonodispersed nanoparticles for
different applications has motivated Rivallin et @005a) to design a sol-gel limit reactor
with rapid (turbulent) micromixing, which has beé&mther developed by Azouani et al.
(2010). The reactor consists of three main pam& thermostatic containers, T-mixing

element and container, which receives the prepsokdion.

Figure 1-4shows the particles size-distribution curves (PSD) at Re=2-103, 3-103,
6-103 and 8:103 measured at H=1.9, C1i=0.146M and T=20°C. It appears from this figure
that the mean particle size and the width of the distribution curve decrease from R=3.2

nm and A=2.2 nm at Re=2-103 to R=2.0 nm and A=1.0 nm at Re=6-103. As discussed
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above, we relate the PSD evolution with Reynolds number to the net effect of an
enhancement in the mixing processes on the particle precipitation. For Re>6-103 the
measured PSD does not appreciably change with Re. In fact, PSD’s obtained at high
Reynolds numbers, tend to show slightly greater size and broader dispersion, e.g,
Re=8-103, R=2.2 nm, A=1.2 nm. In the limit of large Re>4.4-103 the colloids are almost
monodispersed and the observed dispersion is essentially due to the limited data

statistics (tacc#). The variations of the induction time during these measurements have

attained 10% of its initial value (Atir% <10%) (Rivallin et al, 2003). The TiQ

ind

nanoparticles prepared in the sol-gel reactor lanest monodispersed.

Figure 1-4.Particle size distributions for different injection rate correspondent to Re=2-103 (a),
3:103 (b), 6:103 (c) and 8-103 (d). Solid curves are Gaussian fits of experimental data.

1.4.1.4 Applications

Nanomaterials, defined as particles ranging frotn 100 nm diameter, have become

widely used because of their unique physicochenpogperties. Among those nanoparticles,
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titanium dioxide (TiQ) is frequently used in the production of paintsper, plastics, welding
rod-coating material and cosmetics just to menadiew. TiQ is the most commonly used
semiconductor photocatalyst. Among the differenhamaaterials, it is the most studied.
Activated by UV-A irradiation, its photocatalyticrqgperties have been used in various
applications. A wealth of information on Ti(hotocatalytic in activation of bacteria has

been acquired over the last 20 years (MacwanzQHl)

. Dental implant application: (Yang et al 2009)

. Polylactide nanofibers/nano-TiO2 blends on biorettgn of anticancer drug
daunorubicin (Song et al 2008)

. Antimicrobial nanomaterials for water disinfectioand microbial control:
potential applications and implications (Li et 8l03)

. Preconcentration and separation of cadmium (Kal&é 2009)

. For determination of chemical oxygen demand (Zhetreg 2009)

. Nano-gold supported on TiO2 coated glass fiberdanoving toxic CO gas from
air (Kuo et al 2007)

. Application of nano-TiO2 toward polluted water tire@nt combined with electro-
photochemical method (Chen et al 2003)

. Photocatalytic oxidation of VOCs using nano-TiO2tatalyst (Yu et al 2007)

. Aluminum-doped TiO2 nanopowders for gas sensorgZBet al 2005).

. Self-cleaning of modified cotton textiles by TiO2 law temperatures under
daylight irradiation (Choi et al 2007)

. On the electrode of dye-sensitized solar cells {Meteal 2009)

. Smart corrosion resistant coatings (Radhakrishhah2009)

An exhaustive list will be too long to fit in thisork and is not in the scope of this
thesis to make a full revision of all the possibfgplications for TiQ@ materials. However,
what is clear is that these materials have big matleof application in a wide variety of
fields.

1.4.2 Polymerization and Co-Polymerization

The polymerization of organic compounds was firgparted about the mid-19th

century and consist on a process of reacting monanwecules together in a chemical
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reaction to form polymer chains or three-dimensionatworks (Young, R. J., 1987).
However, it was not until about 1910 that the stem#ous polymerization of two or more
monomers (or copolymerization) was investigatedwih@vas discovered that copolymers of

olefins and dienes produced better elastomersditler polyolefins or polydienes alone

Polymers and co-polymers can be classified accgrtiinthe techniques used for
monomer polymerization, namely Bulk, Suspension Bndulsion polymerizations. In bulk
polymerization, only the monomer (and possibly talgat and/or initiator, but no solvent) is
fed into the reactor. The monomer undergoes poligaigon, at the end of which a (nearly)
solid mass is obtained as the polymer product. Asshall see later, bulk polymerization is
employed widely in the manufacture of condensapolymers, where reactions are only
mildly exothermic and viscosity is mostly low theishancing ready mixing, heat transfer, and
bubble elimination. Solution polymerization invo$vgolymerization of a monomer in a
solvent in which both the monomer (reactant) anlgmer (product) are soluble. Suspension
polymerization refers to polymerization in an aqueanedia with the monomer as the
dispersed phase. Consequently, the polymer reguftom such a system forms a solid
dispersed phase. Emulsion polymerization is sintibasuspension polymerization but the
initiator is located in the aqueous phase (contisuphase) in contrast to the monomer
(dispersed phase) in suspension polymerizationidBgsin emulsion polymerization the
resulting polymer particles are considerably smaidout ten times smaller) than those in

suspension polymerization. (Ebewele, 2000)

This classification scheme, however, does not all@wcomplete differentiation
between polymers and co-polymers. A more complatestill oversimplified scheme that is
based on the different polymerization processessiflas polymers into three categories:
condensation, addition, and ring-opening polymé&rss scheme reflects the structures of the
starting monomers. Probably the most general ¢ieason scheme is based on the
polymerization mechanism involved in polymer sysieeUnder this scheme, polymerization
processes are classified as step-reaction (conttemsaor chain reaction (addition)
polymerization (Young, R. J., 1987).

Even though several classifications exist basethenpreviously mentioned criteria,
what is common to most of them is the method thinowghich polymerization can be
achieved and will depend on the selected monomeds the desired type of chains or

condensates. These methods are: radical polymenzahermal polymerization and photo
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polymerization, which can also be used to carrthanco-polymerization of more than one

monomer. These methods are discussed in deepdriadday.

1.4.2.1 Radical Polymerization

The chemistry and kinetics of free-radical polymation is described in detail in two
excellent books published recently.[Moad et Soloy2006] A simple mechanism of free-
radical polymerization can be described in termtheffollowing four elementary reactions:

Initiation
12, o0 (1)
I +M2L R )
Propagation
R +M %R, (3)

Chain transfer to monomer

krm
R +M =35 RS + Dy (4)

Termination by combination/disproportionation

Be b
R;+R,‘n{ T (5)
— D+ Dp,

In the above kinetic scheme, the symbgl$" and M denote the initiator, radicals
formed by the fragmentation of the initiator and nomer molecules, respectively. The

symbolsRnandDn are used to identify the respective “live” macadicals and the “dead”
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polymer chains, containingmonomer structural units, respectively. To desctlie progress

of the reaction and molecular weight or chain strrad developments during polymerization,
population mass balance equations should be deforeall chemical species present in the
reactor. These constitute a set of simultaneoderdiitial equations which are usually solved
numerically provided that the appropriate rate tams of every elementary reaction are

known. (Achilias et Kiparissides, 1994)

However, the term ‘rate constants’ is somewhat wiignomer, as these so-called rate
constants vary during the course of any polymeomafThis variation was assumed in order
to quantitatively describe the effect of diffusioontrolled phenomena on the polymerization
kinetics. That means thd{’s appearing in Equation (1) to (5), which are uethced by
diffusional phenomena are to be regarded as “@pante constants” or “rate coefficients”

rather than “rate constants”. (Russel 2002)

In free-radical polymerization, the presence offudiibon limitations is so well
documented that different manifestations have kgeen particular names. The impact of
diffusion on the termination step is named as tr@mimsdorff or gel-effect, while the effects
on the propagation and initiation reactions arevkmas the glass and the cage-effects
respectively. Different theories for the modelingsach effects have been proposed, a fair

review of the most relevant models is availablenfri@chillias, 2007).

Ideally, for radical polymerization to take plagethe best conditions, the initiators
should be relatively stable at room temperature dhauld decompose rapidly enough at
polymer processing conditions to ensure a practieattion rate. A large number of free
radical initiators are available (Stevens 1999,a0d?2004); In this work two of the three
available types are used: (1) thermal initiatarsluding peroxides and azo compounds create
radicals when subject to a source of heat, (2) @hitators: compounds that form radicals
under influence of light. A more detailed descoptiof the two types of radical initiators is

provided in the next subsections.

Thermal initiators for radical polymerization

There are different types of thermal initiatorsttican be used depending on the
monomers to be polymerized; the most common arexpms, hyperperoxides and azo

compounds. The most commonly used peroxide is lynzeroxide, which undergoes
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thermal homolysis to form benzoyloxy radicals (Ife benzoyloxy radicals may undergo a
variety of reactions besides adding to monomeiudiog recombination (reverse of eq. 1),
decomposition to phenyl radicals and carbon diox&Jeand radical combination (3) and (4).
These secondary reactions occur because of théencaneffect of solvent molecules (cage
effect), and as a result, the concentration ofatat radicals is depleted. Another “wastage”

of initiator reaction is induced decomposition (5).

@—c—o—o—c—@ —_2 @—E—o (1)

1

Ot — O+ ca @
) — i

Odeo . O — OO @

c—o—o—c—@ @ —

@_?_Qo_c_@ O+ o0

Among the azo compounds the most commonly useddSAzobis (isobutyronitrile)

)

or AIBN this initiator decomposes at relatively los@mperatures. The driving force for
decomposition is the formation of nitrogen and bhgonance-stabilized cyanopropyl radical,

as shown in reaction (6).
CN CN CN

| I
(CH3);C—N=N—C(CHy), — 2 (CH;3),C- + N (6)

The differences in the decomposition rates of weidnitiators are conveniently
expressed in terms of thatiator half-life (t,) defined as the time for the concentration of

to decrease to one half its original value. The ddtinitiator disappearance is given by:
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—d[I] _
dt

kalI] (7)

The half-life of the most commonly used thermatiators at different temperatures
Is presented iTable 1-2below:

Table 1-2. Half-life of the mos common initiatonsrespect to temperature.

Half Life time at a given temperature
Initiator 50 °C 70°C 85°C 100 °C
AIBN 74 h 4.8 h 7.2 min
Benzoyl Peroxide 7.3h 1.4h 19.8 min
Acetyl Peroxide 158 h 8.1h 1.1h

The previous table shows the importance of choobiegnitiator that better suits the
application and the control of the parameters t®more efficient performance. In our case,
AIBN was chosen to polymerize thermally the HEMA Ilymoers and HEMA-EMA

copolymers as will be explained in Chapter IlI.

Peroxides and azo compounds dissociate photolytieed well as thermally. The
major advantage of photoinitiation is that the tmac is essentially independent of
temperature. Furthermore, better control of theypekization reaction is generally possible
because narrow wavelength bands may be used tatendlecomposition (with less side
reactions), and the reaction can be stopped sitmphgmoving the light source. The reaction
is fast (seconds) as compared to the thermaltioitigminutes or even hours). A wide variety
of photolabile compounds are available, includimguides (1), benzoin 8 (2), and benzyl 9
(3). Table 1-3 lists some commercial available phtiators and their decomposition
wavelength. It is interesting to note that mostha initiators contain benzoyl groups which

can form stable benzoyl radical through the resoaatabilization of phenyl ring.
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(1)
)

&)

Table 1-3. Comercial photoinitiators and their iiaiting wavelenght (Holman, 1984)

Chemicals Amax (NM)
1-hydroxy-cyclohexyl-phenyl-ketone 245
2-methyl-1-[4-(methylthio)phenyl)-2-(4-morpholinyl)-propanone 307
2-benzyl-2-(dimethylamino)-1-[4-(4-morpholinyl)phgdi1- 324
butanone

1.4.2.2 Co-polymerization Routes

Macromolecular design and architecture through yoperization of monomers has

led to a number of commercially important polyméZspolymer composition can be varied

over wide limits, resulting in a wide range of peofy/process performance. A copolymer
may be composed of comparable amounts of the toastimonomers. The properties of the

resulting copolymer will be substantially differefinbm those of the parent homopolymers.

confers specific chemical properties on the copelym

On the other hand, the copolymer may contain onlegy small amount of one of the
monomers. In this case, the gross physical charsiits of the copolymer probably
approximate those of the homopolymer of the magorstituent, while the minor constituent

Some considerations relevant for copolymerizatimetics are:
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* The number of reactions involved in copolymerizatiof two or more monomers
increases geometrically with the number of monom€mnsequently, the propagation
step in the copolymerization of two monomers inesl¥our reactions.

* The number of radicals to be considered equalsitimeber of monomers. The terminal
monomer unit in a growing chain determines almogtlusively the reaction
characteristics; the nature of the preceding momsias no significant influence on the
reaction path.

* There are two radicals in the copolymerizationwb tmonomers. Consequently, three
termination steps need to be considered.

* The composition and structure of the resulting ¢yper are determined by the relative

rates of the different chain propagation reactions.

In this work Radical Polymerization is used all rgjoin its thermal and photo
radicalization versions. As will be explained onapter 1ll, AIBN was used as thermal
initiator of the radical polymerization for HEMA dnHEMA-EMA based materials. For
photo-activated radical polymerization (or photgpeérization) 4 4'-bis(dimethylamino)
benzophenone was used as initiator. In the nextose@ more detailed explanation of the

methods found in literature specific of Li@®ybrid materials will be presented.

1.5 Hybrid Materials based on TiO,

Literature about hybrid materials based on JTi©constantly growing. Our research
group has contributed in an important way to JiYybrid materials development by several
thesis works and publications. In this section, Hasis of the hybrid material synthesis
previously employed are briefly explained as wsltlae darkening phenomena, characteristic
of the TiQ, hybrids developed by our research group in thedesades.

1.5.1 Kameneva synthesis route

The preparation method of the pHEMA-Ti@ybrid materials has been developed by
Kameneva et al. (2006), based on earlier studieNdyak at al. (1991) on silica based
materials. In these previous studies, the authaxe prepared molecular precursors, tetra
alkoxy silanes, where aliphatic groups containeshturated groups (possible to polymerize).
A simple reaction of transalkolysis where initigh@xy groups have been concurrently
replaced by the alkoxy group, has been used fqrapagion of the precursor. As a result, the

newly obtained molecular precursor has been hydealythis fact has provided the inorganic
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polymer network Si-O-Si. The excess of initial soiv (unsaturated alcohol) and the organic
substituents on the surface of Sihain network (deprotonated form of the initiabaturated
alcohol) were used for the organic polymerizatiBmally, the newly proposed approach of
hybrid material elaboration has led to the procesgsch allows formation of interpenetrated
networks of silica (Sig) and aliphatic chains (due to the organic polyaaion), and a bulk
polymer samples of hybrid materials obtained thesy were free of unwanted surface issues:
cracks and fissures. Hajjip et al. (1999) haveofedld the same synthesis path for the
preparation of the HEMA-based hybrid material, vehsilica was used for the inorganic

network formation.

In her work, Kameneva (2006) proposed the use dfiAEnolecules for the titanium
precursor, titanium tetra-isopropoxide (TTIP) maxdifion and as a solvent. In general, the

synthesis schema depicted in Figure 1-5 showsaawajor steps of this synthesis route:

. Transalkolysis: a reversible reaction that takescelin the considered case
between alkoxy groups of the TTIP precursor, altoad 2-hydroxyethyl
methacrylate (HEMA).

. Hydrolysis-condensation reactions of the modifiedcprsor, which led to the
formation of inorganic TiQ oxo-network. During this stage, the alkoxy
substituents (- OEMA) are partially replaced by toxy! groups.

. Organic polymerization: a radical reaction betwées unsaturated C=C bonds,

which led to the organic aliphatic chain (-CH2-CH&rmation.

DY D @
|

~ *

Initiator of
polymerisation
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Figure 1-5. Schema of hybrid materials elaboratgmoposed by Kameneva at al. (2006).

During the exchange reactions between HEMA and TTHP isopropoxy groups of
TTIP are substituted by the alkoxide groups of HEMA

Ti(OR)s + X HOOEMA) = Ti(OR’)s.x (OEMA)x + X ROH

Since the transalkolysis reaction is reversible,gfocess can be shifted to the reaction
products (modified precursor) by evaporating of tleéeased isopropanol under vacuum
pumping. In this way, the substitution numb¢rcan be increased up to 4 of the total
precursor modification (formation of Ti(OEM4) A large difference between the boiling
temperatures of isopropanol (81 °C) and HEMA (208-2C) validates this solution. It was
experimentally observed by Raman spectroscopyebaporation of isopropanol under 1-5
mbar pressure during 90 minutes was sufficient theg isopropanol elimination. The
formation of the oxo-Ti@chains requires hydrolysis of the newly obtairnthium alkoxide.
During this process isopropoxy and alkoxy (OEMApuyps may be partially hydrolyzed
resulting in the hydroxyl group’s formation. Hydymkd titanium precursor produce

condensed titanium-oxo-alkoxy species, which cawo@ate into the macroscopic inorganic

gel.

The gelation time as a function of the hydrolysisa and proton ratio in particularly,
the system TiI/HEMA/HO/HCI=1/6/3/0.18 demonstrated a gelation time auald 0 minutes.

The —OEMA substituents possess unsaturated doubfgé Kkbnds, which can be
polymerized. Kameneva et al. (2005) have used thlepolymerization process as the final
stage in the hybrid elaboration scheme, for whictb @Wt.% of 2,2-azobis(2-
methylpropionitrile) (AIBN) has been added to thermamer solution. The vinyl groups of the
HEMA monomer participated in the formation of tHglaatic bushy 3D-polymeric structure

according to the scheme presented in Figure 1-6.

CH,

CH |
He=cL — %CHQ—C+

C—O0—CH,CH,—OH | Ao

I ?I_O-CHchZ_OH
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Figure 1-6. Schematic representation of HEMA pdyization.

The overall polymerization process includes sevieralperature treatment steps:
* heating temperature T = 65 °C during 20 hours;
* heating temperature T = 120 °C during 3 hours.

It was also proved that additional polymerizatianld0 °C during 3 hours did not
improved significantly the monomer-polymer conversiate.

After completing the synthesis, transparent ligeltoxv monolithic materials able to
withstand mechanical processing and optical-graaistpng were obtained. An example of
the hybrid sample is shown in Figure 1-7. A veopd homogeneity of the material has been
achieved, free of internal cracks and bubbles. Ating to the synthesis schema, the obtained
materials belong to the Class Il hybrids consistaigcovalently interacting organic and

inorganic chains.

Figure 1-7. pHEMA-TiQ hybrids obtained by Kameneva et al. (2006).

1.5.2 Gorbovyi synthesis route

This method is based on the Kameneva method (Karaestal. 2005) that has been

proposed for the Ti©gel based hybrid fabrication. However, the inoiganorphology was
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poorly defined and some modification was done ®dynthesis of the materials, because of
this change, the products are highly sensitivet¢allcomposition of the reactive fluid. This is
a case of oxo-Ti® nanoparticles prepared from the titanium tetraigppxide (TTIP)
precursor. Gorbovyi synthesis route is based irfdlhlewing steps modified from Kameneva

method:

1. Generation of nanoparticlesUse of the sol-gel reactor described in the

experimental methods, that assures an homogeneaagtion conditions of the
mixed fluids and permits generation of monodispereeo TiQ, nanoparticles.
The thermostatic stock solutions containing TTIE am@ter in 2-propanol solvent
are injected into the mixer through two input tub€kis injection is exocentric:
the fluids form a vortex before entering in the maibe. The two reagents’ flow
rates are maintained equal varying from 2 to 12lrysapplying an external gas
pressure (N2, purity 99.995%). The diameters of imput tubes (1.0 mm) and
one main tube (2.0 mm) are chosen in order to assgontinuity of the Reynolds
number. The static T mixer performance has beafhestlby several groups and a
considerable narrowing of the particle size disititn. In application to the sol—
gel process, its advantage is related to the luleicl growth mechanism of the
structural units (Azouani et al, 2007) in which geedty step wisely decreases
with increase of size. The conditions for the expents for the sol particles were
generated in 2-propanol solutions with TTIP at @mration Gi= 0.15 M and
hydrolysis ratio H = 2.0 and at 20 °C. According Azouani et al (2007),
nanoparticles nucleate in these conditions; howetregir growth is strongly
prohibited. The fabricated nanoparticles are ngstatline, of general formula
TiOz(X+y)/2(Oi Prx(OH)y, and are composed of a metal oxide core with sarfa

propoxy (O Pr) and hydroxy (OH) groups.

2. Surface exchange and nanopatrticle stabilithe solvent exchange is carried out

at the next stage. HEMA (97% purity, Aldrich) wasglpminarily distilled in order
to eliminate impurities and traces of hydroquinéh®), which is an inhibitor of
spontaneous polymerization of the monomer. As wae lracently shown, traces
of hQ induce yellow coloration of the pHEMA-TiO2bmds due to the formation
of the hQ-Ti complex (Kutnetzov et al, 2009), whidbes not induce charge
separation and partially screens the interbandrpbsn of TiO2. The solvent
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exchange does not influence the patrticle size guegation state. Figure 1-8
shows the ACF of the concentrated 1.5 M HEMA-Tilloid, which was
obtained after the 2-propanol substitution by HEM#h the volume ratio HEMA

: 2-propanol= 1 : 10. Obviously, the quality of th€F (signal-to-noise) increases
because of the 10-times higher nanoparticle coratgon. Because of the higher
HEMA dynamic viscosityn the measured ACF decay timelooks longer;
however, the particle radius R= 2.5 nm defined bykgTq® 1/ 3nn (where k, T
and q are correspondingly the Boltzmann constamperature and scattering

vector) is conserved after the solvent exchange.

Hybrid preparation A polymerization of the HEMA- Ti® precursor was

realized thermally with the addition of an AIBN tiaitor to the nanoparticulate
precursor. Non-colored transparent hybrids weraiobtl after 24 h of heating at
a temperature of 75 °C. Mabilleat al. (2008) have proposed to monitor the
monomer polymerization by Raman spectroscopy, obsgr characteristic
vibrational peaks of C=C at 1407 and 1641 cml pa@aated with C=CH
stretching and C=C aliphatic stretching vibrationsespectively. Higher
temperature treatment is known to provide diffugpossibilities and allows better
steric adjustment for the efficient organic polymation of HEMA moieties. We
have observed that both longer (& 48 h) and higher temperature (3C€/24 h)
treatments decrease the non-polymerized organicpeoemt by up to 30%
(temperatures above 11Q were skipped in the present study, since thegliyme
non-desirable yellowish coloration of samples). Ngstematic quantitative
estimations of the extent of polymerization wereried out because no safe
procedure is available for peak normalization betwedifferent samples.
However, residual HEMA monomers were always obskmemost concentrated
hybrid samples (g > 1.5 M) indicating that the corresponding organic
polymerization is extended but incomplete. (Gorb@tyal, 2011)
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Figure 1-8. Characteristic ACF of oxo-Ti@anoparticles after preparation in the sol-gel otar ([Ti] =
0.15M, H=2, T =20 °C, 2-propanol solution) (aipd after surface exchange with HEMA ([Ti] = 1.5 M)
(b). Taken from Gorbovyat al.2011)

1.5.3 Light induced darkening of pHEMA-TIO , gel based hybrids

Kamenevaet al. (2005) and Kuznetsogt al. (2009) have shown that the TiQel-
based hybrids become dark under UV irradiationcihé explained by the accumulation of
polaron-like Tf* centers evidenced by EPR measurements. Figure stio@'s absorption
spectra of the different hybrids, which span frov-A to near-IR spectral range. The
spectral changes are reversible and the matemalsvers transparency after a long time
(weeks to months). Although gels are fundamentdifferent from titanium oxide solids,
certain similarities of their properties exist. éadl, the gel darkening threshold energy
Ege=3.24 eV (Bityurinet al, 2003) is very close to the bandgap energy ofttease solids,
Ey=3.2 eV. The absorption of a photon with hv>3.2re%ults in the electron transition from
the valence band due to the-@p orbital to the conduction band due to therT3d orbital
(Daudeet al,1977).
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Figure 1-9. Laser-induced absorption of differgttEMA-TIO2 hybrids (labels #0, #1, #2 and
#3designate hybrids based ongftlusterm siolated condensed species, linear galrchat the gelation
point and branched gel chains after aging) and et aicogel. Taken from Gorbovyi, 2012.

The schema of the photo induced processes in T&32ebhybrids is shown in Figure
1-10. The absorption of a phottm; (1) results in the electron transition from thdenae
band due to -2p-orbital to the conduction band due to ##3d-orbitali. A light hole
with a lifetime + 1 is believed to escape rapidly into the organic FKAEComponent as b
(3) or to recombine with already trapped electrén The CB-electron can recombine with
either “fast” hole (2) or (if its energy is suffesitly high:y..hv-E >E ) with already trapped
hole (9). If not annihilated, it is trapped by fhié* center (binding energy De) with quantum
efficiencyn (4). Ti** has very long lifetime > 10’ s and its spontaneous (“dark”) relaxation
(5) is slow, while reexcitation in the CB (7) mag dominant. This process is described by
absorption cross-sectiosy,. The successfully reexcited CB electrons can rnegta the
localized hole ® and recombine with it (9) with the quantum effiggm,. If not, the

electrons are retrapped by &*Téenter with the probability .
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Figure 1-10. Schema of relevant photoinduced psees in Ti@ hybrids. Taken from Gorbovyi, 2012.

A comparison made of different pHEMA-T3Ohybrids allowed to evidence
correlations between their nanoscale morphologymratonic sensitivity. The experimental
data are shown in Table 1-4. Indeed, the hybriépgmed of smallest T4 clusters show the
lowest charge separation efficiency and maximunrggsaloading between the considered
samples. On the other hand, the maximum efficieamy loading demonstrate the hybrids
with quasi-linear gel chains. Isolated large cors@enspecies (aggregates of nanoparticles)

take intermediate position between these two loages.

Table 1-4. Photonic sensitivity of different hybs@mples. Taken from Gorbovyi, 2012.

Charges separation Maximum charges loading,

Inorganic component o . 3+ 4+

= efficiency T1i /T1
T116 clusters 6 % 46%
Isolated condensed species 12 % 82%
Linear gel chains (gelation point) 12% 14 %
Branched gel chains (after aging) 12% 12%
Alcogel 25 % 7.3 %

The reference Tg clusters sample can be described as a nanocompusére the
inorganic nano-domains are well dispersed in thgamic polymer. Because the starting
inorganic components are preformed species, tleeasid the nature of the hybrid interface
are well defined, as reported by Trabelsal. (2005).
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1.6 Conclusions

The literature analysis shows a possibility to & TiQ hybrids with different type
of polymers and polymerization reactions. Amongybssible candidates and polymerization
reactions HEMA and EMA monomers have been chosethfe study. Their introduction is
especially interesting because of different hydiopland hydrophobic characters of these
monomers. The thermal polymerization has been madly studied. The NBB approach
based on NPs, developed in PgD by Gorbovyi (20@R)es the best charge separation

efficiency and charge loading.
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The principle of characterization methods and eopgipt that has been used in
this work will be presented in this chapter. Thesagtion of the equipment and its
utilization will not be fully described since wesasne the reader was familiarized with
most of the equipment. However, we will pay specdiention to the procedures,
equipment and techniques appearing to be less comunthat constitute a fundamental
step in the preparation of the materials descriimethis work and we will offer a more
detailed description.

2.1 Glove-box

The glove box is an instrument that permits expents in an enclosed environment
having a controlled atmosphere, to avoid the actation of oxygen and humidity. The
purification system is constituted by a nitrogegin®ulation system, filters and a cooper
catalytic matrix. Working inside the glove box, @& collateral reaction catalyzed by
humidity or oxygen presence. The equipment usedtHer synthesis requiring controlled
atmosphere was a MBRAUN LABstar Glove Box Workstatwith an attainable purity level
H,O <1 ppm, @< 1 ppm.

2.2 Sol-Gel reactor

The schema of the developed reactor with temperature and atmosphere control
and in-situ particles granulometry is shown in Figure 2-1The reactor consists of three
main parts: two thermostatic containers, T-mixitgneent and container, which receives the

prepared solution.

Reservoirs
Reservoirs (inner and outer covers made of inog) @aced at upper point of the

experimental set. Temperature of containers masebelated by thermostat. They aneed
to store hermetically the prepared solutions of reagents under controlled conditions.
The solutions of reagents (TTIP and H20) in 2-propanol have been prepared in a glow-
box, which allows performing precursors preparation under controlled conditions (in
case of TTIP solution, impact of humidity should be avoided). The newly prepared
reagent solutions are transferred to respective reactor containers with the help of
syringes. A permanent nitrogen flow U (H20 < 5 ppm) allows putting the reactor system
under controlled conditions (non humid atmosphere). An injection may be performed

only after delay of 30-60 min: time required for temperature stabilization of all system.
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Figure 2-1. The principal schema of the sol-gedaor.

T-mixer
The T-mixer consists of two inlets (internal diasrebf each arm 1 mm, and their
length is 20 mm) and one outlet (internal diamgterm, its length is 200 mm). Choicg the

arm’s diameter has been based on the importance of controlled condition (the same

Reynolds number) (Re:gg]’ where Q: flow of fluid (m3.s'1), p: density (kg.m3), p:
7

dynamic viscosity (Pa.s) and d : diameter of outlet (m). The T-mixer, which is used in the
reactor, is shown in the Figure 2-2 Specially designed inner volume of T-mixer allows
formation of the tangential inlet jets, which induce the formation of a vortex promoting
micromixing. The time of the mixture was determined based on the neutralization
reaction between a strong acid and a strong base in the presence of a color indicator
(Pohorecki, R., 1983; Li, K.T., 1986; Rousseaux, ].M., 2000). The micromixing time is in
range 4-8 milliseconds, if Reynolds number is 4000 <Re <10000. It is less than the
characteristic time of the TTIP hydrolysis time.
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Figure 2-2. Schematic representation of the T-mixsed in the sol-gel reactor: (a) side view; (bp

view..

Solution holding container

The holding container is a double-walled glass, cylindrical form flask of an inner
diameter of 5.5 cm and a total volume of 250 cm3. The temperature control is performed
by a thermostat with a capacity of 4.5 litres (Haake, DC10K15), which allows coolant
circulation in both reservoirs, and in the container, which holds sol of TiO; particles.
Special slot is also intended for the fiber optic probe which allows in-situ measurements
to be performed. The moisture contamination when transferring the sample in the

optical cell for classic measures is thus avoided.

2.3 Dynamic Light Scattering (DLS)

Hydrodynamic radius of a small particle can be rmess by dynamic light scattering
method (DLS) in case of the studied particle is llBnahan wavelength of incident light.
Behavior of larger particle is not the same asréigba of a smaller size: the peaks of the light
scattering spectrum, in case of large particlesgHa&oad nature, while scattering of light,
observed in the small particles, produces relatigdlarp peaks in light scattering intensity
spectra. In general, the effect of light scattemmay give two types of information: intensity
of diffused light by particles (static light scattey, SLS) and hydrodynamic radius of the
particle (DLS). The intensity of dynamic light flifSion of DLS has been used for
measurement of hydrodynamic radius of particlesgéneral, this method is based on the
Doppler Effect. While being in Brownian motion arfide may influence the spectrum of
diffused light: because of the Doppler Effect, @cbmes broader (Figure 2-3). Thus, the
particles, which are getting closer to the obsémwmapoint, diffuse light withA’ < A in
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contrary, molecules, which will move into oppodiieection, will diffuse light with different
wavelength. As the result, heterogeneity of thaltioght diffusion, produced by molecules in
Brownian motion, will cause the broadening of ieatrum. The Stokes Einstein equation
describes the relation between the particle radind diffusion coefficient (in case of

spherical particle observation):
KgT
D=2
6mTUR
Where p (Pa.s) — dynamic viscosity of the mediuntK)l— medium temperature and
Kg = 1,3806.10° J*moleculé'’K ! is Boltzmann’s constant. It is clear that the sifethe

particles has influence on the effect of signalablening. This relation shows that with the
constant temperature and in the same medium, fhesidn coefficient and the radius of the
particles are in opposite relation.

Sanmgple Dhetector

Ly \L
Diods R L i)

Seatiered Lighs

Deconvoldution Autocorrel ator

Figure 2-3. Broadening of the spectrum, cause®bppler Effect.

2.4 Transmission Electron Microscopy (TEM), Scanning edctron

microscopy (SEM)

This characterization method is used to analyzeemat microstructure with a
resolving power of a several angstroms. TEM is thasethe principle of electron diffraction;
the image of the sample is formed from the intévacof the electron transmitted through the
specimen. TEM image allows providing informationncerning the inner structure of
materials and provides information about its motpgy (size and a form of the grains).
There exist several different operational modesec®ed area electron diffraction (SAED) is
used to study crystallographic structure; Electeaergy loss spectroscopy (EELS) that give
some characterization possibilities. The transwmhigiectrons can be rejected based upon their

voltage (which, due to constant charge is theirrggjeusing magnetic based equipment
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(EELS spectrometer). This device allows selectibpanticular energy range, which can be
associated with the way the electron has interaetigd a sample. Presence of different
chemical elements in the sample results in the igbeange of energy of transmitted
electrons. Thus, this effect can be used to proumi@mation on elemental composition
based upon the atomic transition during electrectebn interaction. A bright zone of an
image corresponds to region, where diffusion oftetss takes place.

The scanning electron microscopy (SEM) is a tedmnithat allows to reproduce an
image of a sample’s surface by scanning it witheanb of electrons with a very high
resolution allowing the magnification of the objesten hundreds of thousand times (Figure
2-4). The electrons focused on the sample’s surfateract with the atoms that make them
produce signal that contains information about kogy composition and other properties of

the sample.

Electron beam

Backscattered clcctron: l—’ X-ray photons
\
\ Cathodoluminescence
Secondary electrons y Photons (visible light)
Auger electrons
g M/ Heat
| Speclmen =

£ ¥
Secondary electrens g Absorbed electrons

¢ Diffracted electrons

v
Transmitted eleclrons

Figure 2-4. Electron effects present in SEM.

The beam of electrons has an energy ranging frékéV to 40 keV and is focused
into a spot of about 0.4 nm to 5 nm in diameterfdrm the final image electrons will “scan”
every surface point, thus each topological unitaobample corresponds to its virtually
reproduced surface presentation (GN-MEBA group Bnsset F., 2008; Goldstein J., 2003).
The SEM images presented in this work, have beedysed by a microscope Zeiss Supra

40VP and Leica 440 with an acceleration voltaggirapnfrom 1to 30 kV.
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2.5 RAMAN spectroscopy

Raman spectroscopy is a technique used to studsgtivbal, rotational and other low
frequency modes on the material molecules. It m@destructive analysis technique, based
on detection of inelastic scattered photons, whighproduced after interaction between the
beam of monochromatic light (laser source) andsdmaple. The difference of wavelength of
the incident photons and the diffused ones givesnmation about the chemical nature of the
sample involved. At the same time, the positiorthef peaks on RAMAN spectra (specific
wave number) does not relies on the frequency atahsity of the monochromatic source,
which has been chosen for analysis. The Ramantedfars when light impinges upon a
molecule and interacts with the electronic cloudd a@he bonds of the molecule. A
spontaneous Raman Effect is a form of light saatjera photon excites the molecule from
the ground state to a virtual energy level. Whenrttolecule relaxes, it emits a photon and it
returns to a different rotational and vibrationtdts. The difference in energy between the
original state and a new one leads to a shift enetimitted photon’s frequency away from the
excitation wavelength.

While performing Raman analysis, information abeeveral parameters should be
taken into account:

» A part of the light of the same wavelength as ianidbeam diffused by a
sample, a Rayleigh diffusion (elastic diffusion Wway

» A small part or diffused photons have different elangth than the incident
ones.

In case when vibrational state of a molecule isev@ergetic then the initial state, the
emitted photon will be shifted to a lower frequemayrder for the total energy of the system
to remain balanced. This shift in frequency is exala Stokes shift. Contrarily, in case of
vibrational state of less energetic position thiae initial one, the emitted photon will be
shifted to a higher frequency. So, this shift ikechAnti-Stoke shift.

A necessary option is required: a change in theeoutdr polarization-amount of
deformation of the electron cloud for the Ramareé&iffto take place. The amount of the
polarizability change determines the intensity ahf&n scattering.

Opposite to infrared, where the interaction betwa@molecule and light is determined
by the dipole moment. Utilization of Raman speatopy allows analyzing transitions that

might be not active in IR spectroscopy. (Nakamotp2009) Graphic presentation of several
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principles: Rayleigh diffusion, Stokes diffusionsaanti-Stokes diffusion is show in Figure
2-5.
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Figure 2-5. The principles of Rayleigh diffusi®@tpkes diffusion and anti-Stokes diffusion.

The spectrometer HR800 (HORIBA Jobin Yvon) with tkpectral and space
resolution of 0.25 cthand ~ 5 pum respectively, was used for charactisizaf the hybrid
material samples. The spectrometer is equipped ‘Wil directional manipulator”, a system
of confocal and adjustable slits and a Peltier-ed@DD camera. The Notch filters have been
used to cut Rayleigh frequency. The wavelength efochromatic light used were 632.8 nm
(using built in He/Ne laser as a light source),.888 nm and 363.8 nm supplied by the use of

filters coupled with Argon laser.

2.6 Thermal Gravimetric Analysis and Differential Scanning
Calorimetry (TGA-DSC)

The thermal analysis is a set of techniques whesbyaical or chemical property is
determined and controlled in function of the tiremperature or/and heat flow. Some of the
characteristics that we could determinate with technique are transitions points, enthalpy,
heat capacity, thermal expansion, mass loss or evystallization, viscosity, denaturation,
determinate purity, investigate polymorphic traosit studies of hardness and decomposition.

The Thermal gravimetric analysis (TGA), is a dediug technique of
characterization that permit know about the decaitjpm, oxidation reduction and thermal

condition for obtain stable compounds. The instmimensist in a very sensitivity balance,
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an oven, a temperature control a system to cofitelatmosphere, a microprocessor and a
thermocouple placed the nearest possible to th@lsain certain designs the gases could go
to Infrared spectrometer or a system of Gas chrognaphy.

The differential scanning calorimetry (DSC), thigtinod determines the difference
between the amount of heat flowing to the samptk @meference (crucible empty), in this
way it's possible to test substance transition ¢émekmic or exothermic) such as system will
measure the sample’s thermal energy lost or gairespect to the reference. Figure 2-6
shows at left the sample holder rod for TGA-DSC eekpents and at right the working
principle of the DSC measurements. The temperaensing elements known as RTD are
Platinum as Metal 1 and Pt-Rh alloy as Metal 2, gbheential U is the potential difference
between the reference and the sample in pV thabedransformed later to energy units by a
calibration curve taking known fusion points of ieais metals as reference.

T

echantillon

DSC Rods
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Sample temperature LR d y
thermocouple T 1etal 2 v metal 2
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Figure 2-6. Right: DSC measuring principle, U iBet potential difference in pV between the two
crucibles. Left: TGA-DSC sample holder used in ¢xperiments of Chapter IV, the thermocouples are
RTD type of Platinum/Platinum Rhodium, the sampéegs are in Pt and the DSC rods in Pt-Rh.

2.7 Gas Chromatography - Mass Spectrometry

The Gas chromatography mass spectrometry (GC-M8&h imstrumental technique,
that include a gas chromatograph (GC) coupled tmass spectrometer (MS) by which
complex mixture of chemicals may be separated ifieshiand quantified. This makes it ideal
for the analysis of hundreds of relatively low nwllr weight compounds found in
environmental materials. In order for a compoundbéo analyzed by GC/MS it must be
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sufficiently volatile and thermally stable. Somedisnthe sample must be treated before the
analysis to extract into a solvent or eliminatedesirable substance that could contaminated
the sample.

The sample solution is injected into the GC inléeve it is vaporized and swept onto
a chromatographic column by carrier gas the sarihphes through the column on condition
to separate the compounds in the mixture, deperzhntpe interaction with the column and
the carrier gas. The gases through pass to theneography column are conducted for a
transfer line to ion source of mass spectromekaret are 2 types of ion production that are
electron ionization (EI) and chemical ionizationl)(CThis information may be used to

identify compounds and identify the componentsha& mixer. (Universite de Bristol web
page ref)

2.8 Fourier Transformed Infra-red Spectroscopy

Fourier transform infrared spectroscopy (FTIR) teehnique based in the interaction
on specific interaction between irradiation of ar’d zone range and the matter we want to
analyze. Instead of sample irradiation with a mdmomatic beam-containing bunch of
photons with different frequencies and measures imueh of that beam is absorbed by the
sample. Studying of the matter in different aggtegdates; gas, liquid solid can be used for
characterization of specific components. In caseogfanic molecules, knowledge of
characteristics vibrational frequencies of bondwad to find out the special functional groups
that are presented in its structure. The basic omepts of Fourier transform infrared
spectrometer are presented on the next figure ¢Hesis Pablo). Light emitted by the
polychromatic infrared is directed to a beam spilite semi- transparent mirror. It divides an
incident beam into two beams of the same intereitgt directs them to moving mirrors,
respectively. Light is reflected from the mirrosdi to the beam splitter and (ideally) 50% of
the original light passes into the sample compantméfter that, the light is refocused on to
detector. The difference in optic path length betmvéhe two ways to the interferometer is
known as the retardation. By varying the retardmatibhus with a help of interference, the
separation of a specific wavelength from an inighbtons bunch can be performed. Finally,
the spectra in the form of interferogram can besi@rmed into classic IR spectra with the
help of mathematical procedure: Fourier transforomatComparing to the classic dispersive
method, FTIR spectroscopy allows decreasing cordtle the acquisition time for the
spectra, but the sensitivity of the method is samib classic.
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2.9 TGA-DSC coupled to GC-MS and FTIR

The three previously mentioned techniques can beled together to obtain a more
powerful analysis instrument, this kind of instdtlas is rare but could allow to follow
closely the phenomena typically analyzed in TGA-D&{eriments with the advantage of
being able to analyze at the same time the evagbiatproducts. In this kind of systems the
sample in the TGA-DSC is heated in a ramping otinaous mode, while heating, the gases
produced as reaction byproducts are continuouslyyaed by the FTIR and/or sampled and
injected to the GC-MS.

The information obtained correlates the temperatarass and energy flow of the
sample with the chromatographic and spectrometia df the gases produced while heating.
This could be then used to determine the deconmiposinechanism of a sample by
determining the nature of the byproducts at a ceteamperature, mass loss or energy flow.

In this work a TGA-DSC coupled to GC-MS and FTIRswa#sed to investigate the
solvent exchange process, the influence of the petiole concentration on the
polymerization process and on the decompositioth@tybrid material and the influence of
nanoparticle content in solvent retention in polyizegion. This work was performed using
the analysis platform at ChimieParisTech (ENSCPgohaboration with the laboratory of
Prof. Michel Cassir the I12E (Interphases — Eledinmie — Energie). The equipment used was
a Setaram Evolution™ coupled to a Thermo Fisheeridic Nicolet iIS10® FTIR and to a
Trace 1300®-1SQQD GC-MS. The whole system is showFigure 2-7.

Figure 2-7. Coupled TGA-DSC/GC-MS/FTIR systemsesiat ChimieParistech
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In the image shown above we can find the followognponents that constitute the

system:

1. TGA-DSC : Capable of working with different atmospés like partial vacuum,
primary vacuum, Ar, He, § O,, Air, N, CO,, CO, CH, and a mixture of
maximum 2 of the former, among other possibilisiews us to perform a wide
range of TGA-DSC experiments. Coupling with othezhiniques can be perform
only when working with positive pressure with notplsive atmospheres. An
example of a TGA-DSC experiment coupled to FTIRBhewn below in Figure
2-8. In the figure the mass loss is shown in blac# the heat flow is shown in
blue, we can distinguish two endothermic reacti@esks pointing down) on the
heat flow curve related probably to evaporationtved different components of
the mixture. The phenomena takes place at diffetemiperatures, each one is
accompanied by a mass loss, such mass loss andldwat characteristic of
evaporation. In other cases where an exothermiendothermic phenomena is
present without mass loss the interpretation ikedihit meaning the presence of

crystallization, polymerization, oxidation, redwetior fusion.
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Figure 2-8. Thermogram of TGA-DSC coupled with R'Elxperiment of a 1:1 mixture of isopropanol and
HEMA in a temperature program of 30 to 250 °C &Gimin’™.
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2.  FTIR : This equipment is capable of synchronizingcantinuous spectra
acquisition over the full TGA-DSC experiment. Thatalis then presented in a
Gram-Schmidt graph, each point on this graph i BRRransmission spectra in
the Gram-Schmidt each point represents the norethbzdition in respect to the
highest value of the area under the curve of allpbaks appearing on each FTIR
spectra. In this way, the Gram-Schmidt allows tieualization of the general
behavior of the sample where the peaks indicate tttea sample has degassed
something detectable by the FTIR at a certain monmnetrme. We can after come
back to the specific FTIR spectra of any of thenpgin the Gram-Schmidt and
search in the database for compounds that couldhntlaé spectra of the emitted
gas. An example of Gram-Schmidt diagram and theRF3pectra appearing on

the first peak is shown in Figure 2-9.

As we can see when comparing Figure 2-8 and Figeu@ the first mass loss
from 30 to 80 °C corresponds well to the momenthef maximum gas emission
of the first peak in the Gram-Schmidt diagram, his tcase, the spectra of that
point was identified as isopropanol or 2-propafdilis example gives an idea of
what can be possible to analyze when coupling tBA-DSC to the FTIR.

010 4 Linked spectrum at 26.513 min.}
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Figure 2-9. Above: Gramm-Schmidt representatioaloty: FTIR spectra of the maximum point of the
first peak identified as isopropanol. TGA-DSC cagplwith FTIR experiment of a 1:1 mixture of
isopropanol and HEMA in a temperature program oft8@50 °C at 4 °C min
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GC-MS : when coupling to this equipment, the gam#tgazing from the sample
are analyzed, small samples of 1uL from the gasifig from the TGA-DSC are
injected into the system. Then, the column conidun temperature and pressure
separates the molecules in the sample, this cottanrbe chosen to better suit the
type of organic components to be separate. Afggars¢éion each molecule arrives
to the mass spectrometer and its spectra is retofde spectra can be compared
with a database to find the molecule, or the mastbable molecule that
corresponds to the experimental spectra. This tqabntogether with the FTIR
coupling allows the identification of almost allettcomponents present in the
gases coming from the TGA-DSC experiment, whickely useful when working
with unknown decomposition processes or investigathe interactions of the
solvents and monomers in polymerization. The eqaimnis capable of working
in two different modes: i) a continuous mode, whigrere is an injected sample
every X seconds for a period of time equivalenth TGA-DSC experiment and
i) a timed mode, in which one sample is taken specific time of the TGA-DSC
experiment. Each mode has a dedicated purposeptiimuous mode is used as
an exploratory experiment, where we will identihetmoments at which the gas
is emitted from the sample and to have a rough afeide molecules in those
gases. The disadvantage of this method is thaeis dot allow a full separation of
the components in the column, in consequence ttes gyEectra is not sufficiently

clear and does not allow full identification of cpaments.

An example of this mode is presented in FigureO2vhere the Total lon Current
(TIC) diagram (in black) of a 1:1 isopropanol — HEMsample with initiator
heated from 20 to 110 °C at a speed of 5 °C”mifhe TIC is, as the Gram-
Schmidt, a representation of all the intensitiealbthe mass spectra peaks added
together to constitute a point in a count scalerow@me graph. The TIC
representation can be filtered to shown only thditemh of the mass spectra
containing a specific mass peak. In Figure 2-Hisiétcond TIC (in red) is filtered
to shown only the addition of the spectra that amnthe ion mass 60 which is
characteristic of isopropanol, in the third TIC (Wmlue) the ion mass 69
characteristic of 2-hydroxyethyl methacrylate (HEM&omparison of the three

65



Chapter 2: Experimental Techniques

TICs gives us an idea of the moments at which gogmmol and HEMA could be

outgazed from the sample in a more important qtyanti

—TIC

7 —lon 60

W W — lon 69
Il

‘ | J\ \“‘ | .
U LJ 'M M’UH d ] ‘ ’U UUU/ J/ \ JU\W \k L

f | f | [
NN

-_ LT
S JJUUUUUYUUL U

TIC (counts)

0 5 10 15 20 25 30
Time (mins)

Figure 2-10. Total lon Current (TIC) of a 1:1 ismpanol — HEMA sample with initiator heated from 20
to 110 °C at a speed of 5 °C rifinin black: TIC of the experiment, in red: TIC @l 60, in blue: TIC of

lon 69.

Once the times or temperatures of interest in tA-DSC experiment are
identified within the thermogram, the GC-MS conting mode and the FTIR data
we can target specific moments of the TGA-DSC expant to perform longer
GC sequences that will separate the gases in thelsaand give better mass
spectra that can be well identified. This mode seduin Chapter IV to better

understand the hybrid solvent exchange, and polyaten.

4. Gas transfer lines: heated steel 1/8” pipes caatedhally with Si are heated to a
temperature above the condensation point of thaeilplesgases emitted by the
sample. This line are isolated and allow a maxintemperature of 250 °C to be
used. These heated lines are in charge of tramgjetine gases from the TGA-

DSC to the other components.

5. Heated injector valve: A pneumatically actuatedvealith a loop of 1 pL
capacity is located inside a small oven and heatddde same temperature of the
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lines, the valve is in open position in which th@af of gas is allowed to pass by
the loop and exits to the FTIR. When the GC-MS misd#isabled, the gas flows
continuously to the FTIR, when the GC-MS mode islded the valve switches at
a specific time injecting the gas contained in @ into the GC-MS for a very
small period of time (typically 1s) when the inject is finished the valve comes

back to the original position.

Synchronization control and heating control: Thasés are form the top to the
bottom: i) the synchronization unit, ii) heatingntm| of the TGA-DSC transfer
valve, iii) heating control of the lines and pnetimaalve. The synchronization
unit is in charge of organizing the coupling of t6€-MS, the FTIR and the
TGA-DSC, it is programmed with the sequence to dwed (continuous or

timed) and sends the signals to the pneumatic vankethe GC-MS to inject a
sample and run the GC-MS. It also indicates toHhER when to start acquiring
the spectra once the TGA-DSC is ready and runmagkperiment. This system
allows keeping a consistent time-cero start paick leeeps track of time, allowing
to synchronize all the events to take place in thepled TGA-DSC/GC-

MS/FTIR experiment.

Hydrogen generator: To perform experiments in reduatmosphere, the amount
of hydrogen in a mixture of Ar or\can be controlled automatically by the TGA-

DSC allows performing a wide variety of experiments

As has been shown in this section, the coupled D®E/GC-MS/FTIR experiments

opens a wide variety of possibilities to identifpngponents coming from the thermal

processes carried out in the TGA-DSC. Further anttiesis this system is used to perform a

series of experiments related to the solvent exgdamd polymerization, were it will allows

us to better understand some of the basic procesties synthesis of hybrid materials.

2.10 Conclusions

All the previously mentioned analysis methods avwailable at the laboratory.

Together, they could be used to optimize the ,TiQbrid synthesis and understand the

relating problems of the sysnthesis, such as dldtion/precipitation time of the hybrid

colloids, high water sensistivity, appearance odcks in polymers, affecting photonic
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response by preparation, etc. The understandingliftérent variables involved in the

sysnthesis and their control is essential to tlveesss of the synthesis.

The use of combined techniques such as the TGA-@&@led to GC-MS and FTIR
available through the collaboration with ENSCP #mellaboratory of Pr. Michel Cassir, will
give us a maximum of valuable information with ayemall quantity of samples minimizing
the amount of synthesis to be performed in therktboy. However, the complexity of the
system will produce complex sets of data to beyaeal that will require significant time to
explore. The effective thechniques and isntrumenrtatan permit to advance with the
comprehension of the main issues related to theids/elaboration with emphasise of their

organic component.
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The material synthesis constitutes a medullar pathe work performed for all the
experimental section of this thesis. Final matepi@perties have their origin in this part of
the process. Special care should be taken by anydlveg to reproduce this thesis results

when following the synthesis procedures descrilezdih.

We will first have a look to the chemicals usedhis work, their characteristics and
handling/storage recommendations are cited. Eveagthn the chemicals used were new and
were maintained in optimal conditions for its pres#ion, the degree of purity of some of
them is not the ideal to perform such delicate nelteynthesis, in consequence, purification

steps were added to the synthesis process anbdenfilily described in this chapter.

3.1 Chemicals and their characteristics

Titanium tetra-isopropoxide [TTIP]

Formula: CioH2804T1 Molecular Weight: 284.22 g mot
s T Handling and storage :Handle and storage under
* CHs
>’ nitrogen, and protected from moisture and in a
o o—{
N/ cool place, keep container tightly closed in a dr
CH: Ti—O CHs P P gty y
:: of :: i and well ventilated place, manipulated away from
CH: CH source of ignition.
Melting point: 14-17°C Reative density:0.96 g mL* at 20°C
Boiling point: 232°C Flash point: 45°C

Vapour pressure:1.33 hPa at 6&
Sigma-Aldrich safety data sheet according to ragaig EC) no 1907/2006.
Revision date 30 03 2016 version 6.0; No countecHjr data

2-(Hidroxyethyl)methacrylate [HEMA|]
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Formula: CsH1¢05

@)
OH
O/\/

Melting point: 11.99°C
Boiling point: 67 °C at 4.7 hPa
Autoignition: 375C at 1.024 hPa

Water solubility: 100 g L* at 20C

Molecular Weight: 130.14 g/mol

Handling and storage : storage temperature

between 2-8°C, keep the container closed, dry
and well ventilated place and away from ignition
source; for handling avoid contact with skin and
eyes and in fresh place and avoid inhalation of

vapors.

Relative density:1.073 g m[* at 25C
Flash point: 106 °C close cup

Vapor pressure:0.08 hPa at 20C

Viscosity: 6.36mnf s* at 20°C

Sigma-Aldrich safety data sheet according to reguig EC) no 1907/2006.
Revision date 30 03 2016 version 6.0; No countecsjz data

Ethyl Methacrylate [EMA]

Formula: CsH100>

O

HgCﬁ)k O/\CHg

CHs

Melting point: -59.99°C

Boiling point: 118 -119°C

Molecular Weight: 114.14 g mot

Handling and storage: the storage temperature

recommended between 2-8 °C, tightly closed,
covered from the light and the heat and away from
ignition source, in the handling process avoid the
contact with eyes and skin avoid vapors

inhalation.
Relative density:0.917 g critat 25°C

Flash point: 19 °C close cup
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Vapor pressure: 15 mmHg at 20C
Autoignition: 400°C at 1,013 hPa Vapor density: 3.94 ( air= 1.0)

Water solubility: 4.69 g L* at 20°C  Viscosity: 0.7 mnf s* at 20C

Sigma-Aldrich safety data sheet according to reguigEC) no 1907/2006.

Revision date 31 03 2016 version 6.0; Generic EUDESno country specific data, no
OEL data.

Triethylene Glycol Dimethacrylate [TEGDMA]

Formula: C14H2.06 Molecular Weight: 286.32 g mot

Handling and storage: store temperature
ﬁ e o between 2-8C, protected from the light and away
o | | from ignition source; for the handling avoids the

contact with the eyes and skin.
Boiling point: 172°C at 7 hPa Flash point: 167 °C close cup
Auto ignition: 255°C at 1, 025 hPa  Water solubility: 3.6 g L* at 20°C

Viscosity: 9.15 mnf at 20°C
Sigma-Aldrich Safety data sheet according to rdgaiaEC) No. 1907/2006, version 6.1,
revision date 06/11/2017; Generic EU MSDS, No couspecific Data, no OEL data.

3 (Trimethoxysilyl)propyl methacrylate) [MAPTMS]

Formula: Ci0H200s5SI Molecular weight: 248.35 g mot
Handling and storage: Keep cool place tightl
QCHs 0 | .gd dgd 'IO ph. g'y.
H —Qi close in a dry and under inert gas, this reactve i
3CO $IW\O CH2 N . .
OCHg CH sensitive to the heat, the handling avoid the
3

inhalation of vapors or mist.
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Boiling point: 190°C Flash Point: 92 °C closed cup
Melting point: -19.99°C at ambient P Autoignition: 275°C at 1013.5 hPa
Vapour density: 8.57 (air=1.0) Vapour pressure:0.23hPa at 25C

Relative density:1.045gcnTat 25°C  Water solubility: 0.0862 gL* at 20C
Sigma-Aldrich Safety data sheet according to rdgaiaEC) No. 1907/2006, version 6.1,
revision date 31/03/2016; Generic EU MSDS, No couspecific Data, no OEL data.

Azobisisobutyronitrile [AIBN]

Formula: CgH12Ny4 Molecular Weight: 164.21 g mot

Handling and storage: For safe handling avoid
contact with the eyes and skin; avoid the

formation of dust and aerosols. Provide

H3C CH3 B appropriate ventilation where dust is formed and
N=C N’zN C=N keep away from ignition source and heat source.
H3C CH3 For the storage keep between 2- 8 °C in dry and

well ventilated place. Reactive to the moisture and
air, avoide organic peroxides and self-reactive

hazardous materials.
Vapour pressure:0.81 Pa at 25C Boiling point: Decomposes below boiling point.

Relative density:1.11 g/cnd Melting point: 102 -104°C descomposition
Sigma-Aldrich safety data sheet according to reguiaNo0.1907/2006 version 6.1, revision
data 06/02/2017, generic EU MSDS no country speBiita no OEL data.
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Isopropanol

Formula: CsHsO

OH

A

H3C™ 'CHj

Melting point: -89.5 °C
Boiling point: 82 °C
Auto ignition: 425 °C

Water solubility: very soluble

Chapter 3: Material Synthesis

Molecular weight: 60.10 g mof

Handling and storage: Avoid the contact with
eyes and skin, and vapors inhalations. Keep away
from source of ignition and in a cool place in g dr

and well ventilated place.
Vapor pressure: 58,7 hPa at 25 °C
Flash point: 12.0 °C

Relative density:0.785 g cnt at 25 °C

Sigma-Aldrich safety data sheet according to raguiaNo0.1907/2006 version 5.6, revision
data 02/08/2018, generic EU MSDS no country speEiita no OEL data.

4 4-bis(dimethylamino)benzophenone

Formula: C;7H50N>0O

(@)
HSCAJN’*‘O <9 o

H3C CH3
Melting point: 90 - 95 °C

Auto ignition: 480 °C

Water solubility: 400 mg/L (20°C)

Molecular weight: 268.35 g.molé

Handling and storage: Avoid the contact with
eyes and skin, and vapors inhalations. Keep away
from source of ignition and in a cool place in g dr

and well ventilated place.
Decomposition:> 300 °C

Flash point: 151 °C

Sigma-Aldrich safety data sheet according to reguiaNo0.1907/2006 version 5.9, revision

data 21/02/2018.
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3.2 Purification processes
3.2.1 Distillation of monomers

The distillation is one of the most widely methodparification of liquids or low
melting solids, especially of organic chemicalse Macuum distillation is the expression used
for denoted a distillation under reduce pressund,ia used when a substance is unstable for

been boiling at atmospheric pressure.

The distillation apparatus, showed in the Figurel, 8onsist of a distillation flask,
usually fitted with a vertical fractionating coluntm which is attached a condenser leading to
a receiving flask. A thermometer is placed jusphethe junction point of the column and the

condenser.
To achieve the maximum separation by a distillatios important to consider:

» The kind of column chosen and if it is or not patkas well the volume of the
sample and column (the volume of the column mussrballer than the any

component in the sample that want to separate.)
* Heat loss from the column and if need to be prevent

e For vacuum distillation must be carefully contrdli¢he pressure to avoid
flooding or cessation of reflux.

» The kind of condenser chosen and the refrigerditpid, and it temperature.
(Armagero et Lin Li Chan, 2013)

Figure 3-1. Schematic of the distillation setup.
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HEMA and MAPTMS were distilled in vacuum with a dteonating column at
respectively 67 and 110°C. It is important to dete only the first 2/3 parts of the initial
volume to avoid the contamination of the distilledmple by dimers, inhibitor or low
molecular weight polymers that are generally preserthe last third of the initial volume
which is discarded.

Once distilled the maximum storage time of the patds 7 days if an only if properly
refrigerated at temperatures between 4 and 10 °C.

3.2.2 AIBN recrystallization

One common type of purification method for any taattypically present in form of
crystals is the recrystallization, in general insist in the dissolution of the material to be
purified in a solvent such as alcohols, organiovesols or even water. Then, the stirred
mixture is modified to propitiate the precipitatiohthe desired reactant in form of crystals.
The parameters that could be modified are pH, adraton, temperature, or solvent among
others. The resulting crystals can be recoveredfilisation, decantation or solvent
evaporation, which are the most common.

For this thesis work, the AIBN was recrystallizex dbtain a higher purity by the
method known as the “Methanol (MeOH) AIBN recrystation” (De Souza Machado,
2008). In our case, 5 g of AIBN powder were dilut€0 ml of MeOH by stirring for a period
of 1 h, then the solution is filtered by usingdiltpaper and a fast funnel type filter support.
The eluent is then refrigerated at 4 °C for a geab24 h then filtered again with filter paper.
The obtained solution is then cooled down abrugtiypur lab this was achieved by fast
immersion of the round bottom flask in liquid nigen for periods no longer than 5 s while
stirring the flask by hand. After each immersiosual inspection was performed, avoiding
freezing of the sample and monitoring the growihgroall needle-like crystals suspended in
the solution. The fast cooling process is repe&teat 3 times until the solution becomes
turbid. After this, the flask is immersed in an lzah, solvent extraction is then performed by
connecting the flask to a vacuum pump. Crystal$ stédrt growing in the solution and will
precipitate in the walls and bottom of the flaskac® solvent is eliminated, the resulting
crystals are collected in a new amber-colored feastk stored in refrigeration where they can

last around 3 months.
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In case the stored crystals start changing colopiéng white and turning into a

powder, the reactant should be recrystallized again

3.3 TiO, nanoparticles synthesis

A reactor of a fast micro-mixing has been usedch@pgreparation scheme. Previously,
the kinetic studies have shown that this Jg9nthesis way allows preparing series of the gels
with a well-defined size of the nanoparticles: 2,3nd 5.2 nm of diameter (Azouagti al
2010). Actually, the total synthetic process israbterized by a rapid nucleation period, and
it ends with a nanoparticle growth period-inductitime. At the end of this period
precipitation will take place. Therefore, it's vempportant to find the appropriate reaction
conditions, which would be suitable for precedihg solvent exchange reaction. The main
experimental parameters, used in the ;Ti@noparticles suspension production phase, are

show in Table 3-1.

Table 3-1. Parameters used in the synthesis of Ti@particles

Parameters
Pressure of injection 4 bars
Temperature 20°C
Concentration of TTIP 0.146 M
Hydrolysis ratio 2

Based on the experimental condition, we can comrcthdt:
. Expected TiQ particle size (radius) is 2.6 nm

. Reaction stoichiometry allows to produce stable ;Ti@anoparticles with no
residue of TTIP

. Expected induction time for the Ti&Guspension solutions is 24 hours, which is

suitable for proceeding the solvent exchange priooluphase.

The sol-gel reactor developed by Rivallin et alg20and Azouni et al (2010) has
been used to produce the suspension of, Ti@noparticles. The complete scheme of the

reactor is mentioned in Chapter 2.
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The solution of TTIP in 2-propanol and water in r@ganol have been prepared in a

glove box (MBraun) with the follow conditions:
. Pressure: 1.2 -1.5 bars
. H.O vapors concentration: less than 0.5 ppm
. O, concentration: less than 2.0 ppm

These solutions have been transferred with the diefyringes into double-wall inox
reservoirs that are been thermostat with the hélpryostat and distillated water has been
used as a coolant. The solutions in the reserware set under the flow of nitrogen to avoid
the humidity contamination. The thermostatic reabtads all 100 mL of Ti@ nanoparticles
suspension after the end of a hydrolysis reactisiter the hydrolysis the size of the

nanoparticles could be measure by DLS technique.

3.4 Solvent Exchange

The calculated volume of a newly prepared suspansfoTliO, nanoparticles in 2-
propanol has been transferred to the graduatedgeyrinder flow of inert gas N The
procedure of mixing of the nanoparticles colloidthwipurified monomer solution was
conducted in a glove box. The added volume of maraulution was equal to 5 ml.

The solvent exchange procedure was performed audrbottom flask (total volume
200 ml.). The flask has been equipped with a magisétrer and a vacuum valve. A single
stage membrane pump (supplier: KNF N 840.3FT.18) been used for pressure reducing
down to 1-10 mbar. A LN2 trap has been used to eosakte 2-propanol vapor. The exchange
reactor temperature control (T=20 °C) has beernzezhlwith a simple water bath.

At this stage, the Ti©nanoparticles concentration can be adjusted tesarable
value by admission of an increased colloid volumi&h subsequent pumping until its
reduction to that of monomer solution (5 ml). Theformation about components
concentration in the stable hybrid solution aftex solvent exchange stage is given in Table
3-2, Table 3-3 and Table 3-4

As a convention, sample name is composed in fietepby the monomer mixture
followed by the TiQ initial volume in that sample, for example: HEMA,SHEMA-EMA
10x or even HEMA-TEDGMA 20x.
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Table 3-2. Concentrations of HEMA and TGifor each sample preapared.

HEMA
Sample Volume initial TiQ | TiO, concentration| HEMA:TIO,
per ml of monomer| in the final Hybrid molar ratio
synthesis. material M
5x 5 0.73 11:1
10x 10 1.46 5.5:1
20 x 20 2.92 2.7:1
30 x 30 4.38 1.8:1

Table 3-3. Concentration of HEMA-EMA and Tifor each sample preapred.

HEMA-EMA
Sample| Volume ratio| Volume initial TiO, per |  TiO, concentration in | HEMA-EMA:TIO,
HEMA:EMA mlso;nr:hzr::er the final H)’::”d material molar ratio
S5X 11 5 0.73 11:1
10x 11 10 1.46 5.5:1
20 x 1:1 20 2.92 2.7:1
30 x 1:1 30 4.38 1.8:1
Table 3-4. Concentration of HEMA-TEGDMA and Ji©Or each sample preapred
HEMA-TEGDMA
Sample Molar % Volume initial TiO, per | TiO, concentration in | HEMA-TEGDMA:
TEGDMA mls();nrtr]hoer;(::er the final H)':/tl)rid material TiO, molar ratio
S5X 10 5 0.73 12.5:1
10x 10 10 1.46 6.24:1
20 x 10 20 2.92 3.14:1
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The solvent exchange could be performed with aiptelvalve in different flask, and
the initial volume don’t affect the extraction tinvdth the same initial quantities of the
monomers, that means that solvent exchange faoatientrations could be performed at the
same time. The molar ratio was calculated, assuiongplete elimination of isopropanol. In
reality a complete isopropanol exchange and elitiinds not possible as will be proven in
Chapter IV however, these calculations are a gqmutfoach to have an idea of the final
content of TiQ.

3.5 Radical Thermal Polymerization

As described in Chapter I, section 1.4.2, Raditerinal Polymerization is a complex
and delicate process in which monomer and initiptaity as well as solvent and initiator
concentration together with the temperature argicati parameters directly linked to the
conversion ratio and the size of the polymer chainisined. Hence, accurate control of the
previously mentioned variables has to be takercaoant to keep an acceptable repeatability
of the process for each produced sample.

For these series of samples (HEMA, HEMA-EMA and H&WVEGMA),

polymerization followed the next steps:

1. AIBN initiator is mixed with one of the colloids tdined from the solvent
exchange (HEMA 5x, 10x and 20x) in a concentratbf.1 % M in a small glass

container.

2. The mixture is then degasified by freezing the dampliquid nitrogen, once the
colloid is freeze and solid, it is removed from tlgaid nitrogen and vacuum is
applied to the container. Once the mixture is bigagain, vacuum is stopped and
the process is repeated as many times as necdgsagrally 5) until bubbles
does not show up when the sample unfreezes. Tés tsis the objective of
removing the dissolved gases in the mixture (maixlygen) that could affect the

radical formation or reactivity.

3.  Now the colloid is ready to be polymerized, it da@ poured in between two

microscope plates separated by a specially catibreg¢parator to form a thin film
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of an specific thickness. Or can be left in thesglaontainer to obtain a small

cylinder.

4.  Whatever container or shape chosen, in order tpnperize the sample it has to
be heat treated in an oven, the best results wet@ned when the oven was
preheated at the chosen polymerization temperaliuits. important to avoid air
contact of the colloid when polymerizing. In thigse the oven was preheated at
90 °C for HEMA 5x, 10x and 20x then sample wasadtrced in the oven for a
period of 12 h.

In the case of HEMA 20x, it was observed that & golymerization temperature the
obtained polymer was full of cracks specially ire tbase of the thin films. To avoid this,
polymerization temperature for the HEMA 20x sampiess reduced to 65 °C and samples
were held in the oven for 16 h. These parametergeprto be the best compromise between
polymerization ratio and cracking reduction. Howewacking was not completely avoided
for the HEMA 20x samples.

All the previously mentioned procedures were cdlgfollowed for all the synthesis
prepared for all the experiments performed, cood#ivariated slightly only due to ambient
temperature and ambient relative humidity that waisfully controlled in the laboratory. In
the next chapter, the organic constituent of tharidymaterials produced with these methods

will be studied.

3.6 Conclusions

Knowing the physico-chemical properties of all tleactants allows to have a clear
vision of their limitations, possible behaviourgdahe variables to take care of to perfom all
the experiments in the most efficient and safe wesymentioned by Gorbovyi in his thesis
manuscript, the control of the sol-gel reactionnigromixing is important for the photonic
properties of hybrid materials. However, it is atseressary to take in account the purity of
the monomers and initiators as crucial elementotaining the best quality polymers, also

degasification played an important role in the pregion of the colloid to be polymerized.

Temperature and pressure are essential parameteket in account in all stages of

the sysnthesis of hybrids, from purification toragge of colloids, since the particle size could
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change with moisture content and parasitic reastiaould interfere with proper

polymerization. Special care is suggested and eotigh understanding of the parameters
involved in each step is mandatory to obtain thet besults.

83






Chapter 4 : TiO, hybrids with HEMA

organic component

85



Chapter 4: TiO2 hybrids with HEMA organic component

86



Chapter 4: TiO2 hybrids with HEMA organic component

The detailed understanding of all key stages ofhiierid materials preparation has
not been attained until now. One important issugcems an interaction of the organic and
inorganic components with solvent in the liquidwgan. In this chapter, we analyse chemical
interactions in the isopropanol8/HEMA/TIO, system on the solvent exchange stage,
which has not been explicitely considered in prasistudies devoted to the nanoparticumate
Titania hybrids. For example, Kameneva (2009) aratb@vy (2012) have supposed a
complete replacement isopropanol by HEMA under uatpumping in the hybrid solution,
leading to covalently attached monomer ligands i@, Tnanoparticles. In the following
sections, we investigate the influence of nanoglagion colloid and polymer behavior on the

organic polymerization stage.

4.1 Solvent exchange on HEMA-TIQ hybrids

In this section, the solvent exchange processheilstudied in HEMA-TIQ hybrids.
First, the best solvent exchange parameters wilkthmsen based on the thermogravimetric
experiments at constant temperature and partialuwmac Then, a complex experimental
installation of coupled TGA-DSC/GC-MS/FTIR will hesed to analyze the material content,
and especially the residual isopropanol, and imibge of the residual solvent on the

polymerization process and material stability.

4.1.1 Thermogravimetric study of solvent extraction

This series of experiments had as objective to rtstaied if the isopropanol extraction
during the solvent exchange process is complet@ioand knowing if it occurred following a
step-like or smooth progressive behavior. Theseemx@nts allowed us to define optimal
conditions for this stage of the material synthebkisthese experiments, four samples were

prepared as follows:

1 ml of HEMA + 10 ml of isopropanol (HEMA x10 w/of
1 ml of HEMA + 20 ml of isopropanol (HEMA x20 w/oR
1 ml of HEMA + 10 ml of TiQ NP solution (HEMA x10 NP)
1 ml of HEMA + 20 ml of TiQ NP solution (HEMA x20 NP)

w0 NP

These samples were analyzed in separate runs oRlimeieParistech/I2E coupled
TGA-DSC/GC-MS/FTIR platform. The TGA-DSC was usedpartial vacuum mode. This
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experiment consisted in keeping the temperaturth@fsample constant at 30 °C, and then
reducing the pressure in the sample chamber tomstaat value of 62 mbar to simulate the

conditions of the solvent exchange process; thagdan weight of the sample and the energy
transfer was followed for a period of 2 h. This ¢imvas calculated to exceed at least 1 hour
longer the point, from which the mass of the sameieains constant. The isopropanol mass
content on samples can be calculated from the wetiiencontent of the mixture in the

following way:

Table 4-1: Calculated mass % of isopropanol ongdstamples from their volumetric proportions

HEMA x10 w/o NP HEMA x20 w/o NP
Volume | Density Mass Volume| Density Mass
(mi) (g/ml) (9) (ml) (9/ml) (9)
HEMA 1 1.073 .073 HEMA 1 1.073 .073
Isopropanol 1( 0.785 .85 Isopropanol 2( 0.785 5.7
Total mass .92 Total mass 6.77
Isopropanol fraction .880 Isopropanol fraction .936
Isopropanol mass % 7.97% Isopropanol mass % 3.60%
HEMA x10 NP HEMA x20 NP
Volume| Density Mass Volume| Density Mass
(mi) (g/ml) )] (ml) (9/ml) (9)
HEMA 1 1.073] 1.073 HEMA 1 1.073 .073
Isopropanol 1( 0.785 7.85 Isopropanol 2( 0.785 5.7
Ti* 0.070 Ti* .140
Total mass 8.99 Total mass 6.91
Isopropanol fraction .8729 Isopropanol fraction .9283
Isopropanol mass % 7.29% Isopropanol mass % 2.83%

* Ti mass was calculated based on the Ti molar obraéthe nanoparticle solution and the volume ho$ t
solution taken to prepare x10 and x20 samples.eSime real Ti volume is unknown, isopropanol voluwes

not adjusted to account for the Ti volume. HoweWénolume will be very small introducing a negkbérror in

this calculation. With this inconsideration, we ctake the calculated isopropanol mass content é&aira
approximation to the real content.

Figure 4-1 shows the relative (%) mass loss arad fh@v curves of samples HEMA
x10 w/o NP and HEMA x20 w/o NP. The mass loss cardéscribed as a one-step process
taking around 15 minutes with a mass loss of 87 1&EMA x10 w/o NP and of 88.11%
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for HEMA x20 w/o NP. In both cases, the mass Igsgeiry close to the isopropanol mass in
the samples, which was calculated to be 87.97%08r&D% for respectively HEMA x10 w/o
NP and HEMA x20 w/o NP. This indicates that theilabde isopropanol was successfully
extracted in the given experimental conditions #red extraction process required the same

time for samples with different HEMA content.

The heat transfer curves in Figure 4-1 indicatbath cases an endothermic process
corresponding to the evaporation of isopropanalesadl which has the same completion time
and intensity. This supports that the presence BMKA in samples does not affect
significantly the extraction process. When the ehelonic process vanishes, the mass loss
stops clearly, which evidences that isopropanoperetion is the only factor of the observed

mass loss.
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Figure 4-1. TGA-DSC of HEMA x10 w/o NP and HEMA x20 NP samples (T = 30 °C, P = 62 mBar).
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Figure 4-2. TGA-DSC of HEMA x10 NP and HEMA x20(WPR= 30 °C, P = 62 mBar).

TGA-DSC measurements shown in Figure 4-2 indicdtat samples with
nanoparticles HEMA x10 NP and HEMA x20 NP follow#te same extraction process. As
we can see in this figure, the mass loss of saniedA x10 NP and HEMA x20 NP was
respectively 83.2 % and 90.7 %, which are veryelostheir respective isopropanol contents
of 87.29% and 92.83%. As it can be noticed, theaekbn process in both samples took
almost the same time. However, the presence ofpaatides affects the solvent exchange in
colloids. The relative mass loss decreased in tilids, which can be explained by an
additional residual mass of Tianoparticles and solvent retention on the pasislurface.
Moreover, the endothermic peak shifted to longames confirming the solvent retention. In
Table 4-1 the residual mass loss in % for all tr@sles is calculated. As can be observed, the
difference between experimentally removed isopropamd theoretical maximum mass of
isopropanol in the samples seems to vary withawtctlicorrelation to nanoparticle presence
or concentration. However, it is clear that sinttesamples were treated in the same way and
that TGA-DSC curves shown a reasonable stabilimatfter the main mass loss, this
difference is not casual, but cannot be explaingd the limited set of data available at the

moment.

Table 4-2. Experimental mass loss, calculated nhass and their difference expressed as residual
isopropanol masss for samples with and without membcles.
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Sample Experimental| Calculated isopropanol Residual isopropanol
Mass loss % mass % mass %

HEMA x10 w/o NP 87.19 % 87.97 % 0.78 %

HEMA x20 w/o NP 88.11 % 93.60 % 5.49 %

HEMA x10 NP 83.20 9 87.29 % 4.09 %

HEMA x20 NP 90.70 9 92.83 % 2.13 %

The heat transfer indicates one endothermic protasgag place during the mass loss
and terminated when it attains its maximum. Thessults confirm that the isopropanol

evaporation is the major phenomena, to which thaoghermic process can be assigned.

The presented TGA-DSC experiments showed thatdiverst exchange process is a
one-step mass loss accompanied with an endothegadition attributable to the isopropanol
evaporation. The nanoparticles affect this procetsch was observed by the broadening of
the endothermic peak and a difference in residsapropanol mass. The solvent (both
isopropanol and HEMA) retention on the particleface may explain this effect. However,

the available information at this stage of the gtischot enough to conclude on this behavior.

4.1.2 TGA-DSC / GC-MS / FTIR analysis of solvent

This section describes the TGA-DSC / GC-MS / FTIBupled measurements
conducted with the isopropanol-HEMA solvent of xdmposition, which served to be a
reference for understanding the colloids behavioarjnitiator was used in this experiment.
The optimum parameters used in the TGA-DSC measnmtanwere fixed after a series of
tests where the speed of the heating ramp andirthe tEmperature were variated. These

parameters are specified in Table 4-3.

Table 4-3. Parameters used in TGA-DSC experiments

Parameter Value Units
Initial temperature 30 °C
Final temperature 250 °C
Heating ramp 4 °C mih
He atmosphere at a flow 50 ml rifin
Pre-stabilization time 15 min
Cooling from 250 °C to 30 °C 30 °C min

To characterize the by-products issued of the hggtiocess in TGA-DSC series, they
were connected with on-line GC-MS and FTIR analydike conditions proposed by
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Michelsenet al. 2007 for the characterization of HEMA for dentesins were first explored

and then adjusted to our setup; the final parametsed are specified in Table 4-4.

Table 4-4. Parameters used in GC-MS experiments

Parameter Value Units
He flow rate 4 ml miit
Split flow 10 ml mint
Split ratio 10:1

Injector temperature 250 °C
Hold time 5 Min
Column initial temperature 50 °C
Colum final temperature 120 °C
Column heating ramp 50 °C mtn
Purge flow 5 ml mift
Mass range 50 to 350 Mz

The column used for the experiments was TR-V1® 0fm3 length by 0.25mm
diameter and 1.4pum of film thickness. This Thermish&r Scientific™ column is the
equivalent to that used by Milchenset al. In the proposed experimental conditions,
according toNichelsenet al.2008), the GC peak of HEMA appears between miritasd 4,
and that of the initiator Monomethyl ether hydratpne (MEHQ) at minute 5 (Milchensen
al. 2007).

Four reference temperatures were chosen for theleaamalysis in the MS timed
mode (see Chapter 2). The first one at 30 °C, ith&0 seconds after the beginning of the
experiment and it should detect volatile produeteghols) contained in the sample. The
second at 90 °C sampling 30 minutes after the fore@responded to the polymerization
temperature of HEMA. The third one taken at 160atGl7 minutes of experiment runtime
corresponded according to Gonzalez-Henrige¢zal. (2014) to the HEMA monomer
decomposition. Finally, the last chromatogram wakeh at 235 °C after 65 minutes

corresponded to the decomposition of pHEMA polyMohapatraet al. 2005).

In the thermograms shown in Figure 4-3 the TG aigows two mass losses, the
first one between minute 0 and 15 where isopropavaporates during the stabilization time,
sample loosed in this first step 28.1 % of itsiahinass. The evaporation is accentuated when
the temperature ramp begins and stops at minuteABGa temperature of 90 °C the

endothermic peak characteristic of isopropanol exetpn phenomena (first peak in the heat
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flow diagram in blue) appears clearly only when tamp starts. This is due to the working
principle of the TGA-DSC sample support plate. Frommute 32 to minute 48 the second
mass loss appears abruptly, the sample loosedsistdp 53.54 % of mass. The endothermic
peak with onset at 133 °C shows a fast evapordigtween 92 and 175 °C that can be
attributed to the HEMA evaporation. According tor@alez-Henriquezt al. 2014 HEMA
decomposes before evaporation at 160 °C. Accordindyypychet al. 2011 the mass loss of
HEMA evaporation/decomposition occurs between 8%® 400 °C which is in good

agreement with our data.

In Figure 4-3, the sampling points on the timelschosen for the successive on-line
GC-MS analysis are denoted with the numbers inreeci Each injection to the GC-MS
apparatus corresponded to a given temperatureeosdimple, defined in the figure by the
black curve. The samplings were performed in alamway; however, in practice, small
temporal deviations occurred due to the synchrdimzanismatch, as summarized in Table
4-5,

@ @ ® @

T T T T T T T
30 45 60 75

Time (min)

09 250 9 [ 0
1 1F
o0 o201
1 N—r
() "2,.\
— 5 >
S vd £ 150 - =
o 40 5 -3 >
%) 1= o
© IS i L
£ L1044
< ) [}
-60 — = I
g— - 5
J © -
/ ¢ %07
-80 - 17 °
0 -]
. r . 1L .7
15

Figure 4-3. TGA-DSC curves of solvent isopropad&MA=1:1. The sample temperature increase is
shown by black line. The injections poins for GC-dfalysis are labeled with numbers in a circle.

Table 4-5. Time and temperature of injections in-MS experiments

Injection point Time when taken (minutes) Sampleperature (°C)
1 0.81 32.3
2 24.3 60.4
3 43.3 115
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| 4 | 58.3 | 208 |

FTIR spectra of products were acquired on-line rduiTGA-DSC measurements in
parallel to GC-MS analysis. It is important to keepmind that the FTIR sensitivity is much
lower than that of GC-MS; because of that, compsuimdvery small quantities or with
similar bounds configuration were rather difficuth distinguish. However, FTIR data
provided a deeper insight to the general behawdbdine process in complement to GC-MS.
Because the complete analysis is very time-consyiraimd required much data processing,

the experimental data were treated only at thectldimes.

Figure 4-4 shows a general 3D view of the expemiale=TIR spectra I(ty), where t-
axis represents the experiment elapsed tiris represents wavenumber in"tand l-axis
represents absorbance. Together these three axadgs a complete information about the
experiment: e.g. Wspectra of any time t, Gram-Schmidt curves I(fj 2D color map of the

products absorbance.

The peaks around 3000 €roorresponds to OH group asymmetric stretchingation
CH,-OH, its intensity becomes significant from 20 ®r8inutes from the process beginning,
attaining the maximum at 26 minute, and then deg®almost to zero and increases again. It
is important to notice that the spectral shapefahavidth at half maximum (FWHM) of this
peak is not conserved at larer times after the fiesiod of the appearance. The modifications
apparently indicate a change of the nature of #tealed molecules. The peaks around 1000
and 1500 cm' start appearing at 39 minute; these peaks aredfesistic of respectively C—

O and C=0 bounds in asymmetric stretching vibratimode C-O-C and C=0 stretching

rescpectively. The progressive spectral modificetiand appearance of different peaks
during the experiment runtime indicate a complegcpssing consisted in two stages, at
which different compounds were emitted by the samitie fist stage takes place between 0

to 35 minutes and the second one from 39 to 62 t@inu

94



Chapter 4: TiO2 hybrids with HEMA organic component

Absorbance (abs)

Figure 4-4. 3D representation of FTIR spectra agdiduring TGA-DSC series of 1:1
isopropanol:HEMA solvent.

FTIR spectra obtained at the selected points oM&Cinjections are shown in

Figure 4-5 in red lines. The FTIR spectra of refee compounds, to which the
spectra were attributed are shown in the samedigutlack lines. The spectrum 1, measured
at 0.8 minute from the process beginning, showsptkeeence of water and isopropanol. The
characteristic peak of isopropanol at 2975ds of a relatively low intensity, wich makes
appreacible intensity of the structured water bamsind 1600 and 3800 €min contrast,
later at about minute 24, the intensity of the repanol peak increased hiding a weak
structured water absorption in background. At nmenudi3, the spectrum changes: the
isopropanol peak at 2975 €nvanishes and smooth bands at about 2960 and 2892 c
appear together with two very strong peaks at Bf#11160 cril which are characteristic of

2-hydroxyethyl-methacrylate vapors. Spectra at meiri8 (point 4, not shown in figure) can
be assigned to a mixture of different species, matMA and, at least, one decomposition

product methyl methacrylate, which cannot be firmbnfirmed in this study because of
similarities with HEMA bands.
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Figure 4-5. FTIR spectra of 1:1 isopropanol:HEM@&lent obtained at the GC-MS injection times (in
red) and spectra of reference products: 1) 0.8 rren@) 24 minute, 3) 43 minute.

GC-MS chromatograms (Total lon Current — TIC) o€ tfour injection points,
specified in Table 4-5 and TGA-DSC series of Figute8, are shown in Figure 4-6. Each
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peak on the TIC of each injection has a charatiensass spectrum, which was analyzed

with the help of Chromeleon® software and the Nli®faries furnished with the equipment.
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Figure 4-6. Chromatograms of 1:1 isopropanol-HEM@&vent during TG-DSC series at selected
injections points.

The peak labeled (a) appeared Mtrtinute in the four chromatograms corresponds to
isopropanol. According to available data, in GCdomh used in the experiment HEMA
showed up at'8 minute, which corresponds to the peak labeledtti):;small peaks arreared
between % and 4" minutes in chromotorgams 1-3 were also assigngdising the available
database, to HEMA monomers. In contrast, chromatargf 4" injection the full separation
of products was not achieved due to an excess s#sgparoduced by the sample. The mass
spectra of the wide peak labeled (c) was also asdi¢p HEMA, while the adjacent shoulder
was attributed to by-products of the HEMA decomposi The chromatogram 3 already
evidenced the beginning of HEMA decomposition witiee additional peaks of 2-methyl
propionic acid at % minute four (d), 2-hydroxy ethyl acetate &t &inute (e) and methyl
methacrylate at 6.5 minute (f), which is an impufiom HEMA synthesis (Monthearet al.
1992) and also a decomposition product. The depieteove molecules are chematically
shown in Figure 4-7. We notice that the inhibitoethyl hydroquinone (MEHQ), which
according to Milchenseat al. (2007) could be expected appearing in the chrognatos of
the commercial HEMA, was absent. This confirms thiéectiveness of the applied

purification process of HEMA distillation.
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Figure 4-7. Relevant products of chromotogram§igure 4-6.
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Figure 4-8. Mass spectra aquired for each by-protdef the samples during the experiment.

The TGA-DSC/FTIR/GC-MS experiments performed instlwhapter indicate that
isopropanol remains in 1:1 isopropanol-HEMA solvemén at temperatures as high as 200

°C. In the same time, the decomposition product$iBMA begin to appear earlier than
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expected, at temperatures as low as only 115 °@hwdontrasts with the literature data about
the decomposition onset at 160 °C (Gonzalez-Heamat al. 2014). The simultaneous
release of isopropanol and HEMA is observed ativelly low temperatures between 64 and
115 °C, which may be explained by their specifiietiaction resulting in the formation of an
azeotropic mixture isopropanol-HEMA. Our measurermeeavidence that the dominant
released product 1:1 isopropanol-HEMA solvent ia temperature range below 111 °C is
isopropanol, from 111 to 127°C it is isopropanotl #hEMA in similar weighted fractions,
and from 127 to 223 °C it becomes HEMA and the demmsition products, between which
2-methyl propionic acid and 2-hydroxy ethyl acetatre identified. The traces of water and
methyl methacrylate by-product of HEMA synthesisnagn even after the purification by
distillation while hydroquinone inhibitor was elinated.

4.1.3 TGA-DSC/GC-MS/FTIR analysis of colloid

In this section, we study the of HEMA-Ti@olloids after the solvent exchange stage
including the analysis of the remained isopropaantl influence of the nanoparticles
concentration. This study was carried out withautiator to avoid polymerization since our
interest was brought to the analysis of interastionthe colloid submitted to a temperature
ramp. The three samples were prepared in the folpway:

1. 1 ml of HEMA + 10 ml Isopropanol followed by solveaxtraction to a final
volume of 1 ml. (HEMA x10 w/o NP)

2. 1 ml of HEMA + 10 ml of NP solution followed by s@nt extraction to a final
volume of 1 ml. (HEMA x10 NP)

3. 1 ml of HEMA + 20 ml of NP solution followed by s@nt extraction to a final
volume of 1 ml. (HEMA x20 NP)

These samples were studied by TGA-DSC coupled teM&Cand FTIR using the
experimental parameters specified in section 4.flo2the analysis of the 1:1 isopropanol-
HEMA solvent.

The TGA-DSC thermogram of the prepared samles showigure 4-9 evidence that
the mass loss proceeds in an apparently one-ste&egs at temperatures between 90 to 175
°C. The total mass losses of samples are: 78 %EiMAIx10 w/o NP, 84 % in HEMA x10
NP and 73 % in HEMA x20 NP. This mass loss can bebated to the HEMA

decomposition/evaporation (Gonzalez — Henrigeeal. 2014). In the same time, a smaller
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relative mass loss of HEMA x20 NP compared with HENXLO NP can be connected with
bigger content of inorganic nanoparticles resultedthe larger solvent retention on the
nanopparticles surface and/or larger remaining massontrast, the stronger mass losses in
HEMA x10 NP colloid compared with HEMA x10 w/o NBlgent may signify a significant
retention of isopropanol molecules on the partgieface after the solvent exchange stage,
which are additionally released from the colloids, contrast to the solvent without
nanoparticles. This assumption is additionally swiggl by mass loss kinetics at low
temperatures <100 °C, which increased in the dddeviA x10 w/o NP, HEMA x10 NP and
HEMA x20 NP: the alcohol molecules weakely boundh® particles surface can be readily
released at these temperatures and more concentralleids x20 released more alcohol
compared to less concentrated x10 and even lespthia solvent without nanoparticles.

The complementary heat flow analysis brought anomamt information about the
presence of different process responsible for theewved mass loss. Indeed, sample HEMA
x10 w/o NP shows two well-defined endothermic psses: the first one between 30 and 90
°C correspondent to the isopropanol evaporatiogvipusly discussed in section 4.1.2 , and
the second one between 110 and 176 °C, which can atiebuted to the
evaporation/decomposition of HEMA. The presencaaroparticles in HEMA x10 NP and
HEMA x20 NP samples significantly modified the héansfer. The first low-temperature
endothermic process related to the isopropanol aasipn remained but become less
pronounced. In addition, a new evaporation peakeaggul at higher temperatures as a
shoulder of the major peak related to the the mginof HEMA evaporation/decomposition
at 160-170 °C (point 3): this peak was found at 16Gn HEMA x10 NP and at 133 °C in
HEMA x20 NP colloids.
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Figure 4-9. TGA-DSC curves of HEMA x10 w/o NP, HEXLO NP and HEMA x20 NP.

The understanding of the shoulder appearing orhéla¢ flow courve in nanoparticle
containing samples, shown in Figure 4-9, is easieare analyse the first derivative of the
mass loss shown in Figure 4-10. The dTG courwaaiple HEMA x10 w/o NP (black line)
does not seem to present any shoulder; howevepedle is wide enough to cover two well-
relolved contributions of the nanoparticulate saapindicating that the two evaporation /
decomposition processes may coexist in this tenyoeraange. The presence of the inorganic
nanoparticles separates the two contributions ngakine low-temperature shoulder of the
main peak due to the HEMA evaporation / decompmsigirocess to appear. Inneed, in dTG
courves the shoulter of HEMA x10 NP sample appataB49 °C, while that of HEMA x20
NP sample shifts down to 134.3 °C, wich is consisteéth shoulders appearing in the heat
flow series (Figure 4-9). The unknown evaporatspggecies should have a very closed
evaporation enthalpy to that of HEMA. In this peutar case, 2-hydroxy ethyl acetate with
the evaporation enthalpy 48.8 kJ mhoWnhich is slightly lower that that that 49.5 kJ Ifhof
HEMA, could the the released byproduct. The compiass loss process is modified by the
presence of nanoparticles, which influence the tlaeeby promoting the catalytic HEMA

transformation and evaporation of 2-hydroxy etlogtate product.
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Figure 4-10. First derivative of mass loss curysse Figure 4-9) of tree samples HEMA x10 w/o NP,
HEMA x10 NP and HEMA x20 NP.

During TGA-DSC experiment gas sampling for GC-MSalgsis was taken at the
points marked in Figure 4-9 by numbers 1, 2, 34nahich respective temperatures were 34
°C, 90 °C, 160 °C and 235 °C. In the same timeggas products released during the

experimental series were analysed in a continuaderby FTIR.

We first discuss the GC-MS analysis of three samplEMA x10 w/o NP, HEMA
x10 NP and HEMA x20 NP at the sampling points ajufé 4-9. The chromatogram in
Figure 4-11 corresponds to point 1 with the terapse 34 °C. According to our previous
analysis of the solvent, the major peak appeare2i‘aninute belongs to isopropanol. The
second weaker peak at 3.8 minute detected onlgmpkes containing nanoparticles, HEMA
x10 NP and HEMA x20 NP, was assigned to isopropgthacrylate. The third peak with a
very low intensity, appeared at 6.6 minute in alimples, was assigned to methyl
methacrylate, which, as previously mentioned, ismpurity of the HEMA synthesis. The

difference in spectral positions of these peakswaaexpected at low temperatures.
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Figure 4-11. Chromatogram of gas probes at 34 {0 GA-DSC series of samples HEMA x10 w/o NP,
HEMA x10 NP and HEMA x20 NP.

The chromatograms presented in Figure 4-12 belorgas sample taken at 90 °C.
Those of the nanoparticulate colloids sowed theompgak of isopropanol at™2minute,
while it was much weaker in solvent without nandighes. Since the three samples followed
the same solvent extraction process to the sama finlume, the higher content of
isopropanol in gas samples of the samples contaiNifs at 90 °C suggests that NP retain
much solvent, required more time and higher agowagnergy to be released. The last sample
manifests the dominant peak of HEMA monomers at fhBute, which intensity
progressively decreased with an increase of thepwaticles concentration: ~6 times weaker
in HEMA x10 NP colloid and completely vanishinghtEMA x20 NP colloids. This finding
additionally supports the assumption of the solwaténtion on the nanoparticle surface:
HEMA in this last case. The increment of anotheaakpat 3.8 minute with an increase of the
NP concentration, assigned to isopropyl methaayl@his appearance of these species may
be explained by the fragmentation or decompositbtHEMA, as depicted in the Figure
4-13, which could be promoted by the inorganic menticles.
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Figure 4-12. Chromatograms of a gas probes at @0rf TGA-DSC series of samples HEMA x10 w/o NP,
HEMA x10 NP and HEMA x20 NP.
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Figure 4-13.Schematic representation of HEMA fragmentation yolysis analyzed by GC-MS taken
from Vargun (2009).
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At 4.15 minute, the peak identified as 2-methylgionic acid in pure solvent appered very
weak in HEMA x10 NP colloid and not observed atiala more concentrated HEMA x20
NP colloid. A small peak of 2-hydroxyethyl acetate5.1 minute apparently also wekened is
presence of nanopartricles. Consequently, theectlatodifications of HEMA are prohiobited
on the particles surface, opened a new reactiomnehatowards isopropyl methacrylate
indicated above. The peak of methyl methacrylatep(rity of HEMA) appeared at 6.55
minute in the three analysed samples with the ammihtensity, which validates the

experimental calibration.

At the third point of the chromatographic analysiken at a temperature of 162 °C, the
presence of isopropanol was not expected. NetHesthethe isopropanol peak af inute
clearly appeared in the colloidal samples, increasvith the nanoparticles concentration as
Figure 4-14 shows. This evidences that the natiofes effectively retain this solvent even
at such inappropriately elevated temperatures.gheeanent with the previously discussed
chromatograms at lower temperatures, the HEMA s$ighd® minute appeared weaker in the
colloids; however, the nanoparticles concentratiiacted weaker the release of the surface
groups. These chromatograms confirm the catatgmdribution of the nanoparticles to the
isopropyl methacrylate formation (peak at 3.8 maas well as the inhibition of 2-methyl
propionic acid (4.15 minute) and 2-hydroxyethyl tate (5.1 minute) formation. The
validation of the experimental calibration provideé peak of methyl methacrylate (impurity
of HEMA) at 6.55 minute, which appeared with thensaintensity in all three analysed

samples.

The injection at the highest temperature of 235 iACFigure 4-15 showed no
appreacible peak of isopropanol &f minute. However, a zoom on the measured curves
evidenced that it is still present in very smalaqtities in all three samples. The fine analysis
confirmed an increase of the peak intensity frotwesd to colloids, validating our suggestion
of the solvent retention and stabilization agaitise decomposition at the nanoparticles
surface. The peak at®3minute changed its low-T shape and strengthenditdting the
release of many products issued of the HEMA decaitipa.
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Figure 4-14. Chromatograms of a gas probes at 162n TGA-DSC series of samples HEMA x10 w/o
NP, HEMA x10 NP and HEMA x20 NP.
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Figure 4-15. Chromatograms of gas probes at 235rfCGA-DSC series of samples HEMA x10 w/o NP,
HEMA x10 NP and HEMA x20 NP.
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To better visualize the influence of the NP conaidan on the release of isopropanol
and HEMA decomposition, we plotted the peak are@ézh sample at different gas sampling
temperatures. As it was explained in Chapter Ig theak area in chromatography is
proportional to the species concentration. The tiadive information about the
concentration could be obtained for each peak aftemppropriate calibration. In framework
of our discussion, we applied a qualitative congmari of concentration evolution of the
released species with temperature. The Log plotlafive concentrations of isopropanol and
HEMA vs sample temperature is sown Figure 4-16 for sasngleMA x10 w/o NP, HEMA
x10 NP and HEMA x20 NP. These data show that tberiganol concentration (left part of
the figure) in all gas probes in samples contairting nanoparticles is 10 times higher
compared with that of solvent without the nanopéet. This tendency to the concentration
increase is especially strong at lower temperatare$ softened at 235 °C. These results
clearly indicated the nature of a thermally acedaprocess, which consists in the species
reliese from surface sites of the fi@anoparticles. In the same time, the similar sbapbehe
curves suggest that this activation behavior is iated by the azeotropic nature of

isopropanol-HEMA solvent, while nanoparticles seteebe a reservoir of an excessive

isopropanol.
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Figure 4-16. GS peak areas of isopropandf (@inute) and HEMA (8 minute) of HEMA x10 w/o NP,
HEMA x10 NP and HEMA x20 NP samples at differemtgeratures.

The right part of Figure 4-16 plots concentratiofshe released HEMA. It shows that
at 34 °C HEMA is almost not detectable in the prding its concentration rapidly increases
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with temperature over the entire range of analyBise actication behavior of the release
process is clearly visible; however, it the effettthe temperature increase appeared to be
stronger at relatively low temperaturesIDO °C and simingly softens at higher temperatures,
as if it required smaller activation energy. Moreqgwvith an increase of the nanoparticles
concentration the activation process becomes bd#éned with a smaller dispersion of
activation energy. A tentative explanation of thishavior can be given. In fact, the
decomposition of HEMA at temperatures above 100ré€ults in a release of gaseous
products, which peaks partially superposed with diaHEMA and, therefore, contributing
with different activation energies to the gaseopecges concentration. In contrast, as
previously discussed, the nanoparticles presergestinface species delaying their thermal
decomposition to even higher temperatures. Theerdration and number of the released by-
products consequently decreased. This would rastite activation energy closer to that of

the major released HEMA component.

—— HEMA X10 W/O NP
—@— HEMA X10 NP
—A— HEMA X20 NP

Peak at minute 3.8 _ Peak at minute 4.15 } Peak at minute 5.1

| A N
_ = / 5

T T T T T T » 10° L — 1 10° L L L L
0 50 100 150 0 50 100 150 0 50 100 150 200 250
Temperature °C Temperature °C Temperature °C

Peak area (a.u)

Figure 4-17. Peak area at 3.8, 4.15 and 5.1 mialdEHEMA x10 w/o NP, HEMA x10 NP and HEMA
x20 NP samples at different temperatures.

The three graphs in Figure 4-17 show area of thallsthromotorgram peaks of gas
probes of the same three samples characteriseiguneM-16. The peak at 3.8 min does not
significantly showed up in HEMA solvent but cleadppears in the nanoparticulate colloids.
The MS analysis permits its attribution to isopropyethacrylate (IM) molecule, which
structurally differs from HEMA by a departure ofdrgxyl group, which is apparently due to

an interaction of HEMA with Ti@ nanoparticle. Our experimental data in Figure 4-17

108



Chapter 4: TiO2 hybrids with HEMA organic component

evidenced an important decrease of the activatengy of the HEMA-IM transformation in
presence of nanoparticles, indicating significaatatytic activity at the solid-liquid interface.
The peak at 4.15 min, attributed to 2-methyl promoacid (MPA), was stronger in pure
solvent and attained a comparable intensity onlgieperatures ~150 °C in the colloids. Its
evolution with temperature in HEMA solvent in rattsgmilar to that of the peak at 3.8 min,
however, nanopatrticles strongly modify the reactoanching from MPA to IM at modetate
temperatures <150 °C. This reaction selectivity ficors catalytic activity of the solid
component of our hybrids. The peak at 5.1 min vdestifies with 2-hydroxy ethyl acetate.
This peak behavior with an increase was similaralbpresented samples in the temperature
range K175 °C. The differences appeared at high tempeaste?00 °C correspondent to the
gas chromatograms probes in Figure 4-18 cannolelaely rationalized because of the heavy

organics combustion and poor peaks resolution.

These experiments brought us to a conclusion alloxge possible forms of
isopropanol in our solutions:
1. Free isopropanol: a fraction of isopropanol thabams as solvent in the colloids,
instantaneously non-interaction with the nanopkesic
2. Interacting isopropanol with HEMA: a fraction ofojgropanol interacting with
HEMA forming an azeotrope complex.
3. Isopropanol-TiQ: a fraction of isopropanol bound to nanoparticlesther

chemisorbed in form of a surface ligand or phydiedrat the surface.

These interactions apparently affected all our erpents showing that isopropanol
was continuously outgassed from the sample evdenaperatures as high as 150 °C and
remained up to a limit one 250 °C of the sampleodgzosition, while theoretically the hybrid
solution it is expected to be purified from isopmapl at 90 °C. A strong isopropanol-HEMA
interaction is evidenced by a slow isopropanolaséefrom pure solvent. As a consequence,
HEMA appears in released products at relatively temperatures 90 °C and decomposed at
around 160 °C (Gonzalez-Henriquez et al. 2014). idweoparticle concentration preserves
isopropanol concentration in the colloid, whichfprentially stays at the particles surface.
The problem of non-complete exchange may be antatide of the material application,
since even small traces of non-controlled surfam@amminants may significantly affect the

functional properties of the hybris material.
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The interactions in the hybrid solutions appearbdastrong in the temperature range
of HEMA polymerization, which makes interesting amalyse the polymerization of the
nanoparticulate hybrid solutions.

4.2 Influence of NP on HEMA polymerization studied by oupled
TGA-DSC/GC-MS/FTIR

As discussed in the previous section, the presenhcBEO, nanoparticles unusually
affects the solvent composition under heating.hia section, the influence of nanoparticles
on the polymerization stage will be studied by emplg most adequate experimental

techniques of section 4.1.
For a series of these measurements, four samphesprepared in the following way:

1. 1 ml of HEMA + 10 ml isopropanol followed by thelgent extraction to a
final volume of 1 ml, than completed by 0.1 mol %orecrystallized AIBN
(sample labelled HEMA x10 w/o NP-P).

2. 1 ml of HEMA + 10 ml of NP solution followed by themlvent extraction to a
final volume of 1 ml, than completed by 0.1 mol %orecrystallized AIBN
(HEMA x10 NP-P).

3. 1 ml of HEMA + 20 ml of NP solution followed by themlvent extraction to a
final volume of 1 ml, than completed by 0.1 mol %recrystallized AIBN
(HEMA x20 NP-P).

4. Solvent extraction was performed on 100 ml of NRutsan (prepared as
explained in Chapter Ill), than dried at 70 °C & h at ambient atmosphere;
the obtained fine powder was kept in vacuum in alesk ampoule until
utilization in TGA-DSC (TiQ Powder).

For samples 1, 2 and 3, the coupled TGA-DSC/GC-NI{Fanalysis was used with
the same experimental parameters and sampling dsngescribed in the previous section.

Sample 4 was analysed by using TGA-DSC method.

In Figure 4-18, the mass loss and heat transéestamwn for the four selected samples
HEMA x10 w/o NP-P (a), HEMA x10 NP-P (b), HEMA x20P-P (c) and Ti@powder (d).
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As we can observe in Figure 4-18a, HEMA x10 w/oRBhowed a very small mass loss of
~2.3 % due to a partial evaporation of solvent.t@mheat flow plot, only one very narrow
peak of an exothermic phenomenon is present witbnaet of 96.1 °C, which corresponds to
the polymerization of HEMA (Achilias et Siafaka, 220, with the released heat of
polymerization (area under peak) of 69.4 uV s mg#le nanoparticles containing samples
HEMA x10 NP-P (b) and HEMA x20 NP-P (c) also show exothermic polymerization
peak, which, however, is significantly broader asiuifted to higher temperatures; the
respective mass loss of these samples is muchgstr@s compared with that of the pure
monomer solution and increased with the nanopartioncentration in the hybrid solution.
This difference evidences an impact of the nanapest on the polymerization process. The
values of the polymerization onset temperature ratehsed heat are reported in Table 4-6.
The temperature of the polymerization initiatiorcig®sed with an addition of nanoparticles
and further proportionally decreased with an inseeaf the nanoparticle concentration by
about 6 °C per 1.5 mol nanopatrticles. In the same,tthe released heat also decreases in
presence of nanoparticles. This apparently indécdteat the respective polymerization
efficiency and reaction rates decreased. In oug,dhss may be due to a slower diffusion of
species and/or polymer chaines propagation in poesef the inorganic nanopatrticles, which
plays a role of adsirber/quencher. The large mass in presence of nanoparticles may be
connected to the shift of polymerisation to highkemperatures, which make the monomer
evaporation process more effective. Consequenttyermonomers leave the hybrid solution

before polymerisation solidifies the sample prdiigi evaporation.

Table 4-6. Onset temperature and released heaadital polymerization of selected hybrid solutiarsd
HEMA solvent (measurements presented in FigureB}4-1

Sample On set temperature ("C Released Heat (/3
HEMA x10 w/o NP-P 96.1 -69.4
HEMA x10 NP - P 90.3 -28.3
HEMA x20 NP - P 84.6 -21.9
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Figure 4-18. TGA-DSC curves of HEMA x10 w/o NPaR HEMA x10 NP-P (b), HEMA x20 NP-P (c)
and TiQ, powder (d). Measurements were performed at 4 °€'mander air atmosphere.

The TiG, powder in Figure 4-18(d) showed an important n@ss of 31.8 % and the
endothermic peak with the onset temperature at523®, which suggest the desorption of
adsorbed water, isopropanol and possibly othernicgaremaining after the nanoparticles
synthesis (Wanget al. 2008) (Ba-Abbadet al. 2012) (Phattepuet al. 2018). After the
principal mass loss, three exothermic peaks witebtemperatures 235.7 °C, 308.9 °C and
340 °C appear, which can be attributed to birnih¢he surface organics and amorphous to
anatase phase transition in i’ he mass loss of three polymerized samples saniple

summarized in Table 4-7.
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Table 4-7. Mass loss of nanoparticulate hybrids,M#Esolvent and Ti@powder.

Sample Mass loss at 225 °C (%) Mass loss at 25@6)C
HEMA x10 w/o NP-P 2.84 3.55
HEMA x10 NP-P 25.3 27.3
HEMA x20 NP-P 31.8 33.2
TiO, Powder 22.0 30.9

The Gram-Schmidt curves in Figure 4-19 of the ld/samples containing the TiO2

nanoparticles illustrate our general assignmernhefrespective mass loss to the evaporation

process. The more precise information concerniegéleased species in course of the radical

polymerization were obtained via FTIR and GC-MS sugaments.
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Figure 4-19. Gram-Schmidt representation of polyimetion of three hybrid solutions during TGA-DSC
series. The most significant released species rad&ated.

This overall view of the FTIR experiment can giveaiclear idea about the moment,

where sample released more vapour; this releasbevieflected in an increase on the Gram-

Schmidt intensity and can be directly set in catiteh with TGA-DSC series. As shown in

Figure 4-19 the measured curves were quite diffede the case of HEMA x10 w/o NP-P

(Figure 4-19, black line), only the released watas detected, before the major peak mainly
composed of HEMA. This peak corresponds to the torhéhe TGA-DSC series when the
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small mass loss takes place (see Figure 4-184,T7/5 100 °C). After this peak, only water
was identified on the FTIR spectra. In sample HEM¥O NP-P (Figure 4-19, red line)
isopropanol was released in the beginning of theeement, followed by a mixture of
isopropanol and HEMA, before the apparition of taxge peaks where only HEMA could be
identified. As can be seen from the comparison Wi@A-DSC in Figure 4-18b, the two
peaks of sample HEMA x10 NP-P corresponds to the mincipal mass losses at
temperatures ~100 and 180 °C. In respect to saHipMA x20 NP-P, isopropanol is present
in the first part of the experiment, while no zook its mixture with HEMA could be
identified; the main peak was mainly due to thepevation of HEMA, with an addition of
water that became more important to the end ofettperiment. This corroborates with the
observation of one single one mass loss step in-DS& measurements in Figure 4-18c.
The results of FTIR and TGA-DSC experiments coteglaowever, as has been stated before
FTIR does not have a high sensitivity and detedy dine most abundant species in the
released gases. Therefore, for a better undersigrah influence of nanoparticles on the
polymerization process, a closer look on the GCddf will be done next.

As in previous GC-MS experiments, injections of egass probes from TGA-DSC
were performed at four different temperatures: @290 °C, 163 °C and 235 °C. Figure 4-20
shows probes of three selected samples taken 4C22n the case of the polymerizable
organic solvent (HEMA x10 w/o NP-P), only a very ampeak appeared at'™minute
corresponding to isopropanol. In contrast, in thydrid solutions HEMA x10 NP-P and
HEMA x20 NP-P the isopropanol peak intensity wasrsgily increased by a factor of 10 and
100 times, respectively. This apparently signifte isopropanol retention by the TiO
nanoparticles, since they were not outgased dahni@golid hybrids preparation. Furthermore,
samples containing the nanoparticles showed a wesk at 3.8 minute attributed to
isopropyl methacrylate, which was however stronian in the ornanic solvent without
nanoparticles, and increased with the nanopartictesentration. This indicates that the
nanoparticles promote the HEMA decomposition. Neeotsignificant peaks were found in
the analysed chromatograms.
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Figure 4-20. Chromatograms of a gas probes at @2rf TGA-DSC series of samples HEMA x10 w/o NP-
P, HEMA x10 NP-P and HEMA x20 NP-P.

Figure 4-21 shows chromatograms of the three sssrpken at the temperature 90
°C, which corresponds to the polymerization onsanperature and, therefore bring
information about material solidification. As caa &een in this figure, a significantly smaller
amount of isopropanol (compared with that at 25 ”RCpresent in the polymerized organic
solvent at this temperature. The species peaké&d6aminute and correspond to the major
HEMA impurity - methyl methacrylate.

As in chromatograms at lower temperature, in sasp@taining the nanoparticles
the isopropanol peak ®minute) enhances ~10 times in both polymerizeditigbHEMA
x10 w/o NP-P and HEMA x10 NP-P. Also the smallealpef isopropyl methacrylate (3.8
minute) increased in the polymerized hybrids, iatigy the beginning of HEMA
decomposition at this rather low temperature. Wicadhat in polymerized organics without
nanoparticles this by-product was not observeds Hppearance of sopropanol in the solid
hybrids at 90 °C may indicate that Li@anoparticles captured the solvent, remained Hfeer
exchange stage, during the polymerization stage prutjressively release it in the
diffusional-like process enhanced by heating.
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Figure 4-21. Chromatograms of a gas probes at @0rf TGA-DSC series of samples HEMA x10 w/o NP-
P, HEMA x10 NP-P and HEMA x20 NP-P.

The chromatograms in Figure 4-22 show the relepseducts from the polymerized
samples at 163 °C. The polymerised organic samjileut inorganic nanoparticles (HEMA
x10 w/o NP-P) presents the major peak &tn@inute, which belongs to HEMA monomers
released by the sample. In the case of the nancpartontaining samples, HEMA x10 NP-P
and HEMA x20 NP-P, the isopropanol peak %t rdinute is still present and increased with
the nanoparticles concentration, indicating thatansopropanol was retained (at the particles
surface) in the more concentrated nanoparticulgbeich More minor large and narrow peaks
were observed indicating different by-producte led HEMA decomposition (e.g. isopropyl
methacrylate at 3.8 minute). The peak at 4.1 miruibably belongs to the HEMA
decomposition products and that at 4.6 minute lggldo small chains of p-HEMA since its
mass spectrum is similat to HEMA but the retentiome is longer. At 163 °C the diffusion-
controlled propagation process of the polymerizatis terminated. The re-initialization
process then governs the reaction, during thisestagl isopropanol trapped in the polymer
chains can slowly scape by diffusion. A complemsntsource of the released alcohol
consists in non-reacted isopropoxy ligands stihcted to TiQ nanoparticles, which can

convert to isopropanol by reacting with traces atev (Bradly, 1958; Corriu, 2009). The last
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process does not result in the inorganic partickeErsening since they are separated by the

surrounding polymer chains.
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Figure 4-22. Chromatograms of a gas probes at 183n TGA-DSC series of samples HEMA x10 w/o
NP-P, HEMA x10 NP-P and HEMA x20 NP-P.

In chromatograms of Figure 4-23 taken at 235°E, ifopropanol peak of sample
HEMA x10 w/o NP-P was no more observed. Ther deamsitipn of the polymer was
evidenced by the appearance of a large peak betdvesad 6 minutes. We also observed a
very small isopropanol peak af?minute and dominant HEMA peak af 3ninute. The
released HEMA may be due to the not complete ocgaoiymerization; the quantity of non-
reacting HEMA monomers increases with an incredsenoparticles concentration and can
amount for ~10 % in HEMA x10 NP-P sample with 1.6lfnTi (Gorbovyi et al., 2011). In
the same time, the decomposition peak is apprgasibppressed in the hybrid samples
HEMA x10 NP-P and HEMA x20 NP-P, which indicatealslization of the hybrid structure

against thermal decomposition by the inorganic comept.
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Figure 4-23. Chromatograms of a gas probes at 285n TGA-DSC series of samples HEMA x10 w/o
NP-P, HEMA x10 NP-P and HEMA x20 NP-P.

The chromatogram peaks area of isopropanol (leff)BEMA (right) are presented in
Figure 4-24. The hybrid samples release isoprdp@ett) similary to that of the hybrid
solutions with the same inorganic content (Figu#el6). The organic polymer without
nanoparticles (black) behavied differently fromttio the solvent (considered previously)
during the polymerization, since it reaches thedstwconcentration at 163 °C and remains
low at higher temperatures. This behaviour is gakpected, since isopropanol evaporates
principally before polymerization and its smalldtian trapped in the polymer can be only
released via slow diffusion in solid. HEMA x10 NPghowed the similar behaviour but
showing larger quantities of the released alcohmkontrast, HEMA x20 NP-P with twice
higher concentration of the inorganic componentwat a steady decrease of even larger
guantities of the released isopropanol until 235M@st probably because of a higher content
of non-polymerized organics (Gorbovyi et al. 20%hifting the polymerization completion to

higher temperatures.

The curves of the released HEMA in Figure 4-24ghtipart) show that no HEMA
comes out from the sample without nanoparticles, laav temperatures below the
polymerisation onset. HEMA only showed up after plogymerization significantly advanced
above 100 °C, reaching a maximum at 163 °C. Thigdcbe attributed to the evaporation of
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the residual non-polymerized monomers containetthénsample. The point taken at 235 °C
(hollow black square) cannot be taken as a measfutlee true HEMA concentration, since
the organics decomposition occurs at this temperatind separation of peaks of many

decomposition products became poor in the chromapbdgc column.
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Figure 4-24. GS-MS peak areas of isopropanol (twi2) and HEMA (t=3 min) of HEMA x10 w/o NP-P,
HEMA x10 NP-P and HEMA x20 NP-P samples at diffetemperatures

In presence of nanoparticles, the appearance easetl HEMA at low temperatures
could be (at least partially) due to a mixed isgarml-HEMA evaporation. Anove onset of
the organic polymerization, HEMA concentration mases with temperature. This may
signify that there remained more non-reacted HEMAhe hybrid samples, which diffused in
its structure and evaporated. This process is resipie for the mass loss and the exothermic
polymerization peak widening observed in TGA-DS@eaxnments. According to the model
of radical polymerization kinetics described by Aiels (2007 and 2017), the polymerization
reaction follows three main stages. The first oolscsts in the initiation where the reaction
rate depends on the reactants concentration. Tdendeone consists in the polymer chains
propagation and is governed by the diffusion ofrtt@omer molecules and macro radicals in
the solution. The third one consists in the ditbmscontrolled termination of the reactions.
This mechanism can explain the difference betweiierent samples by the diffusion
propagation barrier imposed by the nanoparticlesceSthe nanoparticles slow down the
polymer chaines propagation, the polymerizationcieificy reduced in the hybrid solutions,
leaving unreacted monomer free to be evaporated.r&lation between the polymerization

DSC peaks and the polymerization degree is wellagx@d for 2-hydroxyethyl methacrylate
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in nanocomposite materials by Achilias (2017) mgkavident that even in non-isothermal
conditions a widening of the exothermic polymeiizatpeak is directly linked to the reduced

polymerization efficiency.

4.3 Conclusions

In this section, we studied preparation of the hd/solutions and, in particular, the
composition changes in course of the solvent tistih and solvent exchange stages. The
temperature of the samples varies from room to Z3%®overing the polymerization range.

From analysis of the experimental data, we canladechat:

The TGA-DSC coupled to GC-MS measurements confirmetyent purification of
MEHQ inhibitor in the distillation process. In coas$t, traces of water and MMA
monomer precursors MMA remain in HEMA after thetitlegion.

- The necesary time for the isopropanol-HEMA solvexthange at constant temperature
and primary vacuum conditions does not signifigad#pend on solvent concentration
and presence of nanoparticles. The optimal conditizvere obtained via TG-DSC
coupled to GC-MS and FTIR measurements.

- The isopropanol was found in gas probes in a wedgerature range above 115 °C, which
clearly exceeds the boiling temperature, suggeshagazeotropic HEMA-isopropanol
mixture. The TGA-DSC studies of different HEMA-Isopanol mixtures could be
important to conduct in order to determine homogenor heterogenous nature of the
azeotrope.

- The TGA-DSC coupled to GC-MS and FTIR measuremewigenced the decomposition
products of HEMA toghether with HEMA evaporationralatively low temperature in
gas probes, which suggest that HEMA decompositimebin presence of nanoparticles
is lower than that reported in literature.

- The major decomposition products of 1:1 HEMA-isq@aool solvent were 2-methyl
propionic acid and 2-hydroxy ethyl acetate; furtbeey methyl methacrylate was
observed as the decomposition product and synthmepisity.

- The analysis TIQHEMA colloids by TGA-DSC coupled to GC-MS showet ienportant

presence of isopropanol in a broad temperatureerapgto 235 °C. The isopropanol

release was increased with an increase of the matps concentration. This finding

clearly evidences the retention of solvents mokexan the nanoparticle surface, which
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may have consequences on the material electroomepdies and, in particular, on the
charge separation efficiency and charge storagactsp key factors determining
functional response for photonic applications ({las&rostructuring, waveguides). The
quantitative study of isopropanol content in thebry solutions at different

temperatures could be further inspected by thecdirgection in a properly calibrated
GC-MS, which is important for the evaluation of isfluence on structural and
functional propertias. Complementary, NMR studi€the hybrid solutions at different
temperatures will provide information about molecuhteractions and bonds forming
between Ti@ nanoparticle and HEMA molecule.

- The release of the decoposition products was studi¢gh an increase of the medium
temperature. The process was found strongly afledtg the presence of TyO
nanoparticles, which was tentatively explained hgirt catalytic action. In particular,
the quantity of 2-hydroxy ethyl acetate in gas polsignificantly increased in the
colloids. The kinetic study of the released produntpresence of nanoparticles could
help to further understanding of the reaction matdm.

- The consideration of the hybrid polymerisation shdwa stong modification of the
released gas probes content, which was explainethdiy trapping in the polymer
chains and exit via a slow diffusion process chargstic of solids. The polymerisation
onset temperature (compared with HEMA solvent) dasreased by 6 °C in HEMA
x10 NP and by 12 °C in HEMA x20 NP. The polymeii@atexothermic peak increased

its FWHF indicated reduction of the monomers coisven efficiency.
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The naniparticulate HEMA-TIO2 hybrids posses argirphotochromic response due
to an effective separation and storage of photaeducharges in form of polaronic Ti3+
centres (Kuznetsov et al., 2009; Gorbovyi et &@11). A high concentration of the inorganic
component and a strong modification of the matemditaction due to the light-induced
Ti4+ - Ti3+ conversion byAn = -2.4 x 10-23 cm3 / per Ti3+ center (Uklein kbf 2013)
make these materials valuable candidates for fatiowic of flexible micro-optical elements
and applications in optoelectronics (Evlyukhinlet2018). The structuring of the hybrids can
be performed by the two-photon laser photo-polyration method, which is now widely
applied for the rapid manufacturing of 3D microstwres with resolutions below 100 nm
[Farsari and Chichkov, 2009; Zhou et al., 2015]isTinethod consists in a tight focusing of
the laser beam into a liquid monomer solution veithaddition of a photoinitiator to trigger
polymerization reactions at the focal point follogi a two-photon absorption. The 3D
structures are achieved by moving the focal poithiw the solution. The materials used can
be purely organic, typically monomers with vinybgps, or consist on a hybrid with included

inorganic network chemically bonded to organic lmmsies.

The HEMA-TIO2 hybrids are difficult to maintain asn-aggregated colloid because
of their extreme sensitivity to water. As a resalt,occasional contact with the environmental
humidity accelerates precipitation of TiO2 nanojgles, making rather sophicicated laser
processing of these media. For this reason, mat@destolloids having a better tolerance to
humidity by conserving a good photonic response @renigh interest. A considerable
extension of lifetime of a hermetically closed oall beyond a week (for easy material
delivery) and stability in a humid atmosphere dgriaser processing (during ~1 hour) are

required for an easy handling in the structuringcpss.

To achieve these desirable properties, copolymesizaf HEMA with hydrophobic
monomers could be a solution of the above problemthis chapter, liquid solutions of
HEMA with a similar but hydrophobic molecule ethylethacrylate (EMA) will be studied.

The sample preparation for the experiments preddrgeein was as follows:

1. 1 ml of HEMA + 5 ml of NP solution followed by s@nt exchange to a
volume of 1 ml (HEMA x5 NP)

2. 0.5 ml of HEMA + 0.5 ml of EMA + 5 ml of NP solutiofollowed by solvent
exchange to a volume of 1 ml (HEMA-EMA x5 NP)
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3. 1 ml of HEMA + 10 ml of NP solution followed by s@nt exchange to a
volume of 1 ml (HEMA x10 NP)

4. 0.5 ml of HEMA + 0.5 ml of EMA + 10 ml of NP solwatn followed by solvent
exchange to a volume of 1 ml (HEMA-EMA x10 NP)

5. 1 ml of HEMA + 20 ml of NP solution followed by s@nt exchange to a
volume of 1 ml (HEMA x20 NP)

6. 0.5 ml of HEMA + 0.5 ml of EMA + 20 ml of NP solatn followed by solvent
exchange to a volume of 1 ml (HEMA-EMA x20 NP)

7. For polymerization experiments 0.1 mol % of AIBN svadded to the
previously mentioned samples, the name assigngtes® new samples adds P
at the end: e.g. HEMA x5 NP-P, HEMA-EMA x5 NP-P aulon.

A series of experiments were performed to deterntivee colloid stability by the
controlled addition of water until reaching the aj&n point. For the polymerization study,
TGA-DSC experiments were performed in LSPM at Pa8sand in ITODYS at Paris 7, in

order to confirm the results.

5.1 Colloid stability

The stability of the HEMA and HEMA-EMA colloids wastudied by performing two
different tests. In the first one, the colloid sti&pwas evaluated by leaving the samples in a
globe box in closed recipients for a long periodl @ahe gelation/precipitation time was
measured. In the second test, a dropwise additiah o water was applied on 0.5 ml of
different HEMA-EMA hybrid solutions, followed by fnin wait time after each addition,
until the gelation or precipitation of samples ahd total amount of the added water was
recorded; the solutions were maintained manualltategl during the preparation. In these
last experiments, factors determining the collastisbility were formation of macroscopic

chains (gelation) or microscopic agglomerates {prtion) of inorganic TiO2 nanoparticles.

Figure 5-1 shows the stabilization time of thel@dl containing different amounts of
TiO2 nanoparticles: x5, x10, x20 and x30 (x1 = Qxid&/I Ti). As we can see, the stability of
HEMA-EMA colloids significantly increased comparedth their HEMA coulterparts: by a

factor of three for x5, twice for x10 and four tismfor x20. Moreover, the most concentrated
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colloid x30, was completely unstable in HEMA solterhile conserved the stability of seven
days in HEMA-EMA mixture.
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Figure 5-1. Stability time of the nanoparticuld@fe, colloids x5, x10, x20 and x30 (x1=0.15 mol/l T) i
HEMA and HEMA-EMA solvents.

Figure 5-2 shows the critical quantity of added ewato HEMA-EMA hybrid
solutions, which provoques the lost of the collstdbility. In particularly, the precipitation
point was taken when the solutions became opaqeeaube of the appearance of submicronic-
size agglomerates of nanoparticles. After an amldiof more water, some hybrid solutions
formed cream-like liquids, while others formed arguny-like soft gel. In contrast to x5, x10
and x20 hybrids, the hybrid solution x30 (4.5 mdlf) formed a translucent hard gel. We
notice that in HEMA-EMA colloids, a cloudy solutiamas formed after some water addition,
which however turned again translucent after thaagn and more water were required to
add to reach the point when large agglomeratedicfestwere formed indicating the
precipitation process. After this point, the cdldurns into a white gel if more water was
added.

These experiments led us to the conclusion that Eddition to HEMA increases the
nanoparticulate colloid lifetime and stability agsti the nanoparticles condensation in contact
with the atmospheric humidity and/or in presencetrates of liquid water. The increase
stability of the co-polymeric hubrids can be expéd by the enhanced hydrophobicity of the
organic component containing EMA. In contrast, ddigon of EMA does not change the
nanoparticles stability, which convert from hydrdighto hudrophobic after the grafting -

OEMA ligands on the particle surface. In these @bk, a partial substitution of the the
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hydrophilic HEMA environment by hydrophobic EMA onmaintains the colloid by
prohibiting bulk water diffusion.
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Figure 5-2. Collod behaviour after water addition.

The obtained results confirm that these hybrid temhs can be used in standard
laboratory room conditions without the need to oointhe humidity and/or using sample
processing in a confined environment such as aeghmx or under dry air flow. The new

materials permit an easy scalability towards indaisapplications.

However, the only colloid stability improvement édube meaningless unless
polymerization and optical properties were not &kecto be be maintained after the EMA
addition. Consequently, in the next section we sfilldy the organic polymerization of co-
polymer HEMA-EMA colloids and compare with thatssmple HEMA colloids.

5.1.1 Polymerization

The polymerization of HEMA-EMA hybrids and the Nifluence on this process was
studied by the TGA-DSC method. The HEMA-EMA samplesre prepared as indicated in
the beginning of Chapter V, and 1 mol % of AIBNtiaior was added to the hybrid solutions
as a source of radical to trig the process. The IS series were run under air atmosphere
with a heating ramp of 4 °C/min from ambient tengpere to 800 °C.

Figure 5-3 shows the TGA-DSC thermograms for eggimples: HEMA and HEMA-
EMA without nanoparticles, HEMA and HEMA-EMA withanoparticles of x5 concentration
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(x1 = 0.15 mol/l), HEMA and HEMA-EMA with nanopattes concentration x10 and HEMA

and HEMA-EMA with nanoparticles concentration x20.
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Figure 5-3. TGA-DSC experiments of organic (a) anglanic-inorganic hybrid (b-d) HEMA and HEMA-
EMA solutions.

The heat flow curves in Figure 5-3a) show the sammaber of exothermic peaks in
both organic solutions: HEMA (blue line) and HEMAAR (green line). The first with onset
103.5 °C and offset 116.9 °C temperatures andseteheat 52.9 pV s mg-1 was observed in
HEMA, while HEMA-EMA showed somewhat lower onset81® °C an offset 127.1 °C
temperatures and released heat 32.0 pV &.ridis feature apparently belongs to the
polymerization process. The second exothermic pppleared with onset 155.5 °C and offset
185.0 °C temperatures and released heat of 1.9 mg* in HEMA and onset 150.0 °C and
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offset 171.7 °C temperatures and released heati/1§ mg', which according to Ramirez-
Jimenezet al. (2012) may belong to the copolymer glass transitidhen, the third

exothermic phenomenon appeared in both samplemgtavith ~276 °C and terminating at
~530 °C, which can be assigned to the decompo&itarbustion of HEMA and HEMA-

EMA.

The mass loss in Figure 5-3a) in HEMA (black liredf 7.4 % between 53.5 °C and
155 °C can be due to the residual water and HEM&peration. The second mass loss 84.4%
appears in HEMA at 216.7 °C and ends at 420.3 i@ third and the last mass loss of 3.85 %
appears between 428 and 541.8 °C. These two |last losses that constitue 88.2 % are due
to the decomposition/combustion process. The totas loss in this sample ~95.2 % resulted
in the crucible black powder most probably composidarbon and metal organic particles.
HEMA-EMA (red line) showed the similar behavior HEMA; however, the larger initial
mass loss of 34.8 % was measured in this casee 8iecpolymerization process was shifted
to higher temperatures, the monomers evaporatios wansidered as most probable
explanation of this observation. One can theretmreclude that the final composition of the
mixed organic sample after polymerization was cledrand the mass loss could be attributed
to EMA losses because of its higher volatility cargal with HEMA. Taking into account the
initial composition HEMA:EMA=1:1 and mass loss & of HEMA component presenting
50% of the solution, the remaining mass loss of 34.of the total one 34.8 % may belong to
EMA. An estimation of the final composition of tleganic component results in HEMA-
EMA=1.35:1 in the polymerized sample. After polymation, a second mass loss of 62.1 %
between 276 and 533.5 °C corresponds to the dectgpdcombustion of HEMA and
EMA. Form this first experiment we can concludettbalymerization is affected by an
addition of EMA, resulting in a lower heat releaskaling the process. This signifies that the

evaporation compensates the heat release andidh¢hamonomer conversion is lower.

After addition of nanoparticles, the heat flow andss loss change significantly. The
polymerization peak of HEMA x5 (blue line in Figurg-3b) was inhibited, with onset 96.44
°C and offset 121.84 °C temperatures and releasad 26.38 uV s nifj The second
endothermic peak with onset 199.56 °C and offs@ 45 °C temperatures and an absorbed
heat 12.15 pV s mgcan be attributed to an evaporation process. We hat identified the
released species, which may be a product of thendieasition or even water released in the
beginning of combustionThe large decomposition/combustion peak begin8218% °C end
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terminates at 523.62 °C. The main features of HEEMA x5 behavior are similarly HEMA
x5. Firstly, the polymerization peak appears withs& 98.89 °C and offset 126.96 °C
temperatures and released heat 18.76 pV 'S tdgwever, the presence of EMA shifts the
polymerization of HEMA x5 to higher temperatures hy5 °C. The released heat is also
affected being smaller by 7.62 pV s Mipdicating probably a lower polymerization degree.
The second endothermic peak corresponds to onsg&388C and offset 200.53 °C
temperatures and absorbed heat 9.14 pV 3. mbis peak in comparison with HEMA x5
shifts to lower temperatures by 19.2 °C and hasweel absorbed heat 3.01 pV s fng
indicating that the evaporation is weaker. Finalhg strong exothermic peak appearing at
421.1 °C and terminating at 510.9 °C correspondthéodecomposition/combustion of the

organic components.

The TG signal of HEMA x5 sample (black line in Figu5-3b) presents several mass
loss domains. The first between 36 and 175 °C scauthe same time as the polymerization
and accounts for the mass loss of 16.1 %. The dgenmss loss appears at 200.6 °C and
terminates at 209.8 °C accounting for 18.5 % ofitligal mass; it can be attributed to the
remaining water and isopropanol desorption (Wangalet 2018), since it matches the
endothermic peak appearing of the heat flow. Thesnass of 27.0 % in the range between
293.2 °C and 373.4 °C corresponds to the deconipogitocess, since it correlates with the
third exothermic peak of the heat flow. This iddaled by the mass loss of 29.3 % between
384.0 °C and 600.0 °C, which corresponds to thengest exothermic peak of
decompostionon/combustion of the organic componé&hie remaining material in the
crucible is most probably consists of pi@nd carbon. The mass loss of HEMA-EMA x5 is
similar to HEMA x5 but showed more pronounced stépsiclides 32.2 % between 33.5 °C
and 159.98 °C, corresponding to the polymerizastage; 23.1 % between 180.5 °C and
292.2 °C, corresponding to the desorption; 19.9 étwben 236 °C and 393.92 °C and
completing by 11.0 % between 401 °C and 612.5 °Qichvis attributed to the organics
decomposition/combustion.

The heat flow curve of HEMA x10 sample in Figure3& (blue line) show three
main peaks, which corroborate the previous analgdisx5 samples. The exothermic
polymerization peak appears with onset 95.6 °Cddfsat 126.4 °C temperatures and released
heat 18.1 pV s my The endothermic peak due to the desorption dflues water and
isopropanol appears between 202.4 °C and 239.4ifiC absorbed heat 16.2 uV s g
confirming our analysis of Chapter 4.2. The thisbthermic peak with onset 418.5 °C and
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offset 529.9 °C temperatures corresponds to therdgosition/combustion of the organics.
The HEMA-EMA x10 sample confirmed this behaviour. owver, exothermic
polymerization peak appearing at 95.7 °C overlappitthi endothermic desorption peak,
which makes difficult to determine the offset aneleased heat. The position of the
endothermic process was estimated between 127.4 ai@ 134.7 °C. The

decomposition/combustion exothermic peak begid6at’C and terminates at 491.2 °C.

The TG analysis of HEMA x10 in Figure 5-3c), blattke) showed four main
domains of the mass loss: 13.8 % mass loss bet@3&é@ and 179.18 °C corresponds to the
polymerization, 27.8 %. between 181 °C and 265Q8&0rresponds to the desorption and
32.38 % between 270 °C and 417 °C and completirth ®1.7 % terminated at 570.6 °C
corresponds to decomposition/combustion of the mmegaomponent; the total mass loss
therefore amounts for 85.7 %. Similary to HEMA-EM¥%, HEMA-EMA x10 sample
exhibited pronounced mass loss steps, by keepimgsdime tendency as HEMA x10. For
example, the polymerization stage accomplishes \aitlstronger mass loss of 37.3 %
terminated at 125 °C. The mass loss of 21.6 % tetad at 278.2 °C, which corresponds to
the endothermic peak, apparently belongs to desarpthis mass step is similar to that in
HEMA x10, indicating the departure of remainingvauits. The last mass loss of 25.3 %
starts at 280 °C and terminates at 539 °C, whicHorgs to the thermal
decomposition/combustion of the organic componethis;total mass loss of this sample is
84.1 %.

The heat flow and TG curves of samples containify i concentration x20 (3.0
mol/l Ti) are shown in Figure 5-3d). In agreemeith previous results, heat flow of HEMA
x20 showed the polymerization peak between 94.2n¢ 128.0 °C with released heat 21.465
nV s mg*- the desorption peak appears between 187.1 °C$$0 1C with an absorbed heat
of 1.87 uV s mg and the strongest decomposition/combustion pepkaap between 366.7
°C and 507.9 °C. In contrast, the exothermic pelkabymerization was not observed in
HEMA-EMA x20; instead, it appears that the endatherpeak of species desorption was
shifted to lower temperatures, completely overlagpwith the polymerization peak and
splitting into two apparent endothermic peaks Wit first onset at 97.3 °C. After this first
phenomenon, we observed the decomposition/cominuatsm divided in two peaks with the
first between 285.7 °C and 375.3 °C and the sebetdeen 429.8 °C and 496.3 °C.
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Regarding TG response, HEMA x20 (black line in Fegub-3Figure 5-3d) shows a
similar behavior to the previous samples with nmasses 12.8 % between 35 °C and 134 °C,
28.8 % between 140 °C and 283 °C and 38.8 % bet@@@1iC and 538.5 °C, resulting in the
total mass loss of 80.4 %. HEMA-EMA x20 showed pifpal mass loss steps of 57.2 %
between 35 °C and 150 °C, 8.0 % between 160 °C2&88d°C and 10.0 % between 280 °C
and 404.7 °C, completing with 4.6 % until 548 °€sulting in the total mass loss of 79.9 %,
which is similar to that of HEMA x20.

The above measurements show that all hybrid samipdesd on pure HEMA
monomer show desorption peak around 200 °C, indépely on the nanoparticles
concentration. The area of this peak decreasésaniincrease of the inorganic content in the
material. According to the results of Chapter 4a8dal on GC-MS and FTIR analyses, this
desorption can be attributed to water, isopropandl non-reacted HEMA. Also in agreement
with the results of Chapter 4.2, the released biepblymerization decreases with the increase
of the nanoparticles concentration, which peak nsdand shifts to higher temperatures. This
can be due to smaller polymerization efficiencyeaplained by Achilias (2007 and 2017)
and also noticed by Gorbovyi et al. (2011) pHEMA-TIO, hybrids. The heat-flow
polymerisation peak of HEMA-EMA mixture is smallégran that of pure HEMA, which can
be explained by additional monomer losses becatisieechigher process temperature (see
Figure 4-23a) and higher volatility of the co-mor@nEMA. The particularity of hybrid
samples based on a mixture HEMA-EMA (in comparisuith those based on HEMA)
concerns the endothermic desorption peak, whish fippeared at about 200 °C &%.75
mol/l Ti) and progressively shifted with an increasf the nanoparticles concentration to
lower temperatures ~97 °C (x203 mol/l Ti). As a result of this process, the posrisation
and desorption coexist in HEMA-EMA x20 hybrid. THéference between hybrid samples
based on HEMA and HEMA-EMA organics consists irtrargger mass loss of the last in the
range of moderate temperatures below T~300 °C, bichwthe material completes
polymerization and heat does not yet damage thammol structure. This stronger mass loss
could be due to the evaporation of more volatile AMonomers. However, as has been
shown in Chapter 4.2, this evaporation cannot Iebated uniquely to EMA since the
presence of isopropanol in the released gasesdessdvidenced by GC-MS measurements in
this range of temperatures. The complex processrocg in HEMA-EMA hybrids cannot be
fully understood in this limited series of experime Liquid chromatography and gas
chromatography could be used to exactly determiee quantities of HEMA, EMA and
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isopropanol in the colloids at the polymerizatidage in order to confirm the effectiveness of
the solvent exchange in the hybrid samples. Intahdia better insight on HEMA and

HEMA-EMA interactions could be obtained with othtechniques such as Magnetic Nuclear
Resonance of solids to determine the final conéigan of the chemical bonds in the
polymer, which will show the location of the Ti-OH, C-O and C=0 bonds in the polymer

chain.

5.1.2 TEM micrography

In this section, Transmision Electron MicroscopyeM) of the hybrid samples was
applied to understand the naute of the elementalgirng block constituting the inorganic
component, on which depend the internal conta@ aith the organics and the components
coupling. These data may be important for eluchatf the material functional properties
and optimization of the photochromic response, wisfefr the photonic applications. The
hybrid samples were prepared according to a stdnpl@cedure described in the previous
chapters of this manuscript. The polymerization 50fml volume hybrid solution was
performed under vacuum after degasification inaeskglass vial at temperature of 90 °C for

one night.

Figure 5-4a shows TEM image of HEMA x5 sample.EA3X spectrum in Figure 4-
29b evidences, dark areas with a weak contrasinfelo TiO2 nanoparticles, which are
homogeneously distributed over the scanned areaselhanoparticles clearly have a size
below 5 nm, which is characteristic of the nandpkes in beginning of the preparation

process (Gorbovyi et al., 2011).

7

0.0 2.0 4.0 6.0 8.0 .0

Figure 5-4. TEM image (a) and EDX spectrum (bH&MA x5 sample; scale 10 nm in (a).
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More clearly, the nanoparticles size was eviderinetdEM images of HEMA-EMA
x5 hybrid in Figure 5-5 (a-c) at three scales @, 5 nm and 2 nm. The large area image
(a) evidences highly homogeneous distribution efittorganic nanoparticles over the organic
component. In complement, the high-resolution insa@® and (c) show the mean particles
size of 2R=3.0 nm with a very small polydispersithis finding seems surprising since the
size of the inorganic particles generated by thengbal reactor and injected into the organic
monomer solution is 2R=5.2 nm (Gorbovyi et al., P01The understanding of this
observation provide recent article by Cheng e{2017), which gave a clear idea about the
nucleation process and elementary titanium oxoxglkoucleus. This work defined the
nucleus as most stable unit against solvent peatiofs and measured its radius R=1.6 nm by
using the DLS method. In contrast, the size of ibigeits can vary depending on the
environmental conditions (e.g. nature of solve@9nsequently, the diagram of the titanium
oxo-alkoxy species stability reported by Azouanalei{2007) allowed interpreting the 5.0-nm
nanoparticles issued of the micromixing reactoassembling of several such nuclei. Based
on these results, we can conclude that the 5.0-i®n Farticles, which keep their size after
the solvent exchange stage (Gorbovyi et al.,, 20ufhyergo partial fragmentation upon
polymerization process: they split into the small@sndamental units— nucleus. This
important observation nicely supports the resuftsCbeng et al. (2017), validating the
fundamental building block of Titania solids. It wd be important to notice that this size
corresponds to the stability domain of the bulkicsatructure, which defines the material

electronic structure and functional properties (ktmone et al., 2000; Satoh et al., 2008).
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Figure 5-5. TEM images of HEMA-EMA x5 sample takéh different magnification.

The preparation procedure inhibits the nanopagialggregation. In agreement with a
model of the nanoparticles aggregation (Rivallih@le 2005), this signifies an undercritical
number density of hydroxyls on the particles swfad rough estimation of the surface
hydroxyls in our preparation conditions can be wigd from the diagram (R, H) of titanium
oxo-alkoxy species stability (Azouani et al., 2Q0n) fact, nucleus is formed at the critical
hydrolysis ratio H*=1.45 and accumulates surfacdrbyyls with an increase of the water
amount until H=1.75; than nuclei begin to sticketiger forming larger nanoparticles until
H=2.0. Taking into account the nanoparticles fragiaton back to nuclei and preparation
conditions with H=2.0, one can estimate that al®tlif{H-H*) hydroxils may remain at the
particle surface after the polymerization stageisTis a huge number of hydroxyls,
amounting for example in case of x10 hybrids for8~fhol/l. Since hydroxyls are tightly
bound to the nanoparticles surface, stronger thaspiopoxy ligands, they should remain in
sufficient quantities even after the organic polyizegtion stage.

The inorganic component composed the hybrids betontipe so-called oxo-alkoxy
phase, which species are characterized by welhargd non-crystalline structure and possess
an inorganic titanium oxide core and surface prgpamxd hydroxy groups (see Roses et al.,
2006). In this sense, x-ray diffraction measuremenhich reflect a long-range order, would
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provide structureless patterns. However, FFT arsalf#gure 5-6. Fourrier transform image of
HEMA-EMA x5 sample. The interplane distance demidby dashed line is 2.72 Bigure 5-6) of

TEM pictures of the hybrid materials revealed distimaxima accounting for crystalline
planes with lattices distances in the range betwie@h and 3.41 A, which correspond to
crystalline anatase TiO2. This finding shows a dtmal fragility of the nanoparticles
(nucleus), which exhibit the phase transformatioiler exposition to the e-beam of TEM

gun.

Figure 5-6. Fourrier transform image of HEMA-EMA gsample. The interplane distance
depicted by dashed line is 2.72 A.
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5.2 Conclusions

In this chapter, we applied the copolymer approtackhe organic-inorganic hybrid
synthesis in order to reinforce the material taleeato environmental contaminations, leading
to a poor morphology control of the inorganic comgat. We showed that the lifetime of the
colloid increased with the addition of EMA due te hydrophobic nature. In particular, x10
and x20 nanoparticulmate colloids in EMA-containgalvents were preserved in humid
environment about 3 weeks instead of several daysure HEMA. This increase stability
permitted hybrids manipulation in experimental r@owithout any protection at atmospheric

conditions, which is an important advantage foriappility in microstructuring technology.

Upon polymerization, both HEMA and HEMA-EMA wererdely affected by the
presence of the inorganic nanoparticles, which setmreduce the monomer conversion
efficiency. The nanoparticles also promote evapamabf non-polymerised organics: e.g.
more volatile EMA with an increase of temperatunee future GC-MS studies may provide a
fine inspection of the released specied and leatidmptimization of the co-polymerization

process.

The obtained HEMA and HEMA-EMA polymers look ratlsemilar in respect of their
optical transparency (required applications in phas). However, pHEMA-EMA copolymer
possessed more cracks than pure pHEMA. To imprdnee gtructural quality of the
copolymer, a more detailed study of the copolynagian process will be required with a
variation of EMA content, initiator nature and centration and polymerization temperature.
For example, different photoinitiators could be éwgpd instead of AIBN (which last

released B capable producing structural microcracs).

The recorded TEM micrographs evidenced unprecegdéntinogenous distribution of
the smallest Ti@ nanoparticles of the size 3.0 nm, which have @eriously observed in
the sol-gel synthesis at low hydrolysis ratio (Gipest al., 2017). This new observation
confirms their assignment to nucleus — the smal&sictural block of Ti@ solids. It
appeared during the organic polymerization as altres the fragmentation of larger T3O
units (nanopartuicles), in which they are connedigdelatively weak bonds. This finding is
important advancement in the colloid chemistry daderstanding of sol-gel mechanisms of

the solid formation.
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Chapter 6 : Two-photon polymerization

of hybrid solutions
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6.1 Introduction

The direct laser writing (DLW) technique allows tfadrication of three-dimensional
structures with sub-micro resolution (Rill et &Q08; Deubel et al., 2004.). At present, 3D
printing technology has been received increasitenaon and applied in the fields, including
large-scale industrial prototyping, production ohet tissue scaffolds, biomimetic
microvascular systems, manufacture of bespokeret@ctand pneumatic devices (Murphy et
al., 2014). The 3D printing begins with a 3D modkthe object, which is then digitized and
sliced into model layers by using a dedicated saféwThe 3D printing system then prints 2D
layers into a 3D array by adding each new layetognof the prior layer. These layers are

combined to form the final product.

One of this technique, nonlinear optical nano-stgregraphy based on the two
photon polymerization (2PP) of photosensitive malterhas been researched extensively by
several groups (Sun et al., 2014 ; Ovsianikov gt2408 ; Sun et al., 2006 ; Maruoet al.,
1997). The two-photon absorption is defined assthmultaneous absorption of two photons of
identical or different frequencies in order to é®ca molecule from one state (usually the
ground state) to an energetically higher-lying estaThe energy difference between these
states is equal to the sum of the energies ofvilbephotons. The two photon absorption is a
second-order process and as such, its strengtmdemn the square of the light intensity,
which permits its preferential spatial localizationthe focal point of a lens. Also ultrafast
lasers (femtosecond) of the near-IR spectral ramgereferentially used in the 2PP process.
When the beam of such laser is tightly focused mtphotosensitive material, the radical
polymerization process can be initiated in a stwaiéal volume (~0.00um®) due to the two-

photon absorption of the initiator molecules.

The fabrication of 3D photonic crystals by two-photpolymerization has been
researched extensively by several groups with b hegolution not only of the microscopic
spatial scale but also at the nanoscale (Wu eR@06). So far, femtosecond laser-induced
2PP microfabrication has been widely applied infiblels of micro/nanophotonics (Sun et al.,
1999), micro-electromechanical systems (MEMS) (8ual., 2008), microfluidics (Wu et al.,
2008), biomedical implants and microdevices (Tayal al. 2008; Zhang et al., 2013). Any
typical and useful microstructures such as photanmigstals (Ovsianikov et al., 2008),

mechanical devices and 3D hydrogels (Ovsianikoal.et2010) have been fabricated by 2PP
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microfabrication. Practically, 3D hydrogels havéiiaged grooving research interest due to
their promising biomedical applications in tissurgi@eering and drug delivery (Torgersen et
al., 2013 ; Peppas et al., 2006).

In general, a material suitable for structuringhvilte DLW technique includes at least
two components: (i) a monomer, or a mixture of mmacs/oligomers, which will provide the
final polymer and (ii) a photoinitiator, which widlbsorb the laser light and provide the active
species that will cause the polymerization. So faeveral monomer/oligomer and
photoinitiator combinations have been used for fhspose. These are mostly negative
photoresists such as hydrogels, acrylate matefiaBratta et al., 2007), the epoxy-based
photoresist SU-8 (Sun et al., 1999), and, morenticehybrid materials (Farsari et al., 2009).
The sol-gel organic-inorganic hybrid technology ydes a very powerful tool for the
development of photosensitive materials. The sblgaterials benefit from straightforward
preparation, modification, and processing. In carabon with their high optical quality, post
processing chemical and electrochemical inertrgssgd mechanical and chemical stability,
they have found several applications in photonivias such as photonic crystals and
waveguides (Farsari et al., 2009 ; Zheng et all920The sol-gel materials provide the
possibility of the incorporation of various funat@ groups by using a guest host or a side-
chain main-chain strategy. One example is the pwation of a nonlinear optical
chromophore to produce an electro-optically acteé gel. Planar devices made of such
materials have been extensively studied (Zhangakfy2005). Similar sol gel systems have

been used for 3D lithography (Ovsianikov et alQ&0previous to this work.

The objective of this chapter is to validate 3Dustures in the prepared hybrid
materials by applying the DLW (2PP) technique. xperiments have been realised in
collaboration within PHC Procope project N° 37656N2D17-2018). In course of these
experiments, the laser microstructuring of HEMA dBdlA monomer solutions with and
without addition of cross-linker (TEGDMA) was stedi Furthermore, the microstructuring
of copolymer mixtures EMA-TEGMA and HEMA-TEGMA wit[diO, nanoparticles was
investigated. At the end of this Chapter, the dgwelent stage of the microstructures

fabrication will be explained following by the matds characterization.
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6.2 Experiment
6.2.1 Materials

The chemicals used for the hybrids preparationpaesented in Table 6-1. HEMA
(97% purity, Aldrich) was preliminarily distillechiorder to eliminate impurities and traces of
hydroquinone (hQ), which is an inhibitor of sporgans polymerization of the monomer. The
sol particles were generated in isopropanol sabgtizwith TTIP at concentration50.15
mol/l and hydrolysis ratio H=2.0. The solution wasxed with different the monomers
guantity, after the monomer purification by distilbbn and the products passed the degassing

stage at primary vacuum with liquid nitrogen trayal acarefully stocked in a close flask.

Table 6-1. Chemicals used in experiments.

Name Function Structure
2-Hydroxyethyl 0
methacrylate(HEMA)* 98% Monomer O/\/OH
CAS Number 868-77-9
Ethyl methacrylate (EMA) o
99% Monomer Y‘\o/
CAS Number: 97-63-2
Triethylene glycol o
demethacréISag/(;,\ (TEGDMA) cross-linker \H)LO/\/O\/\O/\/OT(\L

CAS Number: 109-16-0 2

0
4 4'-bis(dimethylamino)
benzophenone Photo-initiator N(\CHs

s
CAS Number: 90-94-8 HsC™ N
H C)
3

CHs

6.2.2 Two photo adsorption direct laser writing

In the present work, Ti:sapphire laser (Chamel&wherent) delivering pulses of 140
fs duration with the repetition rate of 80 MHz aawelength of 780 nm was used. A x100
microscope objective lens (Zeiss, Plan Apochroidat1.4) was used to focus the laser beam
into the volume of the photosensitive material. Ex@erimental setup and procedure has

been described in details elsewhere (Serbin e2@04).

The experimental procedure for fabricating a 3Didtire is schematically presented
in Figure 6-1. (I) The laser beam is tightly foedsnto the volume of the material. (II) Either

the focused beam or the sample move following aprder-generated pattern. (lll) After the
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laser writing of the structure, the sample is insedrinto an appropriate developer. (IV) The
freestanding structure is revealed.

(n Obiective (11 ; —_Monomer

Gy merl fs lasel”.
(iover a7 Poly m\‘ '. I;eaarfle Polymer
glass |

=y S
Mﬂ“ﬂmf—'ﬁ ?\‘\hfs laser — 4\
AR peam AT

(1 pe— - (V) 3D polymeric
De";‘“”“" structure
= | | ==

Figure 6-1. Experimental procedure: (1) beam foogs(ll) laser writing (111) development (1V)
completed structure.

6.3 Results
6.3.1 Monomer with and without a cross-linker

This part of the work concerns the monomer compbmeth and without a cross-
linker (TEGDMA). For all the samples, 4 4'-bis (dithylamino) benzophenone is used as

photoinitiator. The samples tested and the reanstsummarized in Table 6-2.

Table 6-2. Summary of investigated monomer sampithisand without a cross-linker

Number HEMA EMA TEGDMA Photoinitiator
1 imL 0.01g
2 imL 0.01g
3 imL 0.01g
4 imL 0.1mL 0.01g
5 imL 0.2mL 0.01g
6 imL 0.1mL 0.01g
7 imL 0.2mL 0.01g
8 0.5mL 0.5mL 0.1mL 0.01g

No polymer was observed in pure monomer samplétEMA) and 2 (EMA), by the
microscope after DLW (2PP) processing. In contrastylinder shown in Figure 6-2 was
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observed in pure TEGDMA monomer (sample 3) after phocessing. This structure was,

however, not stable and disappeared in few seconds.

Figure 6-2. Structure obtained in TEGDMA soluti@@ample 3) after DLW (2PP) processing.

For the monomer mixtures, a solid cylinder depicte&figure 6-3 could be fabricated
in samples 4 and 5 (EMA + TEGDMA), however, thisuk was not safely reproducible. In
contrast, no structures were observed in samples 6

Figure 6-3. Structure obtained in EMA + TEGDMA sbbns (samples 4 and 5) after DLW (2PP)
processing.
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In order to understand the low monomer conversifiitiency and guide future
development of the materials, we analysed the plodgmerization mechanisms. In fact, the
radical-mediated photopolymerization reaction csinef photoinitaition, chains propagation

and chains termination reactions as depicted iargigs-4:

Initiation | — 2R
R*+M— M, -
Propagation M,*+M— M, "
Termination M, * + M., - — Inactive polymer

Figure 6-4. Major steps of the photopolymerizatpmocess ( | = Photoinitiator; R= Reactive species;
M= monomer).

Initaition

In our case, 4,4'-Bis(N,N-diethylamino) benzophen@@EABP) was introduced as a
photo-reactant which is a benzophenone derivativeé @ hydrogen abstraction-type free
radical-generating photoinitiator. Figure 6-5 shothe UV-visible absorption spectra of
HEMA solutions containing 0% and 1% of DEABP. Thestl material shows a strong
absorption centered at=365 nm. From these spectra, it is clear that thedgminant
absorption in the considered spectral range camadoeibed to multiphoton transitions in
DEABP.

At a given location of the solution, the initiatioate, R is described by (Bowman et
al., 2008):

R; = 2f0e(lll,

where both the light intensitys, land initiator concentration [I] may depend ontspa
position within the solution, and, @ and f stay respecdtively for the initiator molar
absorptivity, quantum yield and efficiency. In peutar, it is well recognized that the iniator
efficiency changes along the reaction time withmaniy radicals less readily escaping the
solvent cage and tending to recombine into noningagroducts. Despite of this effect, the
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initiation reaction is generally the most resohaete being not appreacibly affected by mass
and heat transfer limitations imposed by the cnokislg photopolymerization processes. By
consequence, we consider that the photoinitaiticeis wot the main cause of poor

photopolymerization effectiveness.
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Figure 6-5. Absorption spectra of pure HEMA andMi& with 1% DEABP.

Chains propagation

The polymer chains propagation generally involvadiaal species growth by the
radical addition to C=C double bond, generatingeav madical at the end of the polymer
chain. This bimolecular reaction between the rddarad the double bond is generally
assumed to be chain-length independent, thoughe tinare clear indications that the
oligomer/polymer chain length below 10 - 50 doegeha significant effect on the degrees of

polymerization. In overall, the propagation reactrate is generally written as:
R, = ky[M][M, ]
where k, represents the propagation rate constavi, represents the double bond

concentration, andn*] represents the total propagating radical comatioh. The viscosity
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of HEMA is 6.1 cP at 25°C and it is less viscoumpared to the resins used (Wang et al.,
2007). At a given location with light irradiatiothe radical diffusion decreases the value of
[Mpe]. Consequently, oligomers formation in our expesnts was promoted by the viscosity,
even in our most successful processing (Figure &#3)ncrease of the solution viscosity has
been proposed to enhance the monomer conversioprantbte the polymerization process
(Wang et al., 2007). In agreement, by using higispure-ramp-induced process, high purity
organic materials of pHEMA have been realized (Ekhin et al., 2015). Besides, using
hybrid materials with an incrised bulk viscosity ediio the presence of the inorganic
component could be another solution (Evlyukhinlet2018). This will be described in the

following section.

6.3.2 Hybrid materials

In order to obtain hybrid samples, the T¥i@anoparticles of the equivalent
concentration x10 (1.5 mol/l) were added to differ@onomer solutions as depicted in Table
6-3. In all samples, 4 4'-bis(dimethylamino) berfzamone is used as photoinitiator. The
liquid mixtures were dropped onto the borosilicgtass plates and kept in dark during 12
hours. This procedure was applied to induce associaf nanoparticles in gel structures. The
appearance of gel increases bulk viscosity of tediam, which slowed down the diffusion

of polymerized species and reinforces the prodstedtures.

Table 6-3. Summary of structured hybrid materials.

Number| HEMA EMA TiO, TEGDMA | Photoinitiator
ml ml mol/l ml g
1 1 - 1.5 - 0.01
2 1 1.5 - 0.01
3 1.5 1 0.01
4 1 1.5 0.1 0.01
S 1 1.5 0.2 0.01
6 1 - 1.5 0.1 0.01
’ 1 - 1.5 0.2 0.01
8 0.5 0.5 3.0 0.1 0.01

We noticed that gels were conveniently formed imgas 1, 2, 7. Samples 4 and 5 of
HEMA-EMA form gels inside the bottles almost immatgily after addition of the photo-
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initiator dissolved in isopropanol. In contraststf@ondensation was observed in samples 3
and 6 proghibiting gel formation. Finally, the geda of nanoparticles competed with
precipitation in sample 8, forming gel with the vehappearance. For all these samples, solid

structures of ‘woodpile' type were observed in kéfore the development stage (Figure 6-6).

Figure 6-6. View of 2PP laser structuring in sampl.

6.3.3 Development and characterization

Oleic acid and acetyl acetone are known to be efbétively dissolving monomers
without destroing the polymer structure. The depeient process by using the above
chamicals was controlled in-situ by optic microseophree samples HEMA X5, X10, X20
were developed in oleic acid during 3 days. Thigettgpment was not perfect. In fact, in
HEMA X20 the structure was removed from the plagen not completely purified from
non-polymerised material and in HEMA x5 and x1@ s$tructure remained on the plate being
very fragile (soft). Moreover, acids are known tsslve inorganics, thus converting organic-
iniorganic to pure organic material. In contrabe tlevelopment process with acetyl acetone
can be achieved in 3 hours by preserving the imocgaomponent.

The developed structures were visualised with aptioicroscope and SEM. An
example of SEM images of structures in sample 4&hewn in Figure 6-7. The dark
agglomerate are ‘burning parts’ due to the locaérbeating induced by absorbed laser

photons. The white line of a length 60 um is a mdrthe presumed woodpile structure
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recorded by laser. The complete stable 3D woodjtiigcture was not observed. Figure 6-8
shows a side view of a part of the segmented pailyeetline. Its thickness 3 um was smaller
than the vertical z-spacing between recorded lafgspum, which explains why the complete

woodpile structure was not obtained.

Figure 6-7. SEM image of segmented woodpile olethin sample 4 (top view).

Grand. = 20.00 K XEHT = 300 kv WD =144 mm Signal A= SE2 Date :6 Fév 2018 Heure :11:22:47
Figure 6-8. SEM image of segmented line in Fig @ide view 45°)

6.4 Conclusions

In this chapter, the availability of the obtainednoparticulate organic-inorganic
hybrid materials was investigated by applying DLRPP) processing. Different monomers
(HEMA and EMA) with and without cross-linker (TEGDM were analysed fillowing by the
mixtures EMA-TEGMA and HEMA-TEGMA with TiQ nanoparticles. The laser structuring
was not successful in pure monomer organics, wiviah explained a low solution viscosity
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leading to the structures detachment by the comeediuid movement during the laser
processing. In contrast, the structuring was olegkmr situ in the hybrid solutions containing
TiO2 nanoparticles of a concentration x5 and largerh@lgh solid 3D woodpile structures
could not been developed in these preliminary erparts, the feasibility of 2PP laser
structuring was demonstrated in the nanoparticutgterids. Acetyl acetone appered to be
most suitable chemical for the development proceskich preserves the material

composition.
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General conclusions

This work is a continuation of previous studies ated to the elaboration of the
nanoparticulate Ti@based organic-inorganic hybrid materials. In ceuo$ this work, the
elaboration process was inspired from a consepfavheneva et al. (2005) and Gorbovyi
(2012) and technical/methodological improvementsewiatroduced. This concerns AIBN
purification by recrystallization: thanks to it,ettbehavior of the initiator was more stable
eliminating uncertainties related to aging and wdetation of the reagent and thus
contributing to improvement of its reactivity. Huermore, an importance of HEMA
purification by distillation was proved, which léal a better reproductivity of polymerization,
especially in the field of high pressure-inducedgasssing of polymers (see Evlyukhin et al.,
2015). Another important point concerned the daggssf samples, a process step performed
before polymerization, which led to an increasd¢ramsparency of big samples and reduced
the appearance of bubbles inside polymers. Finalggmewhat minor, but an important point
was the deeper investigation of the solvent exchatgge of the material elaboration, which

can affect reproductibility of the material propest

We experimentally analysed the material compositlaring this stage performed at
different temperatures, and the results were ptedan Chapter 4 of this manuscript. In this
study, probes of the organic and hybrid solutimese taken at regular time intervals during
the solvent exchange and injected in a dedicated-DGC / GC-MS / FTIR coupled
installation. The variation on isopropanol and nmmeo concentrations provided us the better
understanding of the compositional variation withe and temperature and influence of the
inorganic (TiQ) nanoparticles on the solvent release, decompasithd products. This will
also allow us to know the material composition raftee polymerization stage which will be
almost frozen because of their much slower diffasaod release in the soft matter compared
with liquids. Between major results, we obtaineakth

» Isopropanol remains in the organic solutions in idewtemperature range above the

boiling point, suggesting the azeotropic HEMA-isgmainol mixture.

» Major decomposition products of HEMA-isopropanolveat are 2-methyl propionic
acid and 2-hydroxy ethyl acetate and methyl methaig, which last was also revealed

as a synthesis impurity.
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» The decomposition products of HEMA appear in théritg at relatively low
temperatures, which suggest a decrease of the gesttion onset in presence of the
inorganic nanoparticles. Their release was founongty affected by the presence of

TiO2 nanoparticles, which was explained by thetalygic effect.

» The inorganic nanoparticles retain surface isopgban a broad temperature range up
to 235 °C (organics decomposition temperature) uantties proportional to the
nanoparticles concentration. Its presence mayfggnily affect the material electronic
properties and, in particular, on the charge sejparafficiency and charge storage
capacity, key factors determining functional resmifior photonic applications (laser

microstructuring, waveguides).

The polymerisation stage stongly modified the redelaproducts, which was explained
by their trapping in the polymer chains and slovt gia diffusion process characteristic of

solids.

The further experiments addressing the stage anicgoolymerization in Chapter V
showed an important presence of isopropanol, wiiak to be taken into account for
understanding of the material composition and fionetl properties. The presence of the
inorganic nanoparticles alters polymerization kirgeshifting the polymerization exothermic
peak to lower temperatures and reducing the telelhsed heat of the process, which was
correlated with the reduction of the monomer cosigr (polymerization efficiency). The
nanoparticles may trig the polymerization processwall as stop it at the surface. More

experiments are required to elucidate possible argsm.

We applied the copolymer approach to the orgarocganic hybrid synthesis in order
to reinforce the material tolerance to environmem@antaminations, leading to a poor
morphology control of the inorganic component. Wewed that the lifetime of the colloid
increased with the addition of EMA due to its hyglmobic nature. In particular, x10 and x20
nanoparticulate colloids in EMA-contained solvemtsre preserved in humid environment
about 3 weeks instead of several days in pure HENMWKs increase stability permitted
hybrids manipulation in experimental rooms withoahy protection at atmospheric

conditions, which is an important advantage foriappility in microstructuring technology.
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General conclusions

The recorded TEM micrographs evidenced unprecegéntinogenous distribution of
the smallest Ti@nanoparticles of the size 3.0 nm, which have eriously observed in
the sol-gel synthesis at low hydrolysis ratios.sTiew observation confirms their assignment
to nucleus — the smallest structural block of Jidlids. It appeared during the organic
polymerization as a result of the fragmentatiotaofer TiQ units (nanopartuicles), in which
they are connected by relatively weak bonds. Timgirig is important advancement in the
colloid chemistry for understanding of sol-gel magisms of the solid formation.

We studied availability of the obtained nanopattitel organic-inorganic hybrid
materials for micromashining via DLW (2PP) procegsiPure HEMA and EMA monomers
with and without TEGDMA cross-linker as well as iuses EMA-TEGMA and HEMA-
TEGMA with TiO, nanoparticles were analysed. The realization sérlatructuring was not
successful in pure monomer organics, which wasagx@dl a low solution viscosity leading to
the structures detachment by the convective fluayement during the laser processing. In
contrast, the structuring was observed in situ he hybrid solutions containing T3O
nanoparticles of a concentration x5 and larger(75 mol/l). Although solid 3D woodpile
structures could not been developed in these pirediy experiments, the feasibility of 2PP
laser structuring was demonstrated in the nanapdaite hybrids. Acetyl acetone appered to
be most suitable chemical for the development m®cavhich preserves the material

composition.
Perspectives

Our measurements showed that the main part of itirefisant solvent exchange
(mass release) takes place at the same time, wdoek not depends on the presence and
concentration of inorganic nanoparticles. Howevbis exchange is not complete and the
remaining isopropanol may still affect functionatoperties of the prepared hybrids.
Therefore, quantitative measurements of the is@mopcontent in the hybrid solutions at
different temperatures has to be further perforaeavell as the study of its influence on the

material functional properties.

The kinetic study of the released solvent and deamition products in presence of
nanoparticles could help to further understandih¢he reaction mechanism and optimized
the elaboration process. A more detailed polym&an&inetic analysis that could give light

153



General conclusions

to the mechanisms behind the influence of nanapesticould be achieved by applying the
kinetic analysis (see e.g. Achiliasal.,2007) employing TGA-DSC in isothermal conditions.
The study of different HEMA-isopropanol mixturesutd be important to conduct in order to

determine homogenous or heterogenous nature eizew@rope.

The obtained HEMA and HEMA-EMA polymers look ratisemilar in respect of their
optical transparency (required applications in phats). However, pHEMA-EMA copolymer
possessed more cracks than pure pHEMA. To imprdwee gtructural quality of the
copolymer, a more detailed study of the copolynaitn process will be required with a

variation of EMA content, initiator nature and centration and polymerization temperature.
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Résumeé:

Des matériaux hybrides organiques/inorganiques formés de nanoparticules de TiO, et d’un
polymere ont été synthétisés. Une copolymérisation de monomeres hydrophobes (EMA) et
hydrophiles (HEMA) a permis d’améliorer la stabilité des solutions hybrides en présence
d’humidité, notamment sous atmosphere ambiante, tout en préservant, pendant au moins une
semaine, la morphologie des nanoparticules jusqu’a des concentrations en titane de 3 mol/l. Les
modifications de la composition des hybrides ont été investiguées pendant les étapes d’échange
du solvant et de polymérisation. Il a été montré que les nanoparticules retiennent sur leur surface
des molécules du solvant (2-propanol) méme a haute température au-dessus du point d’ébullition
(et jusqu’au point de décomposition). Les produits de décomposition les plus importants du
HEMA ont été identifiés: 2-methyl propionic acid, 2-hydroxy ethyl acetate et methyl
methacrylate. Ce dernier a été également observé comme une impureté de la synthése. Les
quantités des produits libérés son proportionnelles a la concentration des nanoparticules. Des
analyses MET ont mis en évidence une distribution tres homogene des nanoparticules d’une taille
de 3,0 nm préalablement attribuée au nucleus servant de brique élémentaire dans la formation des
solides de TiO,. Ces résultats doivent étre pris en compte lors des études de propriétés
électroniques et fonctionnelles des matériaux afin d’envisager leurs champs d’application. Nous
avons évalué ces matériaux hybrides inorganiques-organiques pour le micro-usinage laser par un
procédé d’écriture direct par laser a deux photons.

Mots clés : Hybrides organiques-inorganiques, nanoparticules de TiOz, copolymére, echande de solvant,
polymérisation organique.

Abstract:

TiO,-based nanoparticulate organic-iniorganic hybrid materials with the organic component
consisting of co-polymers were prepared. A successful association of hydrophobic and
hydrophilic organics makes the hybrid solutions stable against atmospheric moisture and
preserved single nanoparticle morphology at high inorganics concentrations up to 3 mol/l Ti
over a week. The compositional modifications of the hybrids were investigated at the solvent
exchange and polymerization stages of preparation. It was shown that the inorganic nanoparticles
retain solvent molecules at the surface even at high temperatures above boiling point (up to the
organics decomposition temperature). The nanoparticles also catalyze the organics
decomposition shifting this process to lower temperatures. The major products of HEMA-
isopropanol decomposition were assigned to 2-methyl propionic acid and 2-hydroxy ethyl acetate
and methyl methacrylate, which last was also observed as the synthesis impurity. The quantities
of the released species were proportional to the nanoparticles concentration. The TEM
measurements evidenced unprecedently homogenous distribution of the smallest nanoparticles of
the size 3.0 nm previously assigned to nucleus, which serves as elementary building block of TiO,
solids. These findings have to be taken into consideration by investigating electronic properties of
the materials and determining their application fields. We evaluated availability of the obtained
nanoparticulate organic-inorganic hybrid materials for micromashining via DLW (2PP)
processing.

Keywords : Organic-inorganic hybrids, TiO; nanoparticles, co-polymer, solvent exchange, organic
polymerisation.



