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1. Abstract

1. Abstract
For the development of photoluminescent materials for LEDs, mouldability, insensitivity
to air and moisture and resistance to high temperatures are of primary importance, besides
improved optical properties. In the present work, a new approach to obtain homogeneous,
thermally stable and formable photoluminescent materials starting from silicon-based polymers
through heat-treatment at low temperatures (200-700 °C) is presented. These commercially
available or laboratory synthesized polymers are usually employed in the PDC route and
annealed at temperatures beyond 1000 °C. In the present work, the polysiloxane WackerBesil®PMS MK, the polysilazanes KiON Ceraset (PUVMS), KiON VL20 and KiON S, four
polysilylcarbodiimides and a copolymer polysilazane-polysilylcarbodiimide were heat-treated up
to 700 °C for 2 h under Ar atmosphere. The structural rearrangements during annealing lead to
materials with tunable photoluminescence properties.
The maximum emission spectra of many of the polymers investigated show a bathochromic shift
as the annealing temperature increases, indicating the development of new luminescent centers
with smaller band gap.
For MK, Ceraset and VL20, UV emission is detected after heat-treatment up to 400 °C, and it
was observed to be strictly related to the crosslinking extent of the polymers. For heat-treatments
from 500 °C, the materials emit in the visible range and this was related to the formation of
aromatic agglomerations, precursors of the free carbon phase. At 700 °C for MK and at 600 °C
for Ceraset and VL20, the emission range is further red-shifted and the intensity is decreased, due
to the concentration quenching related to the development of free carbon in higher amounts.
In the dried KiON S, a visible emission is obtained after annealing at a temperature as low as 300
°C, but the aromatic solvent, still present after drying, has an influence on the fluorescence
properties.
All four polysilylcarbodiimides show luminescence properties in the polymer state, due to the
presence of phenyl groups. As the treatment temperature increases, red-shifted emission ranges
are analyzed for the two polymers which can be crosslinked, while no red-shift was observed for
the ones which cannot. After annealing at 500 °C, the fluorescence is quenched in all polymers
due to the development of free carbon in high amounts.
The copolymer polysilazane-polysilylcarbodiimide is very interesting because it shows the
maximum emission intensity among all heat-treated polymers analyzed, in the visible range and
after heat-treatment at a temperature of just 200 °C. A new luminescent center arises after
annealing, formed via crosslinking of the polymer. At 600 °C the luminescence is quenched due
to the formation of free carbon.
Therefore, our studies have clearly shown that the luminescence properties are related to
structural rearrangements occurring during the polymer to the ceramic transformation, namely
crosslinking and formation of sp2 carbon. The formation of dangling bonds was also considered
as a possible source of luminescence, but was demonstrated not to have an influence on the
photoluminescent properties.
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2. Zusammenfassung
Für den Einsatz von photolumineszenten Materialien in LED Anwendungen sind neben
verbesserten optischen Eigenschaften, Formbarkeit, Luft-, Feuchtigkeits- und hohe
Temperaturbeständigkeit von Vorteil. In dieser Arbeit wird ein neuer Weg präsentiert, um
homogene, temperaturstabile und formbare photolumineszente Materialien aus siliziumbasierten
Polymeren durch Tempern bei niedrigen Temperaturen (200-700 °C) zu erhalten. Siliziumhaltige
Polymere wie Polysiloxane, -silazane oder –silylcarbodiimide werden üblicherweise als Vorstufe
zur Herstellung hochtemperaturstabiler SiCO bzw. SiCN-Keramiken verwendet. Die PolymerKeramik-Transformation erfolgt in Inertgasatmosphäre bei Temperaturen zwischen 800 und 1400
°C.
Im Rahmen unserer Untersuchungen zur Lumineszenz von Si-Polymeren wurden das Polysiloxan
Wacker-Besil®PMS MK, die Polysilazane KiON Ceraset (PUVMS), KiON VL20 und KiON S,
vier Polysilylcarbodiimide und ein Hybridsystem, bestehend aus dem Polysilazan VL20 und
Polydiphenylsilylcarbodiimid, bis zu 700 °C für 2 h unter Ar Atmosphäre temperiert. Dabei
konnte gezeigt werden, dass die mit der Temperaturbehandlungen einhergehenden strukturellen
Umordnungen zu Materialien mit einstellbaren photolumineszenten Eigenschaften führen.
Die Emissionsspektren der vernetzbaren Polymere zeigen eine bathochrome Verschiebung mit
steigender Auslagerungstemperatur, was auf die Entwicklung neuer lumineszenter Zentren mit
kleinerer Bandlücke hinweist. Für das MK-Polymer, für Ceraset und VL20 werden UV
Emissionen bis zu Temperaturbehandlungen von 400 °C analysiert. Wie gezeigt werden konnte,
steht dieses Verhalten im Zusammenhang mit dem Vernetzungsgrad der Polymere. Nach
Tempern bei 500 °C emittieren die Materialien im sichtbaren Bereich, was auf die Bildung
aromatischer Zentren während des Temperns zurückzuführen ist. Die sich ausbildenden
aromatischen Zentren sind darüber hinaus der Ursprung für die nach Auslagerung bei noch
höherer Temperatur nachgewiesene Bildung freier Kohlenstoffphasen. Der Emissionsbereich der
höher temperierten Proben (MK bei 700 °C, Ceraset/VL20 bei 600 °C) ist noch weiter
rotverschoben, und die Intensität sinkt wegen des Konzentrations-Quenchings aufgrund der
zunehmenden Ausscheidung von freiem Kohlenstoff. Im getrockneten KiON S-Polymer wird
eine sichtbare Emission schon nach einer Temperierung bei 300 °C erhalten, restliches
aromatisches Lösungsmittel beeinflusst jedoch die fluoreszenten Eigenschaften.
Die synthetisierten Polysilylcarbodiimide zeigen auch ohne Temperaturbehandlung aufgrund der
Phenylsubstituenten am Silizium lumineszente Eigenschaften im Polymerzustand. Mit steigender
Temperierung werden rotverschobene Emissionsbereiche für diejenigen Polymere detektiert, die
geeignete Funktionen zu Vernetzung aufweisen. Im Unterschied hierzu wird keine bathochrome
Verschiebung für die Polymere festgestellt, die nicht vernetzungsfähig sind. Nach Auslagerung
der Polysilylcarbodiimide bei 500 °C vermindert sich die Fluoreszenz aufgrund der zunehmenden
Bildung von freiem Kohlenstoff.
Das Hybridsystem Polysilazan/Polysilylcarbodiimid zeigt die höchste Emissionsintensität unter
allen ausgelagerten Polymeren und emittiert im sichtbaren Bereich bereits nach einer
Temperierung von 200 °C. Auch hier entsteht während der Auslagerung durch Vernetzung des
2
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Polymers ein neues lumineszentes Zentrum. Nach einer Temperaturbehandlung bei 600 °C
schwächt sich die Lumineszenz wieder ab aufgrund der Ausbildung von freiem Kohlenstoff.
Zusammenfassend kann festgestellt werden, dass die lumineszenten Eigenschaften auf die
strukturellen Umordnungen zurückzuführen sind, die bei der Auslagerung der hier untersuchten
Polymere im Temperaturbereich zwischen Raumtemperatur und 600 °C erfolgen. Die Bildung
von „Dangling Bonds“ (ungebundene, freie Valenzen) wurde zunächst als mögliche Ursache für
die Lumineszenz der Polymere diskutiert. Eine eindeutige Korrelation der mittels EPRSpektroskopie ermittelten Spinkonzentration mit der Fluoreszenzintensität konnte jedoch nicht
nachgewiesen werden. Aus unseren Untersuchungen geht vielmehr klar hervor, dass die
Lumineszenz mit dem Vernetzungsgrad und mit der Bildung von sp2-Kohlenstoff in den
temperaturbehandelten Si-Polymeren korreliert.
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Motivation
The natural luminescence phenomena, such as those shown by fireflies and glow-worms,
have fascinated the humans since pre-history, but the oldest documents referring to them date
back to 1500-1000 B.C. in China [Harvey1957]. Later on, the development of alchemy in Europe
in the 16th and 17th centuries permitted a rational approach toward the study of natural
phenomena and the first observation of fluorescence was reported in 1565, referring to the
emission of light by an infusion of wood Lignum Nephriticum (by Monardes) [Harvey1957,
Valeur2002]. Nevertheless, the most famous example of a luminescent mineral (and first reported
observation of phosphorescence) was the "Bolognian Stone" or "Litheophosphorus", discovered
in 1602 by the cobbler and dilettante alchemist Vincenzo Casciarolo, during a walk on the Monte
Paterno near Bologna [Harvey1957]. This natural stone became the first object of scientific study
of luminescent phenomena. After calcination with coal and exposition to the sun, this stone could
emit light in the darkness [Harvey1957]. Afterward, it was discovered that the stone contained
barium sulfate, which was reduced by the coal to barium sulfide, which is responsible for the
phosphorescence. In 1640, the professor of Philosophy at the University of Bologna Fortunius
Licetus wrote the text, "Litheosphorus Sive De Lapide Bononiensi", where the first definition as
a non-thermal light emission was given:
… ex arte calcinati, et
illuminato aeri seu solis
radiis,seu flammae
fulgoribus expositi, lucem
inde sine calore
concipiunt in sese; …

[… properly calcinated, and
illuminated either by
sunlight or flames, they
conceive light from
themselves without heat; …][Valeur2002].

Licetus,1640

The word luminescence (from the Latin lumen = light) was introduced for the first time by the
physicist and science historian Eilhardt Wiedemann in 1888, to describe ‘all those phenomena of
light which are not solely conditioned by the rise in temperature’, as opposed to incandescence
[Valeur2002]. Luminescence is then defined as “cold light” in contraposition to “hot light” of
incandescence.
Luminescence is an emission of ultraviolet, visible or infrared photons from an electronically
excited species. The exciting radiation promotes the activator (molecule or luminescent center) to
an electronically excited state, which decays back to the ground state by emission of radiation. If
there is a competitor to the radiative emission process, non-radiative return to the ground state
could occur: the energy of the excited state is used to excite the vibrations of the host lattice and
is lost in heat [Blasse1994].
4
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Luminescence is classified according to the mode of excitation. Photoluminescence
(fluorescence, phosphorescence and delayed fluorescence) is related to the absorption of light
(photons), radioluminescence to ionizing radiation (X-rays, α, β, γ) (X-ray luminescence to Xrays), cathodoluminescence to cathode rays (electron beams), electroluminescence to electric
field, chemiluminescence to chemical processes (e.g. oxidation), bioluminescence to biochemical
processes, triboluminescence to frictional and electrostatic forces, sonoluminescence to
ultrasounds. Moreover, thermoluminescence is thermal stimulation of luminescence (and not
thermal excitation), by means of heating after prior storage of energy (excitation achieved in a
different way). The stimulated emission is a transition from the upper to the lower state induced
by radiation field [Valeur2002, Blasse1994].
Although the modern scientific approach has produced a vast knowledge of luminescent
phenomena, the several papers published every day show that the identification of the origin of
luminescence in newly discovered systems is not an easy task. Therefore, luminescence remains
an intriguing field of study that still reserves mysteries [Roda1998, Valeur2002].
The present work contributes to the fascinating world of luminescence, presenting a new class of
fluorescent materials. Moreover, it investigates a new property of the heat-treated silicon-based
polymers, unknown so far, with great potential for application.
The main final application of photoluminescent heat-treated silicon-based polymers is in the field
of Light Emitting Diodes (LEDs). In recent years these devices have found applications as
display panels, illumination, traffic lights, flashlights, Christmas lights and automotive lights.
“Cold light”, as opposed to light emitted as thermal radiation of incandescent bulbs, offers the
advantage of lower power consumption, higher reliability, increased lifetime and environmentalfriendly characteristics [Zhu2007].
Inorganic LEDs are based on a semiconductor chip coated with a light converting material
(phosphor), which converts the near-UV or blue light (360-460 nm) into visible light (Figure 1)
[Rohwer2003].

Figure 1: Light emitting diode anatomy [fig1].

To improve the conversion LEDs performances, there is constant research for better color quality,
higher efficiency and low cost. The research goals of the converting materials are transparency,
higher thermal stability and formability.
The most widely used phosphors for LEDs are in the form of a powder suspended in a resin.
However, they still encounter problems of sedimentation during the processing [Tan2004,
Bert2007]. Moreover, the resin matrix is subjected to photodegradation under UV light and to
damage under moisture and at high temperatures [Janet2007, Naredan2004].
5
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Rare earth doped glasses avoid these problems by offering homogeneity, transparency and
excellent stability against temperature, radiation and moisture, but they require high processing
temperatures for the molding (approximately 1250-1500 °C) (Figure 2) [Zhu2007, Sun2007].
Similar materials are sol-gel derived glasses, characterized by considerably reduced processing
temperatures, but also by a wet technique, which is not suitable for in situ molding.

Figure 2: Rare earth doped glasses [fig2].

Promising devices are also organic light emitting diodes (OLEDs), made either of small
molecules or π-conjugated polymers. They have undergone improvements in performance and
offer an alternative to commercial LEDs, due to their advantages such as ease of production,
formability, low operating voltages, low cost, tunability of color emission and flexibility.
Nevertheless, they still present problems such as air and moisture sensitivity and instability under
high-energy radiation and high temperatures, with consequently short lifetime [Gardonio2007].
The main application field of OLEDs is in flat panel displays (Figure 3) [Burrows1996].

Figure 3: Display panel made of organic light emitting diodes [fig3].

Besides the π-conjugated polymers, also the σ-conjugated polymers have been proposed as
candidates for light emitting diodes, especially for UV emission. Polysilanes show larger band
gaps than organic polymers. They exhibit several advantages such as formability and flexibility,
but they are sensitive to air, moisture, high energy radiation and high temperatures
[Schubert2004, Suzuki1996, Michl1988, Sharma2006, Sharma2007].
Therefore, the development of light converting materials which are insensitive to air and
moisture, thermally stable, homogeneous and easy to process is still a challenging research task.
In this thesis, a new approach to obtain thermally stable, homogeneous and formable
photoluminescent materials is presented. The materials are obtained by heat-treatment of cheap,
6
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non toxic and commercially available polyorganosiloxanes and polyorganosilazanes, synthesized
polysilylcarbodiimides and a copolymer based on a polysilazane and a polysilylcarbodiimide.
The thermal stability of Si-based polymers was shown in numerous reports [Schubert2004,
Thames1996, Riedel2006]. The presence of silicon in the polymer chains provides heat and
radiation resistance, which render these materials more stable than organic polymers and increase
their lifetime. Silicones are also water resistant, chemical resistant and oxidation resistant and
could be employed in harsh environments [Schubert2004].
Silicon-based polymers are largely used to produce Polymer Derived Ceramics (PDCs). PDCs
are a class of ceramic materials created by heat-treating a starting polymer (precursor) at high
temperature (1000-2000 °C) [Riedel2006, Li2000a, Li2001, Radovanovic1999, Kleebe2006,
Andronenko2006, Laine1995, Trassl2002a, Trassl2002b, Riedel1996a, Riedel1996b, Riedel1992,
Berger2005, Berger2004, Jeschke1999, Sorarù1990, Richter1997]. The properties of the end
ceramic can be controlled by the design and synthesis of the precursor.
Low temperature heat-treatment (200-500 °C) of the ceramic precursors, which are in liquid or
powder form, is effective in order to crosslink the inorganic polymer and obtain a transparent and
homogeneous solid material which can retain the shape of a mold [Li2000a, Radovanovic1999,
Li2001]. The crosslinked organosilicon polymers, after functionalization in order to obtain
luminescence properties, could be applied as luminescent material. Disadvantages such as
sedimentation, non-homogeneity and high temperature molding can be overcome by using
traditional organosilicon polymer processing techniques. Consequently, silicon-based polymers
combine the temperature stability of glasses with the excellent formability of organic
polymers and may provide attractive alternative materials for the production of light emitting
diodes [Suzuki1996, Michl1988]. Additionally, the dry process is an advantage over the wet solgel technique and allows in situ mouldability. The luminescent properties may be either intrinsic
or provided by a suitable dopant. The requirements for a material to be useful in LEDs are
stability against temperature (up to 150 °C), UV radiation and moisture, excitability with
wavelength in the near-UV or blue range (360-460 nm) and emission in the visible range (400700 nm) [Rohwer2003]. Transparency is also an advantage. The heat-treated silicon-based
polymers could be a solution to these requirements.
Therefore, several silicon polymers were investigated after varying annealing temperatures.
Some of the heat-treated silicon-based polymers analyzed showed unexpected photoluminescence
properties. Structural rearrangements during annealing of the Si-based polymers lead to
photoluminescence properties in the visible range. To develop, enhance or modify the
luminescence properties of the materials, some of the systems were doped with different
concentrations of a rare earth element, i.e. europium. Nevertheless, since the first experiments
with europium were not successful and the intrinsic fluorescence of undoped materials was by far
more attractive, the doping route was abandoned and only the investigation of the intrinsic
photoluminescence was performed, also considering the expertise and pursuing the interests of
our working group. In some cases, phenyl groups were grafted to the polymer chains. The intense
fluorescence emission obtained after heat-treatment of the copolymer based on a polysilazane and
a phenyl-containing polysilylcarbodiimide demonstrated the possibility of enhancing the
luminescence properties, with great potential for quantum efficiency improvements. Thus, the
focus of the research was shifted from the first goal of using the heat-treated silicon polymers as
matrix for luminescent dopants to the investigation of the luminescent properties of the annealed
silicon polymers, the enhancement of their emission intensity and the clarification of the
photoluminescence mechanisms by correlation to the structural properties.
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Moreover, the fluorescence analysis provided new information about the processes occurring in
the polymers during annealing in the temperature range relative to the transformation polymerceramic, useful for the investigation of the PDCs.
Furthermore, the study here presented could be valuable for the development of new polymerceramic materials, which have not been properly investigated so far. While the PDCs have found
great interest in research [Riedel1992, Riedel2006a, Riedel1996b, Li2000a, Radovanovic1999,
Li2001, Kleebe2006, Andronenko2006, Laine1995, Trassl2002a, Trassl2002b, Berger2005], the
heat-treated silicon-based polymers, also called ceramers [Wilhelm2005], derived from the same
precursors but annealed at lower temperatures, have not been so widely explored. Samples treated
at low temperatures were usually inspected in relation to the final ceramic, but were seldom
investigated as independent materials [Wilhelm2005, Li2000a, Li2001, Kleebe2006, Laine1995,
Berger2005, Berger2004, Soraru1990].
Since the present thesis describes a fundamental work about heat-treated silicon-based polymers
and their photoluminescence properties, various polymers were investigated, in order to have an
overview on the diverse systems and to explore affinities and differences.
The silicon polymers here considered are a solid commercially available polysiloxane (WackerBelsil® PMS MK polymethylsilsesquioxane)[Wacker], two liquid commercial polysilazanes
(polyureavinylmethylsilazane Kion Ceraset® PUVMS and KiON VL20 [KiON]), a polysilazane
commercially available in solution (KiON S [KiON]), four polyphenylsilylcarbodiimides
synthesized in our laboratory [Mera2009b] and a copolymer derived from the reaction of a
polysilazane with a polysilylcarbodiimide.
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4. Literature review
Due to the novel character of the present research topic, no literature review can be
presented on the previous state of the art. An introductory literature review can only be
performed on the materials used and on luminescent materials similar to the ones investigated
here. In the next section, the properties and synthesis methods to produce polysiloxanes,
polysilazanes and polysilylcarbodiimides are shown, complete with the description of the
crosslinking and pyrolysis reactions that convert the polymers to the ceramic state during heattreatment. The following section will give an overview about luminescent silicon-based polymers
and polymer derived materials.

4.1. Starting materials
4.1.1. Precursors
Inorganic polymers are differentiated from organic polymers on the basis of their
backbone, which contains elements different from carbon, nitrogen and oxygen, and to which
organic or organometallic substituents are attached [Schubert2004]. The most common classes of
inorganic polymers are polysiloxanes, polysilazanes, polysilanes, polycarbosilanes and
polyphosphazenes; polysilylcarbodiimides are acquiring increasing importance (Figure 4).

Figure 4: Molecular structural units of some inorganic polymers.

Inorganic polymers combine the advantages of carbon-based polymers and inorganic materials.
Organic polymers are light, tough and easy to fabricate, but in general they cannot be exposed to
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high temperatures, strongly oxidizing conditions, or high-energy radiation, for which inorganic
materials are suitable [Schubert2004]. Inorganic polymers are characterized by an inorganic
backbone and organic substituents. The backbone can provide heat, fire, or radiation resistance,
as well as electrical conductivity or flexibility. The substituents possess the ability to modify
properties such as solubility, liquid crystallinity, optical properties, hydrophobicity or
hydrophilicity, adhesion or biological compatibility. They also provide the possibility of
crosslinking between the polymer chains. Inorganic polymers are mainly used as preceramic
materials, because of the advantages of the polymer processing (shaping), in applications as
ceramic fibers, films, matrices in composite materials and porous materials [Schubert2004]. The
importance of the PDC technique resides in the possibility of tailoring the final ceramic structure
by designing the chemical composition of the preceramic polymer.
Since the focus of the present thesis is not the synthesis of the preceramic polymers, but their use
in the development of new luminescent annealed polymer systems, only a brief review is
presented, about the synthesis techniques, the properties and the applications of the silicon-based
polymers applied.
The monomers used in the synthesis of organosilicon polymers contain active sites such as Si-Cl,
Si-H, Si-C=C and Si-C≡C, which allow polymerization by means of elimination, substitution or
addition reactions. The chlorosilanes RxSiCl4-x (X=0, 1, 2, 3) are the most frequently used starting
compounds for the synthesis of polysilanes, polycarbosilanes, polysiloxanes, polysilazanes,
polyborosilazanes, polysilylcarbodiimides, polysilsesquioxanes, polycarbosiloxanes etc., due to
their commercial availability, low cost and well-known chemistry [Mera2009a] and they are
produced by the Müller-Rochow synthesis on a large scale [Kroke2000]. The natural source of
silicon is silica (SiO2). Firstly, silica is reduced to elemental silicon by the carbothermal method
and then transformed into organosilicon species with one of the following routes:
- Reaction of an organic compound with silicon. Silicone industry is mostly based on
dimethyldichlorosilane (DDS), which is obtained in the Direct Process or Müller-Rochow
process, involving the reaction of gaseous methyl chloride with silicon, containing copper
as catalyst in a fluidized-bed reactor at 250-300 °C (Si + CH3Cl → (CH3)xSiCl(4-x)). With
an optimized process Me2SiCl2 is mainly formed, followed by smaller amounts of
MeSiCl3, Me3SiCl and Me(H)SiCl2
- Chlorination of silicon and subsequent substitution of some chlorine atoms by organic
groups with organometallic reagents
- Transformation of silicon into silyl hydrides and subsequent addition to multiple bonds in
a hydrosilylation process [Schubert2004].

4.1.1.1. Polysiloxanes
4.1.1.1.1. Properties and applications
The polysiloxanes, polymers with Si-O bonds in the main chain, are the oldest and most
technologically important class of silicon-based polymers. Since the synthesis of the first
polysiloxane carried out by Ladenburg in 1872 [Landenburg1872], most research in silicon-based
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polymers has been directed towards the synthesis of new polysiloxanes [Zhou2008], the
understanding of their properties and the extension of their applications [Chojnowski2000].
Polysiloxanes are largely used as precursors to produce SiOC ceramics, through pyrolysis in inert
atmosphere [Riedel2006, Saha2007, Saha2006, Trimmel2003, Gumula2004, Fukushima2004,
Lee1999, Latournerie2006, Kleebe2006, Zhang2004, Soraru1994, Brequel2004]. The
applications of SiOC ceramics vary from the field of flexible processing of ceramic matrix
composites [Harsche2004a, Harsche2004b, Riedel2006] to ceramic micro-electro-mechanicalsystems (MEMS) [Harsche2004a, Riedel2006], foams [Colombo1999a, Colombo1999b,
Colombo2001, Colombo2004], precision components [Riedel2006], high-temperature resistant
coatings for glass and oxide fibers and glow plugs [Riedel2006].
The polysiloxanes are widely employed also in the polymer state, as oils, elastomers (rubbers)
and resins [Schubert2004]. Their properties include stability to air, temperature, UV irradiation
and weathering, electrical insulation and chemical inertness, hydrophoby, antistick against oil,
fats and organic polymers, and high spreadability, good oxygen permeability (valuable in medical
applications) and flexibility even at low temperatures. Thanks to the mentioned properties,
several technological applications of silicones were developed [Schubert2004, Chojnowski2000].
Silicon oils are used as capacitors and transformers fluids, hydraulic oils, compressible fluids for
liquid springs, lubricants, heat transfer media in heating baths, sun-tan lotion, lipstick, shampoo,
in cosmetics, as antifoaming and hydrophobizing agents, in cooking oils and in the processing of
fruit juices [Schubert2004].
Silicone elastomers are cured silicones, and can be divided into four classes. The first class is
characterized by adhesive properties and it is mainly used as adhesives or coating in cars,
buildings, industrial plants, household items and in mechanical and electrical engineering; the
second type of silicones is characterized by no adhesion to almost any material and applied for
sealing and encapsulating electronic components, for vibration absorption, plugs, rubber stamps,
for accurate molds and for rapid and flexible impressions, and as foams for fire protection and
insulation of cable passages. These two types of silicones are room-temperature vulcanizing
(RTV) silicones. The third category of silicones is the liquid rubber, developed for the production
of small elastic objects by injection molding, like O-rings, plugs, membranes, gaskets, keyboard
switches and the fourth class consists in high-temperature vulcanizing formulations applied as
transparent tubing in food industry and medicine, electrical insulations, gaskets, keyboards,
oxygen masks [Schubert2004].
Silicone resins are used for electrical insulation, for the encapsulation of components such as
resistor and integrated circuits, high-temperature binders in paints and coating for industrial
plants, cooking ware, ovens, etc [Schubert2004].

4.1.1.1.2. Synthesis
The polysiloxanes are obtained through the reaction of functional silanes with general
formula R4-nSiXn (n=1, 2, 3), where X is frequently Cl, but it could also be -OR, -OC(O)R, -NR2
or other hydrolyzable groups [Chojnowski2000, Schubert2004].
The route from the halosilane monomers to linear polysiloxanes consists in hydrolysis and
condensation of the silane precursor, which lead to a mixture of linear and cyclic oligosiloxanes.
The following reversible reactions represent the hydrolytic polycondensation:
≡SiCl + H2O ↔ ≡SiOH + HCl
12

4. Literature review

≡SiCl + SiOH ↔ ≡SiOSi≡ + HCl
equivalent to
2≡SiCl + H2O ↔ ≡SiOSi≡ + 2HCl.
Moreover, the homofunctional condensation should also be considered:
≡SiOH + ≡SiOH ↔ ≡SiOSi≡ + H2O.
Hydrolytic polycondensation carried out in excess of water occurs via homofunctional silanol
condensation, while the heterofunctional polycondensation (≡SiCl + SiOH ↔ ≡SiOSi≡ + HCl)
dominates in the hydrolytic polycondensation of DDS carried out with concentrated HCl solution
[Schubert2004].
In another route, methanol substitutes water and the chlorine from the Si-Cl groups is converted
into methyl chloride (methanolysis):
≡SiCl + MeOH ↔ ≡SiOH + MeCl.
In the presence of hydrolyzable groups such as -OR, the following condensation reaction takes
place:
≡Si-OH + Si-OR ≡ ↔ ≡Si-O-Si≡ + ROH.
The oligomers obtained from the hydrolytic polycondensation are subsequently transformed into
a high molecular weight polymer by polycondensation of the hydroxy-ended siloxanes or
polysiloxanes or by ring opening polymerization of the cyclic oligomers.
Branched polysilsesquioxanes -[RSi-O1.5]n- can also be obtained: they are used as preceramic
polymers and have functional properties [Mera2009a].

4.1.1.2. Polysilazanes
4.1.1.2.1. Properties and applications
Polysilazanes are polymers analogous to polysiloxanes, where the oxygen is replaced by
NH or NR groups, therefore having Si-N bonds in the main chain.
The first polysilazanes obtained were air and moisture sensitive and, because of the lack of
suitable preparative methods for producing linear chains of high molar mass, the
polyorganosilazanes have received far less attention than the isoelectronic polysiloxanes
[Soum2000]. Nevertheless, they are thermally more stable than polysiloxanes [Schubert2004].
Only in the last years the research activity in the field of polysilazanes has increased, partly
thanks to their employment as precursors for silicon nitride and silicon carbonitride (SiCN)
through the pyrolysis process. The pyrolysis atmosphere plays a crucial role on the final
composition of the materials [Liemersdorf2008]. High pressure nitrogen and ammonia are
nitridating reagents, ammonia being more reactive and effective. The SiCN polymer derived
ceramics are potential materials for application as wear and corrosion resistant films as well as
micro- and optoelectronic devices, porous membranes for hot gas separation (H2, He)
(permselective membrane), foams [Vakifahmetoglu2009, Wang2005], fibers as reinforcement for
ceramic materials [Riedel2006] and ceramic micro-igniter (SiOCN) [Riedel2006].
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4.1.1.2.2. Synthesis
The polysilazanes are obtained by the reaction of ammonia or amines (ammonolysis or
aminolysis) with halogenosilanes. Although the ammonolysis of SiCl4 is useful for the
production of Si3N4 powders, it is not suitable to obtain fusible or soluble preceramic polymers.
Oligomeric or polymeric silazanes are obtained by the reaction of dihalogenosilanes R2SiCl2 with
ammonia or amines (R2SiCl2 + 3R´NH2 → -(SiR2-NR´)n- + 2(R´NH3)Cl). The amount of cyclic
products is directly proportional to the steric bulk of the substituents both at silicon and nitrogen
[Schubert2004, Kroke2000].
During the ammonolysis and aminolysis of chlorosilanes, a large amount of ammonium chlorides
is produced. They are difficult to remove from the preceramic polymers and they can act as
catalyst for the splitting of the Si-N bonds. To avoid these inconveniences, hexamethyldisilazane
is used instead of the amines, and trimethylchlorosilane is obtained as by-product through the
Si-Cl/Si-N metathesis reaction (R2SiCl2 + Me3Si-NH-SiMe3 → -(SiR2-NH)n- + 2Me3SiCl)
[Schubert2004, Birot1995].
The N-H/Si-H dehydrocondensation, i.e. the formation of Si-N bonds by hydrogen elimination
from Si-H and N-H groups, is a convenient method for polymerizing oligomeric silazanes
possessing =SiH-NH- groups and it is applied for the most important preceramic polymers.
Ring Opening Polymerization (ROP) of cyclosilazanes leads to high molecular weight linear
polysilazanes. The reactivity of the ROP process decreases with the steric bulk of the substituents
[Schubert2004].
Transamination reactions are very important in the formation of the N(Si≡)3 nodes during
pyrolysis of the polysilazanes and can be employed in the preparation of preceramic polymers
without the use of chlorosilanes [Schubert2004]. Trisdimethylaminosilane (HSi(NMe2)3),
obtained from elemental silicon and dimethylamine under Müller-Rochow conditions, undergoes
transamination reactions in the presence of ammonia or primary amines and a catalyst. The
intermediate aminosilanes with Si-NHR and Si-NH2 groups undergo condensation to give
Si-NR-Si or Si-NH-Si bonds ((Me2N)3SiH + 2RNH2 → -(HSi(NHR)-NR)n- + 3Me2NH)
[Schubert2004].
Highly branched silsesquiazane polymers -[RSi-(NH)1.5]n- are obtained using trichlorosilanes in
the synthesis [Mera2009a].

4.1.1.3. Polysilylcarbodiimides
4.1.1.3.1. Properties and applications
Since the work of Ebsworth, Wannagat and Birkofer on the synthesis of silylcarbodiimide
[Ebsworth1961, Ebsworth1962, Pump1962a, Pump1962b, Pump1963, Birkofer1962], several
monomeric and polymeric silylcarbodiimides have been reported [Riedel2006, Riedel1998].
Organosilylcarbodiimides have found applications as stabilizing agents for polyurethanes and
polyvinylchloride, as insulator coatings, high temperature stable pigments [Klebe1966] and as
irradiation-resistant sealing materials [Razuvaev1987, Riedel2006, Riedel1998]. Moreover, the
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polysilylcarbodiimides have been used for the synthesis of organic cyanamides, carbodiimides
and heterocycles [Gorbatenko1977, Riedel2006, Riedel1998].
Polysilylcarbodiimides are generally air and moisture sensitive materials. By insertion of bulky
aromatic substituents at silicon, the air sensitivity massively decreases [Mera2009b]. The phenylcontaining polysilylcarbodiimides were reported to be suitable precursors for high-temperature
stable carbon-rich silicon carbonitride polymer-derived ceramics [Mera2009b, Morcos2008a,
Riedel2006].

4.1.1.3.2. Synthesis
The first synthesis of polysilylcarbodiimides reported was performed by Pump and
Rochow, based on the reaction of diorganochlorosilanes with disilvercyanamide [Riedel1998].
Polysilylcarbodiimides are usually obtained by the reaction of bistrimethylsilylcarbodiimide
Me3Si-N=C=N-SiMe3 and SiCl4 or other cholosilanes in organic solvents with pyridine as a
catalyst (by Klebe and Murray). During the reaction Me3SiCl is eliminated and polymeric
-(Si(N=C=N)2)n- is formed [Riedel2006, Riedel1998]. Depending on the chlorosilanes used, also
highly branched polysilsesquicarbodiimides can be obtained [Mera2009a]. For example,
polymethylsilsesquicarbodiimide was produced by the reaction of methyltrichlorosilane with
bistrimethylsilylcarbodiimide.
The reaction sequence for the production of silylcarbodiimide polymers is analogous to the
hydrolysis and condensation reaction in polysiloxanes, where bistrimethylsilylcarbodiimide acts
as the water. The hydrolysis step, when the hydroxyl groups substitute the chlorine bonded to
silicon, is analogous to the substitution of chlorine by the silylcarbodiimide unit. Through
polycondensation the non-oxidic carbodiimide-containing polymer is obtained [Riedel2006,
Riedel1998]. The bistrimethylsilylcarbodiimide is produced by the reaction of cyanamide with
chlorotrimethylsilane (2Me3SiCl + H2N-CN + 2Py → Me3Si-NCN-SiMe3 + 2HCl + 2Py) or
hexamethyldisilazane (H2N-CN + (Me3Si)2NH → Me3Si-NCN-SiMe3 + NH3) or dicyandiamide
(cyanoguanidine, dimer of cynamide) with hexamethyldisilazane (2(Me3Si)2NH +
H2NC(NH)NHCN → 2Me3Si-NCN-SiMe3 + 2NH3) [Riedel1998].
Besides the binary phases SiC and Si3N4 generated by the pyrolysis of polysilylcarbodiimides,
silicon dicarbodiimide Si(NCN)2 (or SiC2N4), produced by the reaction of SiCl4 with
bistrimethylsilylcarbodiimide, represents the first crystalline ternary Si-C-N phases. At
temperatures higher than 950 °C it decomposes to give the second crystalline SiCN compound
known so far, Si2CN4 [Mera2009a, Riedel2006, Riedel1998].

4.1.2. Crosslinking reactions
After the synthesis, the polymers are mainly linear, cyclic or weakly branched and often
they need to be crosslinked (vulcanized, cured) in order to create bonds between the chains.
Crosslinking provides the polymer with higher tensile strength and elastic properties in
comparison to a polymer where the chains are free and slide past each other. Heavily crosslinked
polymers are rigid, inflexible and infusible. Dissolution of soluble polymers is prevented with a
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light crosslinking, although the polymer may swell, while with increasing number of crosslinks
the degree of swelling decreases [Schubert2004].
Crosslinking is an important step also in the PDC route, because it converts the polymers into
infusible materials which retain their shape in pyrolysis. Through the crosslinking stage, the
thermoplastic material (polymer), which is meltable, is converted into a thermoset (green body),
which is not able to melt anymore [Mera2009a]. The crosslinking is carried out at temperatures
up to 400 °C, it improves the thermal stability of the polymers and increases the ceramic yield
due to the inhibition of the evolution of volatile products of low molecular mass during pyrolysis
[Ionescu2009a, Schubert2004]. Moreover, the polymers can be shaped through simple polymer
processing and the production of ceramics pieces with a defined geometry is allowed. Therefore,
the pendant groups are important for the modification of the polymers and for the crosslinking
process [Mera2009a].
Crosslinking can be performed either thermally or through UV irradiation, using different UV
crosslinking agents. Crosslinking can be promoted by addition, condensation, polymerization,
metal coordination, radiation and substitution. The addition reaction is the most widely used,
mainly carried out with reactive element-hydrogen bonds (for example Si-H) and unsaturated
groups (for example Si-CH=CH2) (hydrosilylation). The condensation reactions involve the
formation of Si-O-Si or Si-NR-Si bonds starting from Si-OH or Si-NHR groups by elimination of
water or ammonia. Polymerization or polyaddition reactions occur through unsaturated organic
groups in the side chain, for example vinyl groups. Radiation-induced crosslinking is carried out
with UV, X-ray, γ or electron radiations, which cause C-H or C-C homolytic cleavage with
formation of carbon radicals, which subsequently recombine generating covalent bonds. In this
case no functional side groups are required. The substitution reaction is not common, because
polymers with displaceable substituents are not readily prepared [Schubert2004].
In polysiloxanes, crosslinking occurs via condensation, free radical initiation reactions or
transition metal catalyzed addition. If hydroxy (Si-OH) or alkoxy (Si-OR) groups are present,
condensation of silanol groups give rise to Si-O-Si bonds and water, which subsequently
hydrolyses the alkoxy substituents. If vinyl groups are present it is possible to thermally crosslink
the polymer using peroxides. Furthermore, metal salt can be used for the reaction of Si-H units
with vinyl groups (hydrosilylation) [Ionescu2009a].
Polysilazanes obtained by ammonolysis and aminolysis generally possess low molecular weight
and crosslinking is needed to avoid the evaporation of oligomers during pyrolysis. They can be
crosslinked by heat-treatment or using chemical reagents (catalysts, peroxides). During thermal
crosslinking of polysilazanes four reaction steps can take place. In the presence of Si-H and vinyl
groups, hydrosilylation reactions occur (at 100-120 °C) and lead to the formation of Si-C-Si and
Si-C-C-Si bonds for α or β position respectively [Ionescu2009a, Kroke2000]. Starting from 200
°C, transamination reactions occur, with evolution of amines, ammonia or silazanes and the
nitrogen content of the polymer decreases. Dehydrogenation (dehydrocoupling) of Si-H/N-H or
Si-H/Si-H groups starts at about 300 °C and leads to Si-N and Si-Si bond formation, with
hydrogen evolution. Below 350 °C vinyl polymerization takes place and form carbon chains,
which at higher temperatures transform into sp2 carbon [Kroke2000]. The last crosslinking
reaction occurs without mass loss. Crosslinking is increasingly efficient starting from
dehydrocoupling of Si-H bonds, vinyl polymerization, transamination, Si-H/N-H
dehydrocoupling and finally hydrosilylation [Schubert2004, Birot1995].
The crosslinking of polysilylcarbodiimides depends exclusively on the substituents, as the
N=C=N unit is stable up to 500 °C. Nevertheless, the processes have not been yet clarified.
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4.1.3. Pyrolysis reactions
During pyrolysis, mineralization and ceramization reactions take place in the temperature
range 600-2000 °C. In this process, the crosslinked polymers undergo a transformation into
ceramics, by thermolysis and elimination of the organic groups (Figure 5).

Figure 5: PDC route from the polymer state through the crosslinking and shaping steps to the pyrolyzed ceramic.

The pyrolysis reactions are not yet completely understood, in part because the structure of the
preceramic materials, intermediary products and ceramics are also not entirely known.
Mineralization occurs at about 500 °C, in correspondence with the first loss of hydrogen and
methane, due to methyl-hydrogen and methyl-methyl reactions, and indicates the evolution of
organic groups. Ceramization occurs at higher temperatures, at about 800 °C, where hydrogen
and methane are further eliminated and rearrangements take place in the ceramic material
[Bernard2006, Radovanovic1999].
The polysiloxanes pyrolyzed at temperatures higher than 1000 °C result in SiOC glasses.
Between 400 and 600 °C, evolution of CH4 and hydrogen and redistribution reactions between
Si-O, Si-C and Si-H occur, with evolution of low molecular weight silanes. Concurrently with
methane and hydrogen elimination free carbon develop, due to C-H and Si-C cleavage and
formation of Si• and C• radicals, which recombine and generate Si-C-Si bridges and free carbon.
At higher temperatures (600-1000 °C), cleavage of C-H, Si-C and Si-O bonds continues and
amorphous silicon oxycarbide and free carbon are formed [Ionescu2009a].
The pyrolysis of polysilazanes generates SiCN ceramics. Also in this case, if hydrogen and
methyl groups are substituents on the silicon, starting from 550 °C the reaction between Si-H and
Si-CH3 groups form Si-CH2-Si units, with methane evolution. At the same time, N-H groups
react to form SiN4 units by replacement of methyl groups and methane elimination. With
increasing pyrolysis temperature, the amount of Si-N or Si-C groups increases. When vinyl
groups are present, they react at low temperatures (below 350 °C) forming carbon chains which
at higher temperatures convert into sp2 carbon. Reactions between Si-H and Si-CH3 with N-H
groups are responsible for the increasing amount of Si-N bonds with temperature. In the case of
the Ceraset, at lower temperatures vinyl polymerization and hydrosilylation occur, while
transamination reactions continue up to 600 °C, with ammonia evolution. At higher temperatures
(600 to 800 °C) a decrease of Si-H, Si-CH3 and N-H bonds is observed, with evolution of
hydrogen (Si-H/N-H reactions) and methane (Si-CH3/N-H reactions). The SiCN ceramics
obtained via pyrolysis of polysilazanes consist of a single amorphous silicon carbonitride phase
with mixed bonds plus free carbon [Li2001, Ionescu2009a].
On the contrary, after pyrolysis of the polysilylcarbodiimides, SiCN ceramics composed of an
amorphous system of silicon nitride and carbon phases without mixed bonds are obtained (as
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shown by solid state NMR analysis), having a different pyrolytic behavior in respect to
polysilazanes. Between 600 and 1000 °C, decomposition of the N=C=N units of the
polysilylcarbodiimides occurs, while amorphous Si3N4 phase and graphene-like domains start to
form [Ionescu2009a, Mera2009b].

4.2. Luminescent silicon-based
polymers or polymer derived materials
4.2.1. Luminescent polysilanes and
polycarbosilanes
Thanks to their delocalized σ-conjugated electrons along the backbone chain, the
polysilanes (polysilylenes) are interesting materials for optoelectronic, for example as light
emitting diodes [Suzuki2000, Hua1997]. The σ-conjugation is caused by the overlapping of the
Si 3sp3 orbitals along the Si-Si chain. Due to their electron state, polysilanes were found to show
luminescence properties, mainly in the UV range, correlated to the σ-σ* transition
[Sacarescu2008, Ma2007, Sharma2006, Sharma2007, Michl1988, Sun1991]. It was observed
that, as the number of silicon atoms in the chain increases, the σ/σ* energy gap becomes smaller,
and thus a red-shift in the σ-σ* transition is detected [Schubert2004]. In most polysilanes,
aromatic substituents were grafted to the silicon atoms of the chain [Todesco1986,
Nespurek2002, Suzuki1998, Suzuki1996, Skryshevskii2003, Wallraff1992]. If aryl substituents
are bonded to silicon atoms, the π-orbitals interact with the orbitals of the Si-Si backbone causing
an ulterior red-shift [Schubert2004].
Polysilanes were also thermally annealed, with the result of changes in the photoluminescence
properties. With increasing heat-treatment temperature and loss of organic groups, bathochromic
shift in the photoluminescence emission is observed, until the emission of porous silicon is
reached [Singh2008, Watanabe2003]. For the branched polysilanes, with increasing branching
structure, a continuous increase in the σ-conjugation and a continuous red-shift of the emission
spectrum is expected, but a dual emission was detected. The first emission was attributed to the
linear and the second to the branched parts of the Si-Si chain, the latter caused by the formation
of a localized state induced by the distortion of the Si-Si chain around the branching point in the
excited state. With increasing branching points, the σ-conjugation spreads in two-and threedimensional directions along the branched Si-Si chain [Watanabe2003, Watanabe2001].
Polysilanes were object of several theoretical studies [Fogarty2003, Rooklin2003]. Besides the
application as light emitting diodes, they have the potential for application as thermal precursors
to silicon carbide, photo initiators for polymerization reactions (they are photochemically
degraded), as photoresists in microlithography, non-linear optics, conductive and semiconductive
polymers [Ma2007, Schubert2004].
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The relevance of polysilanes resides in the σ-conjugated structure, which is missing in the other
silicon-based polymers. Nevertheless, as consequence of the σ-delocalized electronic structure,
the polysilanes are easily oxidized and the polymer oxidation is irreversible, causing degradation
of the polysilane [Wallraff1992]. Moreover, the polysilanes suffer photochemical degradation
when irradiated [Schubert2004, Wallraff1992, Michl1988]. Thus, the instability to air and
moisture of polysilanes is a disadvantage [Wallraff1992].
The polycarbosilanes are another class of silicon polymers similar to polysilanes, characterized
by the presence of carbon in the polysilane chain. Also the polycarbosilanes are used in the PDC
route to produce ceramics but they are also characterized by functional properties if the polymer
backbone contains silicon alternated to aromatic groups. In this case the luminescence properties
are provided by the π-conjugated system tuned by the presence of the organosilicon unit
[Kim1997, Sanchez2008, Rathore2009]. Polycarbosilanes presenting an alternating arrangement
of a π-conjugated unit and silicon atoms find applications also as deep-UV photoresists because
of their semiconducting properties [Mera2009a].

4.2.2. Other luminescent silicon-based
polymers or polymer derived materials
Unlike the polysilanes, the polysiloxanes, polysilazanes and polysilylcarbodiimides are
not characterized by σ-conjugated structure. No reports were found about luminescent
polysilazanes, although they were applied in electroluminescent devices as hole-transporting
mediums [Perry1990], nor about luminescent polysilylcarbodiimides.
Luminescent polysiloxanes have been reported in the literature, provided that a chromophore
(anthracene, phenyl) was grafted to the polymeric chain [Suzuki1997, Salom1987a, Salom1987b,
Dias2000, Dias2002, Itoh2001, Maçanita1994a, Maçanita1994b, Maçanita1994c, Itoh1996,
Maçanita1991, Salom1989, Itoh2002, Vinod2003, Szadkowska-Nicze2004, Toulokhonova2003,
Hennecke1988, Shaw1983, Belfield1998, Kim2005, Bisberg1995, Nagai1996, Hamanishi1993].
Correspondingly, pure polysiloxanes, without the addition of luminescent groups, are assumed
not to show emissive properties. The polysiloxanes are characterized by thermal, oxidative and
chemical stability and, by grafting with aromatic moieties, luminescence properties can also be
provided.
Pivin et al. reported in 1998 [Pivin1998] and in 2000 [Pivin2000] the fluorescence properties of
ion irradiated and/or annealed (1000 °C) polysiloxanes and polycarbosilanes without the insertion
of chromophores. It was stated that, in the ceramic thin films characterized, the formation of
carbon clusters were responsible for the photoluminescence properties, which vanish with the
growth of the carbon segregation [Pivin1998, Pivin2000]. Similar results were found in the
present thesis for heat-treated silicon-based polymers and the photoluminescence mechanism
attributed to the cited materials is partially in agreement with our findings.
Silicon carbonitride ceramics obtained via the PDC route or by sputtering were also reported to
be luminescent [Ferraioli2008, Du2006].
Particular attention has been paid in the literature to luminescent materials from sol-gel reactions,
which are suitable for several application areas as waveguides and non-linear optical materials
[Gvishi1997]. Plenty of literature exists on luminescent xerogels and aerogels starting from
organosilanes [Bekiari1998, Bekiari2001, Bekiari2000, Brankova2003, Stathatos2000,
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Stathatos2002, Das2007, Das2008]. Also sol-gel derived glasses and phosphors obtained through
temperature treatment are known luminescent materials. The heat-treatments vary from simple
drying at 50 °C to pyrolysis at 1500 °C [Hreniak2002, Suzuki2006, You2006, Hayakawa2005,
Das2007, Das2008, Baran2004]. Obviously, the benefit of the sol-gel technique is the low
temperatures required compared to the conventional glass melting procedures (1200-2000 °C)
[Hreniak2002, Suzuki2006, You2006, Hayakawa2005]. Additionally, there are examples of
luminescent nanocrystals dispersed in sol-gel derived matrices [Counio1996, Penard2007,
Bullen2004] and nanophosphors produced through the sol-gel route [Lo1999, Lin2007].
The fluorescence properties in sol-gel materials are often provided by the incorporation of
transition metal and rare earth ions (Eu2+, Ce3+, Sm3+, Eu3+, Dy3+, Er3+ and Tm3+)
[Cordoncillo2001, Cordoncillo2002, Escribano2008, Julián2004, Nobre2008, de Zea
Bermudez1998, Li1998, Ribeiro1998, Han2003, Campostrini1992, Zhang2004, Li1998]. In
particular, the Eu2+ has unique properties and has been used in many systems, but usually high
processing temperatures are required for the stabilization of the divalent state. Cordoncillo et al.
presented the first work in this field where the Eu2+ is incorporated in the sol-gel polysiloxane at
room temperature [Cordoncillo1998]. Nevertheless, the usual route in phosphors and glasses
consists in the insertion of Eu3+ in the matrix and its reduction to Eu2+ with heat-treatment. An
example of luminescent silicon oxycarbide glass derived from sol-gel, doped with Eu3+ and
reduced to Eu2+ by means of heat-treatment, was published by Zhang et al. in 2004 [Zhang2004].
The employment of UV irradiation can be an alternative reduction route [Suzuki2006]. Often the
europium is included in a crown ether complex [Suzuki2006].
As mentioned before, sol-gel glasses can be simple dry monoliths or be heat-treated at different
temperatures [Lin2000, Cordoncillo1998, Garcia1995, Green1997, Li1998, Li2000b,
Martucci2003, You2006, Hayakawa2005]. The luminescent materials obtained through the solgel method are usually SiO2, but also TiO2-SiO2, SiOC glasses, etc [You2006, Zhang2004,
Das2007, Das2008, Karakuscu2009a, Karakuscu2009b].
Besides the doped sol-gel materials, luminescence properties have been observed to arise also in
non-doped sol-gel glasses [Green1997, Garcia1995, Lin2000]. The photoluminescence properties
mainly originate from defects like carbon impurities [Bekiari1998, Stathatos1998], oxygen
vacancies [Uchino2000, Yang2001, Prokes1998, Lopez2000, Li1998], silicon dangling bonds
[Baran2004, Prokes1998, Lopez2000], non-bridging oxygen defects [Yang2001], radical
carbonyl defects [Hayakawa2003], SiOH- radicals [Hreniak2002] and charge transfer process
between the silicon and the oxygen atom [Han2003, Han2002, Garcia1995, Green1997].
Nevertheless, the origin of the luminescence in sol-gel materials has not been yet completely
clarified.
Examples of undoped sol-gel materials heat-treated in air at different temperatures (200-500 °C)
were published [Green1997, Garcia1995, Lin2000]. Green et al. reported that the
photoluminescence properties were related to the carbon impurities present in the glasses,
similarly to the papers reported by Pivin et al. for irradiated polysiloxanes [Pivin1998,
Pivin2000], and in agreement to our results. Analogously to the materials treated in the present
thesis, as the annealing temperature increases up 500-700 °C, the sol-gel polymers turn an opaque
brown-black color, due to the formation of free carbon [Green1997, Garcia1995]. Lin et al.
highlighted the red-shift of the excitation and emission spectra after increasing heat-treatment
[Lin2000]. The publications of Green, Garcia and Lin et al. represent analyses of the
photoluminescence properties of sol-gel materials observed at different heat-treatment
temperatures, with similar behavior as the heat-treated silicon-based polymers embraced in this
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thesis. Nevertheless, a detailed analysis at increasing temperature steps is not included
[Green1997, Garcia1995, Lin2000].
A specific class of luminescent sol-gel materials is constituted by the inorganic–organic hybrid
materials, where the siliceous domains or siloxane networks are alternated to organic moieties,
which show luminescent properties both in the doped and undoped state [Stathatos2003,
Carlos2001, Sá Ferreira1999, Sá Ferreira2006, Carlos1999, de Zea Bermudez1999, Fu2004,
Carlos2004, Han2002, Sanchez1994, Bekiari2001, Bekiari2000, Brankova2003, Stathatos2000,
Cordoncillo2001, Cordoncillo2002, Escribano2008, Julián2004, Nobre2008, de Zea
Bermudez1998, Ribeiro1998, Han2003]. Depending on the chemical structure, the luminescence
properties were attributed to the presence of oxygen defects, to the photoinduced proton-transfer
between defects as NH+ and NH- [Carlos2004], matrix defects, silicon dangling bonds, peroxy
radicals, adsorbed oxygen radical, non-bridging oxygen hole centers [Cordoncillo2001].
Thus, in general, the intrinsic luminescence properties of undoped sol-gel materials were
attributed to the presence of various defects.
Photoluminescence emission was detected also in silsesquioxanes R8(SiO1.5)8 and was attributed
to the charge-transfer transition from the silsesquioxane cage to the ligands, which are
responsible for a monomer fluorescence and an exciplex transition [Azinovic2002]. Furthermore,
cubic silsesquioxanes were reported to tune the luminescence properties of their substituents,
which may suggest 3D conjugation in the excited state [Laine2008]. Undoped urea-bridged
silsesquioxanes were also reported to be intensely luminescent [Gomez2008]. In addition,
chemical incorporation of silsesquioxanes in OLED devices can improve efficiency and lifetime
[Chan2009].
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5. Experimental procedure
In this chapter, the characterization methods used in the present thesis work are described.
For the less common characterization methods, an explanation of the principles of the method is
also supplied. Moreover, a short resume of the materials employed is presented. For the
commercially available materials only the applied heat-treatment is described.

5. 1. Starting materials
Commercially available polymethylsilsesquioxane Wacker-Belsil® PMS MK (Wacker
Chemie AG, Munich, Germany), (CH3-SiO3/2)x, polydimethylsiloxane PDMS (SIGMA),
polyvinylmethylsiloxane PVMS homopolymer (ABCR), vinylmethylsiloxane VMS linear
homopolymer (ABCR), polyureamethylvinylsilazane (PUMVS, CerasetTM) (KiON Corp.,
Clariant, USA) (-NH(CH3)SiH-)0.77(-(NRC=O)0.01(NH(HC=CH2)SiCH3-)0.22, polysilazane VL20
or KiON Ceraset Polysilazane 20 (KiON Corp.) and KiON S (KiON Corp.) were used as
precursors.
Four polysilylcarbodiimides (S1, S2, S3 and S4) were synthesized by the reaction of
diphenyldichlorosilane (>98%, Fluka), phenylmethyldichlorosilane (97%, ABCR),
phenyldichlorosilane (97%, ABCR) and phenylvinyldichlorosilane (95%, ABCR), respectively,
with bistrimethylsilylcarbodiimide, using pyridine (anhydrous, 99.8%, Sigma Aldrich) as
catalyst. First, bistrimethylsilylcarbodiimide (0.047 mol) was mixed under stirring with pyridine
(0.024 mol) and then the substituted dichlorosilane (0.047 mol) was added. The reaction mixture
was kept under reflux at 66 °C for 6 h (44 °C for S3 since the boiling point of PhHSiCl2 is 65–66
°C) and subsequently at 120 °C for another 12 h (66 °C for S3). The formation of the substituted
polysilylcarbodiimide was monitored by means of 29Si NMR spectroscopy. After completion of
the reaction, the by-product trimethylchlorosilane was removed by distillation. The yield of the
reaction is about 80%. Bistrimethylsilylcarbodiimide was synthesized using dicyandiamide
(C2H4N4, SKW Trostberg), 1, 1, 1, 3, 3, 3-hexamethyldisilazane (Merck) and ammonium sulfate
(NH4)SO4 (>99%, Sigma Aldrich) as catalyst, according to the well known reaction:
H2N-C(=NH)-(NH)-CN + 2Me3SiN(H)SiMe3 →((NH4)2SO4)↑→ 2Me3SiNCNSiMe3 + 2NH3↑.
The copolymer GV was obtained by the reaction of commercial VL20 (10 g) with the synthesized
polydiphenylsilylcarbodiimide S1 (10 g) (1:1 wt%), by simple stirring under argon for one day at
room temperature.
All reactions were carried out under inert argon atmosphere using standard Schlenk techniques.
Air and/or hydrolysis-sensitive polymers were handled in glove box under argon. The joint
grease was silicon-free (KWS).
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5.2. Heat-treatment
In all heat-treatments, the samples were prepared by thermolysis of 1-2 g of the
preceramic polymer in a quartz crucible placed in a quartz tube (h = 50 cm, di= 3 cm) under a
steady flow of purified argon (50 mL/min) in a programmable horizontal Al2O3 tube furnace
(Gero - Öfen, Typ 40-300/7 85). The samples were annealed with a heating rate of 50 °C/h from
room temperature to the target temperature (200, 300, 400, 500, 600 and 700 °C). The dwelling
time was 2 h at the final annealing temperature, followed by free cooling down to room
temperature. In order to avoid the oxygen contamination, the quartz tube was sealed with siliconfree joint grease (KWS) and was evacuated and refilled with argon three times. The
decomposition gases together with the argon exit the system passing through two exhaust bottles
partially filled with glycerine. This prevents entrance of air in the reverse direction inside the
quartz tube.

5.3. Photoluminescence measurements
5.3.1. Photoluminescence spectrometry
The photoluminescence measurements were recorded using a commercial Cary Eclipse
Varian spectrophotometer using a Xenon lamp as the excitation source, sensitive across the
wavelength range 200-800 nm. Both fluorescence and phosphorescence emission spectra and
excitation spectra were recorded.
Fluorescence is an electric-dipole allowed transition and shows lifetimes of τ≈ 10-7-10-8 s, while
phosphorescence is an electric-dipole forbidden transition with lifetimes of about τ≈ a few 10-3 s.
Thus, electric-dipole forbidden transitions have longer lifetimes than electric-dipole allowed
transitions. In phosphorescence measurements the detection time is delayed in respect to
fluorescence measurements, in order to detect forbidden transitions, which are not detectable in
fluorescence measurements. All samples were subjected to phosphorescence measurements, with
excitation wavelength 250 nm, using the following parameters:
- delay time: 0.2 ms
- gate time: 5 ms
- total decay time: 0.020 s (20 ms)
- PMT voltage: 1000 V.
The fluorescence emission and excitation spectra were recorded for several excitation and
emission wavelengths, in order to get the maximum excitation or emission peaks. Furthermore,
the fluorescence emission spectra were always recorded using 250 and 360 nm as excitation
wavelengths. All measurements were performed in air at room temperature and using comparable
instrument parameters. For the polysilylcarbodiimides samples prepared in glove box and sealed,
the measurements were performed in argon. The samples were measured in powder or liquid state
in 1 mm precision cells made of Quartz Suprasil®, 100-QS, Hellma®. The cell was positioned at
35° of angle in order to minimize the scattering and maximize the emission intensity.
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The original spectra were corrected by subtracting the effect of light scattering. The spectrum of
the scattering was obtained by stimulating a highly refractive and non-luminescent material with
the same parameters used for the samples. Moreover, the corrected spectrum was calibrated with
an experimental calibration spectrum, as the detection power of the spectrometer at longer
wavelengths is weak.
When a second band reproducing the shape of the 1st peak is observable in the spectra at longer
wavelengths, the measurements were repeated with the same parameters and by covering the
main emission using suitable filters (OG 570 and RG 610). In absence of the main peak, no
emission was detected in the orange-red range. Therefore, this band was confirmed to be the
second order peak of the main emission and not a true emission, and was eliminated from the
spectrum.
The fluorescence spectra of samples treated at different temperatures or after different times of
exposure to air were compared on the same graphs. The intensities of the spectra are comparable
within an error of about 20 %, due to the different powder packing and the exact position of the
quartz cell.
The fluorescence spectra were deconvoluted in energy scale using a Gaussian fit in MathWorks
(Matlab), Inc. software. The fluorescence intensity was calculated as the integral of the emission
spectrum in energy scale.
In order to convert the spectral emissions from the photoluminescence measurements into colors
perceived by the human eye, the CIE (International Commission on Illumination) chromaticity
diagram 1931 was used as color space [CIE]. In fact, to plot all visible colors a 3D figure would
be necessary. However, the concept of color can be divided into brightness and chromaticity. The
chromaticity coordinates were calculated from the fluorescence spectra using a suitable program
(private).

5.3.2. Lifetime measurements
Lifetime measurements were carried out on the Cary Eclipse Varian (resolution of 0.2 ms)
and on a self-made machine (resolution of 100 ns).

5.3.3. Quantum efficiency
Quantum efficiency measurements were carried out with an integrating sphere on the
Fluorolog III UV-Vis-NIR-Fluorescence spectrometer (HORIBA Jobin Yvon, München). As the
quantum efficiency measurements are time-consuming, only a selected set of samples among all
the heat-treated silicon-based polymers analyzed in this thesis was measured. The set of samples
was chosen in order to cover the whole visible range. Samples with different emission ranges
were measured and used as standard for the remaining samples which present the same emission
range. Thus, the quantum efficiencies of the remaining samples were estimated by comparing the
integral of their emission spectra (in energy scale) with the integral of the emission spectra of the
samples of known quantum efficiency, with emission in the same range. Samples that emit in the
UV range could not be measured. An error of 5% must be taken into account for the original
measurements, which propagates in the calculation of the remaining samples.
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5.4. Absorption measurements
5.4.1. UV-Visible spectroscopy
A Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer was used for the optical
measurements. Samples were dissolved in THF and placed in precision cells made of Quartz
Suprasil®, 117.104F-QS, Hellma® (10 mm light path). The cut-off wavelength of THF is around
250 nm, thus no analyses were possible for more energetic wavelengths. All measurements were
performed at room temperature.

5.4.2. Remission/Reflection measurements
Since the silicon-based polymers lose their solubility in common solvents as the annealing
temperature increases, remission/reflection measurements were carried out besides absorption
measurements, in order to investigate the absorption range of the heat-treated samples and its
trend with increasing temperature treatments. With this method, the light remitted/reflected from
the sample is taken into account rather than the light transmitted.
Considering the equation A+T+R=1, where A is the absorption, T the transmission and R the
reflection, if the reflected light of a sample is detected, it is possible to calculate the sum of the
absorbed and transmitted light. When the diffuse light reflection from a material is higher than
the absorption, the Kubelka-Munk theory can be applied, as simplification of the more general
equation A+T+R=1. The Kubelka-Munk theory is generally used for the analysis of diffuse
reflectance spectra obtained from weakly absorbing samples.
The absorption/scattering ratio is calculated from the remission/reflection data with the KubelkaMunk or remission function F(R) as follows:
Absorption/Scattering ≈ F(R) =

ሺଵିோሻమ
ଶோ

where R is the remitted beam [Wendlandt1966, Kortüm1969].
The scattering is supposed to remain constant; therefore the absorption coefficient results from
the Kubelka-Munk function. The theory is suitable for optically thick materials where more than
50 % of light is reflected and less than 20 % is transmitted. In the case of heat-treated siliconbased polymers, the majority of the samples are transparent, but after being powdered a great part
of the transmission can be reduced and most of the light is reflected. The Kubelka-Munk theory
is very useful to define the trend of the absorption edge of the silicon-based polymers with
increasing treatment temperatures, which are not soluble anymore.
Remission is the light reflected or scattered by a material, opposed to the light transmitted or
absorbed. Remission spectra were obtained by detecting all the wavelengths emitted by the
material for a selected excitation wavelength, with a Perkin Elmer Lambda 900 UV/VIS/NIR
spectrometer. An integrating sphere is useful to detect the radiations in all directions. Thus, it is
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possible to estimate, for every excitation wavelength, the amount of radiation re-emitted, and for
difference, the amount absorbed.
Strictly speaking, the remission measurements do not give an accurate absorption spectrum for
luminescent samples. Since the sphere does not detect selectively only the radiation relative to the
excitation wavelength, the fluorescence emission is also detected as re-emitted (not absorbed)
radiation. Therefore, the remitted light relative to the fluorescence should be subtracted from the
spectrum. Nevertheless, it is not possible to distinguish its contribution because the Lambda 900
spectrometer is provided only with one monochromator, the one that selects the excitation
wavelength, but no emission monochromator is present. This means that for every excitation
wavelength all the emitted wavelengths are detected, both the reflected and the re-emitted ones as
luminescence emission. Without emission monochromator it is not possible to distinguish
between reflected light and luminescence emission.
Therefore, reflection measurements were performed on the Cary Eclipse Varian
spectrophotometer. Reflection in the place of remission indicates the detection of the reflected
light with the same wavelength as the excitation light, without the contribution of all re-emitted
beams. The Varian Eclipse spectrometer contains an emission monochromator, as well as the
excitation monochromator. In this instrument, it is possible to synchronize the monochromators
in order to detect only the wavelength relative to the exciting laser. In this way it is possible to
state, for every wavelength, the amount of light reflected, without considering other wavelengths
generated by the luminescence mechanism. Therefore, more accurate results can be obtained for
luminescent samples. The disadvantage is the lack of an integrating sphere, which detects the
reflected light in all directions.

5.4.2.1. Remission measurements
A Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer was used to carry out the optical
measurements, using an integrating sphere. BaSO4 was used as white reference for the
measurement of MK600; afterwards MK600 was used as the reference material for all the
remaining samples. Since BaSO4 is perfectly reflecting only in the range 335-1320 nm, the
spectra are not reliable for more energetic wavelengths. The normalized remission spectrum on
the reference was converted in an absorption/scattering spectrum using the Kubelka-Munk
function. The samples were measured in powder form in 1 mm precision cells made of Quartz
Suprasil®, 100-QS, Hellma®. All measurements were performed in air at room temperature.
Remission measurements were initially performed on the samples MK, Ceraset and KiON S.
Afterwards, also reflection measurements were carried out on these samples, besides the
remission measurements. For the remaining samples, only reflection measurements were
performed.

5.4.2.2. Reflection measurements
The reflection measurements were recorded on the Cary Eclipse Varian
spectrophotometer, using a Xenon lamp as the excitation source. The measurements were
performed in mode “Synchronized”, meaning that excitation and emission monochromators were
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synchronized on the same wavelength, i.e. only the exciting wavelength is detected in the
emission monochromator. The simultaneous detection allowed the record of a reflection
spectrum. The original spectrum was normalized on a BaSO4 white reference (perfectly reflecting
only in the range 335-1320 nm). The normalized reflection spectrum was subsequently converted
in an absorption/scattering spectrum using the Kubelka-Munk function. The samples were
measured in powder form in 1 mm precision cells made of Quartz Suprasil®, 100-QS, Hellma®.
The cell was positioned at 35° of angle in order to minimize the scattering. All measurements
were performed in air at room temperature.

5.5. Structural characterizations
Vibrational spectroscopy (FT-IR and Raman) and solid state MAS NMR (29Si and 13C)
are the main structural tools applied to investigate the polymer-to-ceramic transformation. The
goal of these characterizations is a better understanding of the processes that take place during
annealing of the polymers. FT-IR and Raman spectra provide information about the chemical
bonds present in the studied materials and, when heat-treated samples are measured, the bond
rearrangement with temperature. 29Si and 13C MAS NMR measurements identify the different Si
and C environments and their changes during heat-treatment. With 29Si MAS NMR it is possible
to determine the polymer-ceramic transformation by analyzing the elements bonded to the Si. 13C
MAS NMR offers an analysis of the changes on the C sites and detects the formation of different
carbon species such as aromatic sp2 carbon [Ionescu2009a].

5.5.1. FT-IR spectroscopy
Infrared spectra (FT-IR, Fourier Transform Infra Red) were recorded on a Perkin Elmer
1750 Infrared Fourier Transform spectrometer, either using KBr discs with a spectral resolution
of 2.0 cm-1 or with a single reflection ATR system (MKII Golden GateTM, Specac) and spectral
resolution of 1.0 cm-1, in both cases with spectral range from 4000 to 400 cm-1. Since the ATR
method is not reliable for wavenumbers smaller than 600 cm-1, only the reliable range was
considered and shown in the graphs. When needed, the spectra were normalized in order to
illustrate comparable transmittance intensities on the same graph. All measurements were
performed in air (in argon for polysilylcarbodiimides) at room temperature.

5.5.2. Raman spectroscopy
Raman spectra were recorded on a confocal Horiba Jobin Yvon HR 800 micro-Raman
spectrometer with excitation laser wavelengths of 514, 488 and 633 nm. To avoid interferences
with the fluorescence background, a IR/Raman spectrometer Bruker IFS 55 - FRA 106, using a
laser ND:YAG of wavelength 1064 nm was also utilized. All measurements were performed in
air at room temperature.
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5.5.3. NMR spectroscopy
5.5.3.1. Liquid State NMR
The 1H, 13C and 29Si liquid state NMR (Nuclear Magnetic Resonance) measurements
were carried out on a 500 MHz-Spectrometer Bruker DRX 500 (AVANCE 500) using a 5 mm
BBO rotor diameter. All spectra were referenced to tetramethylsilane (TMS) as the internal
standard (reference), which corresponds to chemical shift δ = 0 ppm. The measurements were
carried out at frequencies of 500 MHz (1H), 126 MHz (13C) and 99 MHz (29Si). All samples were
measured dissolved in deuterated benzene (C6D6).

5.5.3.2. Solid State NMR
Solid state Magic Angle Spinning NMR (MAS NMR) as well as Cross Polarization
coupled with Magic Angle Spinning (CP MAS NMR) experiments were recorded with a Bruker
AVANCE 300 spectrometer using a 4 mm rotor diameter. 29Si and 13C NMR experiments of MK
and Ceraset samples were carried out at frequencies of 59.62 MHz and 75.47 MHz respectively.
VL20 and GV samples were measured at frequencies of 59.63 (29Si), 75.48 MHz (13C) and
300.29 MHz (1H) using 4 mm rotors spinning at 10 kHz for 13C (except for GV treated at 300,
400 and 500 °C recorded at 5 kHz) and 29Si and 14 kHz for 1H. For 29Si MAS experiments 45°
pulses (2.8 μs) and 60 s recycle delays were used, to account for the long T1 relaxation time of
29
Si nuclei in such samples. Chemical shifts are referred to tetramethylsilane (TMS). The solid
state NMR spectra were simulated using a specific program (dmfit2008).

5.6. Thermal analysis
Thermal Gravimetric Analysis (TGA) coupled with Mass Spectrometry (MS) (TGA/MS)
is also an important tool to investigate the polymer-to-ceramic transformation. TGA/MS detects
the mass losses and the gaseous species released during the conversion from the polymeric to the
ceramic state [Ionescu2009]. The TGA/DTA/MS measurements (DTA being Differential
Thermal Analysis), or STA (Simultaneous Thermal Analysis), were carried out using STA 449C
Jupiter coupled with QMS 403C Aëolos, Netzsch Gerätebau GmbH, Selb/Bayern. The samples
were heated to 1400 °C with a heating rate of 5 °C min-1 in argon atmosphere, while
simultaneously measuring the mass loss and the gases released via mass spectrometry
(Quadrupole Mass Spectrometer). DTG (Differential Thermal Gravimetric Analysis) curves were
obtained by differentiation of the TGA curves. For some sample also in situ FT-IR of the gaseous
byproducts was acquired.
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can be acquired in the resonance condition, considering the value of B. The electron g-factor, also
called Landé factor, is a fingerprint of the radical. Consequently, it denotes the radical species
present in the material [Wertz1972, Vij2006].
In the EPR absorption curve, which represents the energy absorbed by the unpaired electron, the
Full Width at Half Maximum (FWHM), called line width, is useful to detect the hybridization
state of the unpaired electron [Prasad2000, Trassl2002].
The integrated area of the measured curve (which is the derivative of the absorption) denotes the
intensity of the signal, which is proportional to the spin concentration. Using a suitable reference
(in our case polycrystalline DPPH (2,2-Diphenyl-1-Picrylhydrazyl)) and considering the sample
weight, the spin concentration can be extrapolated [Barklie2000].
The X band (9.5 GHz) continuous wave EPR measurements were performed using an ESP 300E
spectrometer (Bruker) equipped with a rectangular TE112 resonator. The magnetic field was read
out with a NMR gauss meter (ER 035M, Bruker). All spectra were recorded at 15 K using an
Oxford cryostat. Additionally, a standard field marker (polycrystalline DPPH with g=2.0036) was
used for the calibration of the resonance magnetic field values and the determination of the exact
g-factor of the samples. The EPR spectra were best fitted with a superposition of one or two
Lorentzian absorption lines in MathWorks, Inc. software.

5.9. Note
None of the samples investigated showed phosphorescence emission; therefore no spectra
will be reported. Furthermore, in lifetime measurements no results were obtained due to the too
short lifetimes of the polymers compared to the lamp emission decay. Therefore, also in this case
no data will be reported. Considering the phosphorescence and lifetime results, we can attest that
the photoluminescence mechanism of the heat-treated silicon-based samples is the fluorescence
(electric-dipole allowed transitions).
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6.1. Polysiloxanes
6.1.1. Wacker-Belsil® PMS MK
polymethylsilsesquioxane
Polymethylsilsesquioxane Wacker-Belsil®PMS MK (MK polymer) (Wacker Chemie
GmbH, Burghausen), was chosen because of its commercial availability, non-toxicity, low cost,
mouldability and crosslinkability. Wacker-Belsil®PMS MK is a solid, solvent-free and highly
crosslinked silicone resin. It is odorless and colorless, its softening point falls between 50 and 60
°C and it is soluble in organic solvents (aromatic solvents and ketones) [Wacker, Harsche2004b].
The structure of MK polymer is not provided by Wacker and thus partially still unknown.
Segments of the structure were proposed by Harsche on the basis that the polymer is highly
crosslinked and possesses, as functional units, approximately 2 mol % of hydroxy and ethoxy
groups [Harsche2004b]. The structure segments, which are in accordance with FT-IR
observations, are illustrated in Figure 7.

Figure 7: Structure segments of MK polymer with linear and branched components and with functional groups
(hydroxy and ethoxy).

It is clear that MK can crosslink through hydroxy and ethoxy groups at lower annealing
temperatures and through methyl groups at higher temperatures. Recently, the release of cyclic
structures during annealing, and consequently their presence in the starting polymer, was attested
by STA measurements, thanks to in situ FT-IR measurements. In Figure 8, the presence of R
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groups in the MK structure is reported, where R represents the cyclic structure
octamethylsilsesquioxane [Ionescu2009b].

Figure 8: Structure of MK polymer with presence of octamethylsilsesquioxane groups (R).

The chemical composition of MK proposed by Ionescu et al. is SiO3C1H3.3 [Ionescu2009b]. The
MK polymer is commonly used in cosmetics and as precursor for SiOC ceramics [Wacker]. In
the last case it can be used for several applications, such as structural ceramic for hightemperature applications, ceramic foams, micro-electro-mechanical-systems (MEMS), metal
matrix composites (MMC) and ceramic matrix composites (CMC) [Ionescu2009b, Balan2006,
Ischenko2006, Schneider1988, Takahashi 2001, Wilhelm2005, Anggono2006, Bernardo2006,
Bernardo2007, Bernardo2009, Colombo2002, Colombo2003, Maire2007, Colombo2008,
Costacurta2007, Friedel2005, Harshe2004a, Herzog2005, Kim2007, Ritzhaupt-Kleissl2006,
Moysan2007, Nangrejo2009, Rambo2006a, Rambo2006b, Rocha2005, Rocha2006, Rocha2008,
Scheffler2002, Scheffler2003, Takahashi 2003, Thünemann2007, Vaucher2008, Wei2002].
In this work, the MK polymer was heat-treated at 200, 300, 400, 500, 600, and 700 °C for 2 h
under Ar flow, with heating rate 50 °C/h and free cooling. The MK powder melted and
crosslinked, and single piece samples with the shape of the mold were obtained, which were
subsequently powdered.

6.1.1.1. Photoluminescence measurements
6.1.1.1.1. Fluorescence measurements
Surprisingly, photoluminescence properties were observed for all samples
[Menapace2008]. Figure 9 shows the fluorescence emission and excitation spectra of the MK
samples relative to excitation and emission wavelengths according to Table 1, corresponding to
the maximum emission and excitation peaks. The spectra were obtained within a week after the
thermal treatment.
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Figure 9: Fluorescence emission (bottom right) and excitation (top left) spectra of the MK samples heat-treated at
different temperatures (labeled). The excitation and emission wavelengths applied are described in Table 1.
Table 1: Excitation and emission wavelengths used to obtain fluorescence spectra for the MK samples. They
correspond to the maximum emission and excitation peaks.
Sample
MK polymer
MK 200 °C
MK 300 °C
MK 400 °C
MK 500 °C
MK 600 °C
MK 700 °C

Excitation wavelength (nm)
225
225
225
230
306
306
350

Emission wavelength (nm)
336
336
336
336
434
434
565

The MK polymer and the samples treated at low temperatures (200 and 300 °C) show
photoluminescence in the UV range and are characterized by analogous spectra. Therefore, for
clarity reasons, only the emission and excitation spectra of MK polymer are illustrated in Figure
9.
The main excitation peak is at around 225 nm and there are some weak excitation peaks at lower
energies. The main emission peak is at 336 nm but it is possible to individuate the contribution of
other peaks. The same bands are present in the three samples annealed up to 300 °C with slightly
different relative intensities.
After heat-treatment at 400 °C, an increased contribution of the low energy bands was observed
in both the excitation and emission spectra. The main excitation peak is at 230 nm, while the
main emission peak is still at 336 nm. The samples heat-treated up to 400 °C are transparent and
colorless and show fluorescence in the UV range. These properties could be useful for UV-LEDs.
The samples heat-treated at 500 and 600 °C reveal the maximum relative values of fluorescence
intensity. Moreover, the fluorescence emission is in the visible range. The materials are
translucent and possess a yellow-brown color. Besides the excitation peaks present in the
previous samples, new bands appear at lower energies. Also in the emission spectra new redshifted peaks are detectable at 366 nm, 403 nm and 443 nm. A part of the emission spectrum is
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still in the UV range, but the newly formed peaks in the visible range are responsible for the
visible photoluminescence of the samples.
Following treatment at 700 °C, the luminescence intensity drastically decreases, because of the
formation of free carbon, as attested from MAS NMR measurements (shown later), which
renders the material dark and opaque. The maximum excitation and emission spectra are redshifted and their intensities are sensitively decreased.
From the viewpoint of LED applications it is interesting to investigate the photoluminescence
properties obtained with excitation wavelength in the range 360-400 nm [Rohwer2003,
Green1997]. The emission spectra obtained with 360 nm as the excitation wavelength of the
samples MK 400-700 °C are represented in Figure 10. Samples annealed at lower temperatures
did not show fluorescence when excited with 360 nm.

Figure 10: Fluorescence emission spectra of the MK samples heat-treated at different temperatures (400-700 °C)
with excitation wavelength 360 nm.

The intensities of the emission spectra relative to MK 500 and 600 °C obtained using 360 nm as
excitation wavelength are lower than those obtained with more energetic excitation wavelengths.
Furthermore, the spectra are shifted to lower energies. Correspondingly, only the range at lower
energies of the maximum excitation spectra is excited and only the visible part of the entire
emission spectra is emitted.
The fluorescence spectra of the MK samples obtained with excitation wavelength 250 nm (Figure
14 (a)) display similar features as the maximum emission intensity spectra.
In Figure 11, powdered MK samples annealed at different temperatures (400, 500, 600 and 700
°C) are shown under white (a) and UV (360-400 nm) (b) light.
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a)
Figure
11: Photographs representing MK samples annealed at different temperatures in powder form, under white (a)
and UV (360-400 nm) (b) light, respectively.

The white photoluminescence of the samples heat-treated at 500 and 600 °C is remarkable. In
Figure 12, MK annealed in a temperature gradient between 650 and 700 °C is shown under white
(a) and UV (360-400 nm) (b) light.

Figure 12: Photographs representing MK annealed in the presence of a temperature gradient between 650 and 700
°C, under white (a) and UV (360-400 nm) (b) light, respectively.

The material annealed at 650 °C, like the samples heat-treated at 500 and 600 °C, is translucent
and brown colored under white light and shows white photoluminescence and opacity under UV
irradiation. After annealing at 700 °C the fluorescence is quenched and the sample appears black.
Small temperature differences in the annealing temperature have significant effects on the optical
and photoluminescence properties of the samples.
The spectral emissions of luminescent samples can be related to color coordinates in the CIE
chromaticity diagram, where the emission colors correspond to a point in the graph. The spectral
emissions obtained with 360 nm excitation of the MK samples heat-treated at 400-700 °C are
illustrated on the CIE chromaticity diagram 1931 (Figure 13).
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Figure 13: CIE chromaticity diagrams 1931 of the MK samples annealed at 400-700 °C.

The color coordinates are in accordance with the colors of the samples under UV light (Figure
11).

6.1.1.1.2. Effect of the annealing atmosphere
In order to observe the effect of the annealing atmosphere on the fluorescence properties
of the heat-treated polymers, a set of MK samples was also annealed in a reducing atmosphere of
Ar/H2 gas mixture (93.5% Ar, 6.5% H2).
The emission spectra of the polysiloxane annealed in argon (a) and in reducing atmosphere of
Ar/H2 (b) at different temperatures, both obtained with excitation wavelength of 250 nm, are
reported below (Figure 14).

Figure 14: Fluorescence emission spectra of MK samples annealed in argon (a) and in reducing atmosphere of Ar/H2
(b) at different temperatures, both obtained with excitation wavelength 250 nm.

The annealing atmosphere (Ar or Ar/H2) seems to play a negligible role on the
photoluminescence properties of MK up to 400 °C. The luminescence intensity of the samples
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treated in Ar/H2 is inferior up to 300 °C, but the main peaks have roughly the same shape at the
same temperatures. The spectra relative to the samples treated at 400 °C display similar
intensities.
After annealing of MK at 500 °C, the emission spectra obtained in the two different atmospheres
are different: the spectrum relative to the sample annealed in Ar/H2 is blue-shifted and less
intense compared to the sample annealed in Ar. During heat-treatment in Ar, between 400 and
500 °C, structural rearrangements lead to the formation of new red-shifted peaks in the emission
spectrum. These peaks are not yet developed at that temperature under Ar/H2 atmosphere. The
peak at 336 nm, which is only a shoulder for the MK sample heat-treated at 500 °C in Ar, is
among the most intense peaks in Ar/H2, as for the samples annealed up to 400 °C. Considering
these observations, it can be attested that the reducing atmosphere retards the appearance of
chemical species which produce the visible luminescence.
At 600 °C, similar emission spectra are obtained for the different atmospheres, although the
spectrum obtained in Ar/H2 is more similar to that of MK 500 °C than that of MK 600 °C treated
under Ar. This means that the appearance of species responsible for the visible luminescence,
occurring in Ar between 400 and 500 °C, is shifted between 500 and 600 °C in Ar/H2.
After annealing at 700 °C in Ar/H2, the material is characterized by a stronger luminescence
intensity compared to that of the sample annealed at the same temperature in Ar. This can be
related to a smaller amount of free carbon phase developed, responsible for the reduction of the
emission intensity. Liemersdorf et al. demonstrated that the presence of hydrogen in the
annealing atmosphere causes carbon loss from the sample [Liemersdorf2008]. This could be a
reason of the reduced presence of carbon in the sample after annealing at 700 °C.
Thus, in the presence of a reducing atmosphere, the same luminescence properties seem to
develop at higher temperatures in comparison to annealing in argon.

6.1.1.1.3. Stability of the fluorescence during storage
The MK samples were stored in air and the luminescence properties were measured
several times. In Figure 15, the emission spectra of the MK samples measured within the first
week after heat-treatment and two years later, obtained with excitation wavelength 250 nm, are
shown.
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Figure 15: Fluorescence spectra of MK samples annealed in argon at different temperatures, measured during the
first week and 2 years after the heat-treatment, obtained with excitation wavelength 250 nm.

After heat-treatment up to 500 °C, the powdered MK samples show an increase in the emission
intensity after two years of storage in air. Although the polysiloxanes are air stable, the annealed
samples are not completely insensitive to air. Probably, functional groups that can react with
moisture, for example hydroxy groups, are still present in the polymeric samples. Moreover, the
aging of the samples could result in enhanced crosslinking. In all cases the contact with air has a
positive effect on the luminescence emission. On the contrary, the samples heat-treated at higher
temperatures (600 and 700 °C) show unchanged emission and thus their photoluminescence
properties are not affected by storage in air. The MK samples annealed at 400-700 °C were also
studied 5 months after the heat-treatment (not shown here). Except for some slight intensity
changes, which are within the measurement error, no variation in the emission bands and their
ratio can be observed. Therefore, in the first months after heat-treatment the fluorescence
emission changes only slightly, while the major changes occur in the following year.
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6.1.1.1.4. Quantum efficiency
The quantum efficiency was not measured on any of the MK samples. The quantum
efficiencies of the MK samples were estimated by comparing the integral of their emission
spectra (in energy scale) with the integral of the emission spectra of samples with known
quantum efficiency, having emission in the same range (Table 2).
Table 2: Quantum efficiencies of the MK samples.
Sample
MK polymer
MK 200 °C
MK 300 °C
MK 400 °C
MK 500 °C
MK 600 °C
MK 700 °C

Quantum efficiency (%)
4.5*
3.2*
3.9*
11.4*
13.4
11.8
2.3

The samples designed with * emit in the UV range, for which no measurement was successful.
Therefore the values were calculated on comparison with a sample with emission maximum at
394 nm. The values obtained are quite high if compared with quantum efficiencies of similar
materials, like doped glasses (q.e. = 8-60%) [Andrade2006, Suzuki2005, Quimby1998], or newly
developed light emitting materials, for example silicon and silicon nanocrystals (q.e. = 0.01-1%,
19%) [Green2001, Valenta2004]. In addition, the values related to the MK samples were
obtained with a simple route, which is still to be improved.
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6.1.1.2. Absorption measurements
Additional information about the electronic transitions occurring in the MK samples and
their variation after temperature treatment can be obtained with absorption measurements.

6.1.1.2.1. UV-Vis-NIR spectroscopy
Standard UV-Vis measurements were performed in THF as solvent. Nevertheless, the
solubility of MK decreases as the treatment temperature increases, along with the transformation
from the polymer to the polymer-ceramic state. MK was still soluble after heat-treatment up to
200 °C, therefore reasonable absorption spectra were obtained only for the MK polymer and the
sample annealed at 200 °C, in THF solution (Figure 16).

Figure 16: UV-Vis absorption spectra of the MK polymer (solid line) and MK annealed at 200 °C (dashed line).

The UV-Vis analysis shows that the MK polymer and MK after annealing at 200 °C absorb in the
UV range. The absorption edges occur for both samples at around 320 nm (3.87 eV). The step at
319 nm is due to the lamp switch.
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6.1.1.2.2. Remission measurements
Since absorption measurements in solution are not suitable for heat-treated polymers,
remission measurements were performed on powdered MK samples, using the same spectrometer
(Perkin Elmer Lambda 900) and utilizing an Ulbricht (integrating, photometer) sphere. BaSO4
was used as white reference for the measurement of MK600; afterwards MK600 was used as the
reference material for all the remaining samples. Absorption/scattering spectra were obtained by
elaboration of the remission data, using the Kubelka-Munk function. Although it is not so
accurate for luminescent materials, as explained in the experimental procedure section, the
remission spectra give an idea of the absorption range of the samples (Figure 17).

Figure 17: Absorption/scattering spectra of the MK samples obtained with remission measurements.

The samples annealed up to 400 °C absorb in the UV range, below 350 nm. For heat-treatments
from 500 °C the samples also absorb in the visible range. With increasing treatment temperature
from 500 to 600 °C, only a slight red-shift of the absorption edges is observable, while from 600
to 700 °C the red-shift is significant, exactly as in the photoluminescence spectra. Since
absorption in the visible range implies coloration of the material, from 500 °C coloration of the
samples is expected. This is in accordance with the optical observations (see pictures in Figure 11
and 12), where the samples MK 500 and 600 °C show a slightly yellow coloration, while MK
700 °C is brown-black, due to its absorption in the whole visible range.
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6.1.1.2.3. Reflection measurements
More reliable absorption/scattering spectra were obtained using synchronous excitation
and emission monochromators, on the Cary Eclipse Varian spectrophotometer (reflection
measurements). BaSO4 was used as a white reference material.
The absorption/scattering spectra (Kubelka-Munk function) obtained from the reflection data
relative to the MK samples, are presented in Figure 18.

Figure 18: Absorption/scattering spectra relative to the MK samples obtained with reflection measurements.

The samples annealed up to 400 °C do not show absorption in the measured range. This is in
contrast with the UV-Vis measurements of MK and MK 200 °C, which absorb in the UV range
up to 320 nm. However, it must be taken into account that the reflection measurements are
reliable only in the range 335-1320 nm, where the white reference BaSO4 is perfectly reflecting.
The samples annealed at 500 and 600 °C show absorption edges at about 400 nm (3.10 eV),
while MK 700 °C shows absorption in the whole detected spectral range up to 700 nm (1.77 eV).
The results are in accordance with the excitation spectra of Figure 9, with the remission
measurements and with the optical observations. The absorption spectra show trends similar to
the photoluminescence spectra, as the absorption edge is red-shifted as the treatment temperature
increases, exactly as the maximum excitation and emission spectra from photoluminescence
measurements. The red-shifts are appreciable from 400 to 500 °C and from 600 to 700 °C.
Moreover, up to 400 °C the absorption, excitation and emission spectra are in the UV range,
while from 500 °C the spectra are shifted toward the visible range.
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6.1.1.3. FT-IR spectroscopy
The MK polymer and the heat-treated MK samples were investigated by means of FT-IR
structural analysis (Figure 19). In Table 3, the vibration bands and respective bonds are listed.
The measurements were obtained on discs of KBr mixed with the samples, except MK 200 and
300 °C, for which the ATR device was used.

Figure 19: FT-IR spectra of the MK samples.
Table 3: Vibration bands and respective bonds detected by means of FT-IR analysis of the MK samples.
Vibration band (cm-1)
2976
1276
1190
1090
1040
860
812
786
768
576
548

Bond assignment
νas(-CH3)
δ C-H (Si-CH3)
νas(Si-O-Si)TO
νa(Si-O-Si)LO
νa(Si-O-Si)6r
D(Q)(SiO2C2)
ν(Si-O-C)(ceramic)
νa(Si-O)
νa(Si-C)
ν(Si-O)
ν(Si-C)

The FT-IR analysis does not highlight any relevant transformations up to 600 °C, probably
because the MK polymer is a highly crosslinked polysiloxane in the precursor state. The
disappearance of Si-CH3 bonds (1276 cm-1 and 768 cm-1) at 700 °C denotes the cleavage of the
Si-CH3 bonds, with elimination of methane and hydrogen, and their replacement with Si-O-Si
and Si-O-C bonds (812 cm-1), which indicate the formation of a ceramic network. The band at
576 cm-1 (Si-O), due to Si-O-Si in rings, is remarkably reduced after heat-treatment at 200 °C and
disappears at 700 °C. The intensity reduction after annealing at 200 °C suggests that some of the
cyclic structures evolute at this temperature (as later shown in STA analysis) [Ionescu2009b].
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Another reason of the band decrease is the ring opening which enhances the crosslinking effect. It
is well known that this band is displaced at lower frequencies in more open structures.

6.1.1.4. Raman spectroscopy
The heat-treated MK samples were investigated with confocal micro-Raman spectrometer
(Figure 20 and Table 4). An excitation laser of 633 nm was found to be optimal in order to
minimize the fluorescence background.

Figure 20: Raman spectra of the MK samples using 633 nm as laser wavelength.
Table 4: Vibration bands and respective bonds detected by means of Raman analysis of the MK samples.
Raman shift (cm-1)
2974
2914
1410
1267
951
803
768
741
679
440-480
236
190
157

Bond assignment
νas(-CH3)
νas(CH2)
δas(C-H)
δs(C-H) CH3
νs(Si-OH)
ρ(-Si(CH3))
νs(C-Si-O)
νs(C-Si-C)
CH3 rocking
δ(O-Si-O)
δ(C-Si-O)
δ(C-Si-C)
C-Si-C twist

In the MK samples annealed up to 400 °C common Raman bands can be individuated. The bands
denote the presence of CH3 (asymmetrical vibration) or CH2 bonds (1410 cm-1), CH2 bonds
(2914 cm-1), -CH3 bonds (2974, 1267, 679 cm-1), Si-OH bonds (951 cm-1), -SiCH3 (803 cm-1),
C-Si-O bonds (768, 236 cm-1), C-Si-C bonds (741, 190, 157 cm-1) and Si-O-Si bonds (440-480
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cm-1). In the samples annealed from 500 °C the fluorescence background interferes with the
measurements and any analysis is hindered. For this reason, the samples heat-treated at 400-700
°C were also analyzed with the IR/Raman spectrometer Bruker IFS 55 - FRA 106, with laser
wavelength 1064 nm. The spectra are reported in Figure 21.

Figure 21: Raman spectra of the MK samples heat-treated at 400-700 °C using 1064 nm as laser wavelength.

With 1064 nm as the laser wavelength the luminescence interference is avoided. The CH2 bonds
(2914 cm-1) and -CH3 bonds (2974, 1259 cm-1), the CH3 (asymmetrical vibration) or CH2 bonds
(1410 cm-1), as well as the Si-O-Si (474 cm-1), -SiCH3 (793-802 cm-1) and C-Si-C (741, 160
cm-1) bonds are clearly detectable up to 600 °C. The sample heat-treated at 700 °C shows some
interference, which is not attributed to luminescence background but to the heating of the carbon
clusters. Therefore for this sample the Raman analysis is hindered.

6.1.1.5. TGA/DTG/MS
Thermal analysis was carried out on the MK precursor, in order to investigate the thermal
decompositions and transformations occurring during annealing. The TGA- and its differential
DTG- curves of polysiloxane MK, obtained in argon, are illustrated in Figure 22. The thermal
transformation of MK in nitrogen and air was studied in literature [Schneider1988, Kim2007,
Rocha2008, Takahashi2003, Anggono2006], while the decomposition in argon atmosphere was
shown in the dissertation of Harsche [Harsche2004b] and recently reported by Ionescu et al.
[Ionescu2009b].

49

6. Results and discussion

Figure 22: TGA and DTG of MK polymer in argon.

In Figure 23, selected MS spectra of gaseous byproducts relative to the decomposition of MK
polymer are shown.

Figure 23: Selected TG/MS analysis of the gaseous byproducts of the thermal decomposition of the MK polymer.
The numbers in the graphs refer to m/z.

The STA graphs display three main mass losses. The first step up to 400 °C is due to the
evaporation of low molecular weight oligosiloxanes, to hydrogen elimination and to
polycondensation reactions involving the loss of H2O and ethanol. In the second step, between
500 and 600 °C, oligosiloxanes and ethanol evolve, and mineralization reactions start to take
place with release of H2 and CH4. The third step, between 600 and 800 °C, is mainly associated
with water loss and ceramization reactions resulting in the loss of H2 and CH4.
The evolution of low molecular weight oligosiloxanes was not detected by MS, due to their high
molecular weight, which is not measured by our instrument. However, Ionescu et al. observed
with in situ FT-IR that these species correspond to octamethylsilsesquioxane, which evolutes in
correspondence to the first two steps [Ionescu2009b]. Also the elimination of other cyclic and
linear Si-O-Si monomers was observed with in situ FT-IR.
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6.1.1.5.1. MK heat-treated at 500 °C
One of the important features of the silicon-based polymers and one of the reasons why
they were chosen as promising materials for applications in LEDs is their thermal stability, which
further increases after heat-treatment. The original idea for application in LEDs is the in situ
molding, with the heat-treatment performed on the material positioned inside the chip. In order to
crosslink the polymer in situ, the annealing temperature should be lower than the maximum
temperature supported by the device, namely 300 °C. The lowest temperature at which the MK
shows emission in the visible range, 500 °C, is far too high a temperature for direct processing.
Nevertheless, ex situ shaping could also be an option. In this paragraph, the thermal stability of
MK heat-treated at 500 °C is proven. The sample was subjected to thermal analysis, carried out
both in air and argon, in order to define its thermal stability in different atmospheres (Figure 24).

Figure 24: TGA analysis of the MK sample pre-annealed at 500 °C performed in air and argon.

The TGA of MK 500 °C was obtained in air only up to 366 °C. At this temperature 1% of the
mass was lost. At the same temperature, the sample treated in argon displays only 0.3% mass
loss, while 1% weight loss is reached for the sample in argon at 600 °C. The mentioned
temperatures are far higher than the ones found in LED devices. Since an LED device could
reach a maximum temperature of 150 °C during operation, the thermal stability of MK treated at
500 °C is largely satisfactory. Nevertheless, thermal analysis performed at the maximum
reachable temperature of the device (150 °C) for a long time could provide additional information
about the thermal stability of the sample.
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6.1.1.6. XRD measurements
XRD analysis was performed on MK samples, in order to determine the possible
formation of any crystalline phases during heating (Figure 25).

Figure 25: X-ray diffraction patterns of MK samples heat-treated at different temperatures.

Since no crystalline phase is detected with XRD measurements in any of the samples, we can
conclude that MK polymer remains in the amorphous state after heat-treatment up to 700 °C.

6.1.1.7. Multinuclear Solid State MAS NMR
spectroscopy (1H, 13C and 29Si)
Multinuclear Solid State NMR is one of the most versatile methods for the
characterization of insoluble polymers and pyrolysis intermediates. The method is very sensitive
to the structural changes of the material.
In this paragraph, the thermal transformations of MK are analyzed by means of multinuclear
MAS NMR. Liquid state NMR spectra of the MK polymer were published in the past
[Schneider1988].
1
H, 13C CP and 29Si MAS NMR spectra of the MK polymer and MK heat-treated at 200, 300,
400, 500, 600 and 700 °C are shown in Figure 26 and their chemical shifts and bonds attribution
are listed in Table 5.
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Figure 26: a) 1H, b) 13C CP and c) 29Si MAS NMR spectra of MK heat-treated at different temperatures.
Table 5: Chemical shifts and relative bonds detected in MAS NMR spectra for MK samples heat-treated at different
temperatures.
1

MK polymer

H MAS NMR
0.2 ppm (C-H); 3.7 ppm
(–OCH2–CH3)

MK 200 °C

0.2 ppm (C-H); 3.8 ppm
(–OCH2–CH3)

MK 300 °C

0.2 ppm (C-H); 3.8 ppm
(–OCH2–CH3)

MK 400 °C

0.1 ppm (C-H); 3.7 ppm
(–OCH2–CH3)

MK 500 °C

0.0 ppm (C-H); 3.0 ppm
(–OCH2–CH3)

MK 600 °C

0.1 ppm (C-H); 3.6 ppm
(–OCH2–CH3,
unsaturated CH2); 7.22
ppm (protonated carbon
sp2 (-HCarom))
0.0 ppm (C-H); 3.1 ppm
(unsaturated CH2); 7.8
ppm (protonated carbon
sp2 (-HCarom))

MK 700 °C

13

C CP MAS NMR
-3.6 ppm (CH3); 18.5
ppm (H2C-CH3); 58.2
ppm (SiOC)
-3.4 ppm (CH3); 18.6
ppm (H2C-CH3); 58.3
ppm (SiOC)
-3.5 ppm (CH3); 18.5
ppm (H2C-CH3); 58.1
ppm (SiOC)
-3.5 ppm (CH3); 17.9
ppm (H2C-CH3); 58.0
ppm (SiOC)
-2.0, -4.0 ppm (CH3);
58.4 ppm (SiOC)
-2.1, -4.1 ppm (CH3);
18.1 ppm (CH2); 30.0
ppm (Si4C); 58.0 ppm
(SiOC)
-1.7, -2.9, -5.0 ppm
(CH3); 23.7 ppm (Si4C);
136.0 ppm (Csp2)
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29

Si MAS NMR
-64.8 ppm (SiO3C);
-58.4 ppm (SiO3C);
-54.9 ppm (SiO3C)
-64.7 ppm (SiO3C);
-58.0 ppm (SiO3C);
-54.6 ppm (SiO3C)
-64.9 ppm (SiO3C);
-58.6 ppm (SiO3C);
-54.4 ppm (SiO3C)
-66.1 ppm (SiO3C);
-58.5 ppm (SiO3C);
-56.4 ppm (SiO3C)
-66.1 ppm (SiO3C);
-19.3 ppm (SiO2C2);
-110.1 ppm (SiO4)
-66.1 ppm (SiO3C);
-19.9 ppm (SiO2C2);
-110.0 ppm (SiO4)
-63.9 ppm (SiO3C);
-19.3 ppm (SiO2C2);
-107.1 ppm (SiO4)
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6.1.1.7.1. 1H MAS NMR
1

H MAS NMR spectra of the MK polymer and MK heat-treated at 200, 300, 400, 500,
600 and 700 °C are shown in Fig 26 (a).
The MK polymer shows a peak at 0.2 ppm, denoting hydrogen bonded to carbon (C-H), when
carbon is bonded to the silicon (Si-CH3), and a small shoulder at around 3.7 ppm, corresponding
to the hydrogen bonded to a carbon atom which is bonded to oxygen (ethoxy groups). These two
peaks remain up to 500 °C. At 600 °C the main peak is at 0.1 ppm, the shoulder at 3.6 ppm grows
in intensity, denoting at this temperature unsaturated CH2, and another smaller shoulder arises at
7.2 ppm, which denotes the formation of protonated carbon sp2 (-HC=). At 700 °C the main peak
is still at 0.0 ppm; the peaks at 3.1 ppm and 7.8 ppm are relatively more intense.

6.1.1.7.2. 13C CP MAS NMR
13

C CP MAS NMR spectra of MK samples are shown in Fig 26 (b). The untreated
polymer and the samples heat-treated up to 400 °C show a main peak in the range -3.4 to -3.6
ppm, assigned to CH3, and two small peaks in the range 17.9 to 18.6 ppm, related to H2C-CH3
bonds from ethoxy groups. The peaks at 58.0 to 58.3 ppm are related to [SiOC] units from
Si-O-CH2-CH3. At 500 °C the main peak remains at -3.5 ppm and it is broadened, being
simulated by two peaks (-2.0 and -4.0 ppm), indicating the gradually increasing number of Si-C
containing species; the two small peaks at 17.9 to 18.6 ppm disappear and a very weak peak at
58.4 ppm can be observed, which corresponds to [SiOC] species. At 600 °C, the main peak is still
at -3.3 ppm (-2.1 and -4.1 ppm in simulation); there are weak peaks at 18.1 ppm (CH2), 30.0 ppm
([Si4C]) and 58.0 ppm ([SiOC]). At 700 °C the main peak is slightly shifted (-4.3 ppm) and
broadened, the band at 23.7 ppm ([Si4C]) grows in intensity and another band at 136.0 ppm is
detectable, denoting the formation of the carbon sp2 (C=C).

6.1.1.7.3. 29Si MAS NMR
29

Si MAS NMR spectra of MK polymer and MK heat-treated at 200, 300, 400, 500, 600
and 700 °C are shown in Fig 26 (c). The spectrum of the MK polymer shows the main peak at
-64.8 ppm and two shoulders at -58.4 and -54.9 ppm, all indicating [SiO3C] species, which denote
the presence of ethoxy groups bonded to the silicon of the siloxane chain and also a ramified
structure of the MK polymer (highly crosslinked). After treatment up to 400 °C, the NMR spectra
do not show appreciable changes. At 500 °C, besides the main peak at -66.1 ppm, two new peaks
develop at -19.3 and -110.1 ppm, related to [SiO2C2] and [SiO4] species respectively, which were
formed by means of crosslinking. At 600 °C the main peak related to [SiO3C] is still present, and
the peaks at -19.9 and -110.0 ppm increase in intensity. At 700 °C the main peak shifts to -63.9
ppm and broadens appreciably, and the two peaks at -19.3 and -107.1 ppm, present from 500 °C,
significantly increase in intensity in relation to the main peak, indicating that the occurring of
redistribution reactions.
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6.1.1.7.4. Discussion of the Solid State MAS NMR results
In the case of MK polymer, the transition temperature from polymer to ceramic, as
indicated by the formation of free carbon, was observed at 700 °C, as revealed in proton NMR
(protonated carbon sp2 at 7.9 ppm) and carbon CP NMR (136.0 ppm). The temperature increase
from 500 to 700 °C results in enhanced degree of crosslinking of the MK polymer and differently
coordinated Si atoms, namely [SiO4], [SiO3C] and [SiO2C2], as shown by the 29Si NMR. The
ramified structure is revealed by the presence and the broadening of their relative peaks, which
denote almost all the coordination possibilities for SiOC materials. At 700 °C the broadening of
the peaks is a further proof of the transition from polymer to ceramic.

6.1.1.8. EPR measurements
The fluorescence properties of the heat-treated MK were presented at the beginning of
this section. The structural characterizations performed show how the polymeric structure
undergoes a transformation into a ceramic network, and this occurs through bond cleavage and
recombination processes associated with the processing temperature. Thermal analysis highlights
mass losses during heat-treatment, which are accompanied by bond cleavages and formation of
radicals. Thus, in the heat-treated polymers, the presence of dangling bonds (unpaired electrons,
i.e. radicals or defects in the material) is expected. The following reactions, causing evolution of
methane and hydrogen and formation of carbon and silicon radicals, were proposed by Bois et al.
[Bois1994] and Radovanovic et al. [Radovanovic1999]:
≡Si−CH3 →≡Si• + •CH3
≡C−H →≡C• + •H
•CH3 + ≡C−H→≡C•+ CH4
•H + ≡C−H →≡C•+ H2,
while the following by Trimmel et al. [Trimmel2003]:
≡Si−H →≡Si• + •H
≡Si−CH3 →≡Si• + •CH3
≡C−H →≡C• + •H
≡Si−CH3 + •H →≡Si• + CH4
≡C−H + •CH3 →≡C• + CH4.
The cleavage of the bonds leads to the formation of carbon and silicon radicals and to methane
and hydrogen evolution. Thus, silicon or carbon radicals are expected in the material.
As previously mentioned, in sol-gel materials, defects such as silicon and carbon dangling bonds,
oxygen vacancies, non-bridging oxygen defects and radical carbonyl defects were found
responsible for luminescence properties [Andronenko2006, Hayakawa2003, Baran2004,
Prokes1998, Yang2001]. Correlation between luminescence intensity and radical concentration
was previously observed in sol–gel derived glasses and Si/SiO2 materials. It was also established
that the luminescence intensity increases linearly in dependence of the radical concentration
[Hayakawa2003]. Thus, we hypothesize that the mechanism responsible for the luminescence of
the MK samples is the presence of dangling bonds, as already observed in similar materials.
The identification of radicals in MK samples was carried out by means of X-band Electron
Paramagnetic (Spin) Resonance (EPR/ESR) spectroscopy.
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The measurements were first accomplished at room temperature. The EPR spectra obtained are
characteristic for dangling bonds. An intense signal was detected for the sample heat-treated at
700 °C, but the signals relative to the remaining samples were very weak.
In order to increase the signal to noise ratio, the measurements were repeated at 15 K.
Considering the Boltzmann distribution nupper/nlower=exp(-ΔE/kT) (where n indicates the
populations in the upper and lower energy states, ΔE the energy difference, k the Boltzmann
constant and T the temperature), if the temperature is low, the upper energy state is less populated
and the absorption of the microwave power results larger, as well as the EPR signal intensity.
Therefore, at 15 K higher signal intensities were obtained for all the heat-treated MK samples
(Figure 27, in red). In order to determine g-factor, line width and spin concentration, the signal
was numerically simulated using Matlab (Figure 27, in black).

Figure 27: X-band EPR spectra (obtained at 15 K) of MK samples heat-treated at different temperatures (in red) and
their simulations (in black). The signals relative to the low temperature treated samples were magnified by a factor
(labeled) for representative reasons.

Also the low temperature EPR spectra of the MK samples show characteristic signals for
dangling bonds. The quantitative analysis of the X-band EPR signals simulations provides gfactor values, line widths and spin concentrations of the radicals (Table 6).
Table 6: Quantitative analysis of X-band EPR signals simulations for MK samples.
Sample

g-factor

Line width (mT)

MK polymer
MK 200 °C
MK 300 °C
MK 400 °C
MK 500 °C

2.001
2.001
2.001
2.002
2.002

MK 600 °C

2.002

MK 700 °C

2.002

0.21
0.5
0.8
0.87
0.5
1.05
0.65
1.38
0.4
1.15
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Concentration
(spin·mg-1)
2.68·108
7.35·108
1.59·109
6.13·109
8.49·109
3.05·1010
1.88·1013

6. Results and discussion

The g-factor is usually composed by three elements (gx, gy and gz), which are the diagonal
elements of the g-tensor [Vij2006]. In our case, the g-tensor is isotropic (gx=gy=gz), thus only one
value is given in the table. In some samples, small anisotropy was present, however below the
error. All observed species occur in a range of g-values of 2.001-2.002, therefore the
paramagnetic spins are assigned to carbon species, in accordance with the results previously
obtained for similar materials [Andronenko2006, Trassl2002, Berger2005]. Consequently,
although the formation of silicon radicals during thermolysis was predicted, they are absent from
the samples obtained after annealing of the preceramic polymer, as they probably form and react
immediately to generate a bond. On the contrary, the carbon species seem to be more stable as
radicals and can be detected in the samples by means of EPR analysis.
Three spectra, relative to MK heat-treated at 500-700 °C, consist of two overlapping resonances
with identical g-value but different line widths. The identical g-factor indicates that both signals
arise from carbon radicals. The line width denotes the hybridization state. The sp2-hybridization
is characterized by line widths larger than 1 mT and sp3-hybridization by values below 1 mT, due
to the different extents of spin delocalization within the “in-plane” dangling-bonds [Trassl2002,
Prasad2000].
The line widths values relative to the EPR resonances of MK samples treated at different
temperatures are displayed in Figure 28.

Figure 28: Line widths of the EPR resonances relative to the MK samples.

All heat-treated MK samples contain sp3-type carbon dangling bonds, while sp2-hybridized
species are observed only in MK samples heat-treated from 500 °C. The sp2-hybridized carbon,
which appears at a temperature as low as 500 °C, is the precursor of C=C double bonds in a free
carbon phase. None of the employed techniques could evidence the presence of these C=C bonds
at 500 °C, but it cannot be directly discarded. Moreover, optical observations confirm the
presence of a carbon phase because of the appearance of a yellow coloration at this temperature.
As mentioned in chapter 4, the area under the curve of the detected EPR signal is proportional to
the number of radicals present. In order to compare the spin concentrations of the samples, this
area must be normalized considering the weight of the material analyzed and the parameters used
in the measurement. Furthermore, the spin concentration value was estimated by comparing the
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measured paramagnetic susceptibility with that of a spin standard of known spin concentration
(DPPH).
The spin concentrations of the MK samples are illustrated in function of the treatment
temperature in Figure 29 (the y-axis is in decimal logarithmic scale). Their exponential fit (in
base 10) is also shown (linear fit in logarithmic scale).

Figure 29: Concentration of dangling bonds in MK samples in function of the treatment temperature and fit of the
exponential growth. Notice that the y-axis is in decimal logarithmic scale.

The radical concentration increases with the heat-treatment temperature. An exponential growth
can be extrapolated, linear in logarithmic scale ((SD (standard deviation) = 0.87, R (correlation
coefficient) = 0.87). The heat-treatment of the polysiloxane MK at 700 °C results in a spin
concentration which is 3 to 4 orders of magnitude higher than those of the other samples. If the
value corresponding to the MK annealed at 700 °C is excluded from the graph, a better linear fit
in logarithmic scale is extrapolated (SD = 0.14, R = 0.99).
The spin concentrations of the MK samples plotted toward their fluorescence intensities, assumed
as the integral of the fluorescence spectra in energy scale, are displayed in Figure 30. MK 700 °C
is not shown for graphical reasons.

58

6. Results and discussion

Figure 30: Correlation between spin concentration and fluorescence intensity of the MK samples.

Unlike the previously mentioned sol-gel luminescent materials, a linear correlation between spin
concentration and fluorescence intensity cannot be detected for the MK samples. Dangling bonds
are present in the materials and could contribute in some way to the luminescence emission;
however they are definitely not the only mechanism. Coexistence of several mechanisms must be
assumed for the fluorescence properties of the MK samples.
Although it is not possible to linearly correlate the spin concentration with the luminescence
intensity, the EPR measurements supplied important information. Carbon radicals with sp2hybridization are detected at a temperature as low as 500 °C, denoting the starting point of the
formation of sp2 free carbon. The yellow color of the sample, in opposition to the white color of
samples annealed at lower temperatures, further proves this statement. Other analysis methods
(FT-IR, Raman and solid state NMR) were not able to determine this detail.

6.1.1.9. Discussion
In order to discuss the origin of the photoluminescence properties of the heat-treated MK
samples, structural analyses as well as optical analyses must be considered.
The optical measurements performed on the MK samples heat-treated at different temperatures,
i.e. the absorption spectra obtained by means of remission and reflection measurements and the
fluorescence emission and excitation spectra, show a common trend, namely the red-shift of the
absorption edges or maximum peaks with increasing annealing temperatures (Figures 9, 17 and
18). The simulations of the fluorescence spectra performed in Matlab indicate that new excitation
and emission bands arise at increasing temperatures, in addition to the bands previously present
at lower annealing temperatures. Therefore, new fluorescence centers appear as the annealing
temperature increases. Since these centers are characterized by lower excitation and emission
energies, the general effect on the spectra is the red-shift of the maximum peaks.
After treatment at temperatures up to 400 °C, the fluorescence emission spectra are in the UV
range (Figure 9). After annealing up to 300 °C the spectra are almost identical and at 400 °C only
slightly different. As structural analyses show, the MK structure slightly changes up to 400 °C.
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As attested for other silicon-based polymers, presented later on in the thesis, photoluminescence
properties arise as the crosslinking proceeds. Therefore, a correspondence was found between
crosslinking and photoluminescence properties: the crosslinking give probably rise to new
chemical species with luminescence properties. The MK polymer is a highly crosslinked
polysiloxane in the precursor state and is fluorescent. During annealing, it melts (50-60 °C) and
further crosslinks. Since after annealing at 200 and 300 °C the fluorescence spectra are almost
identical to those of MK polymer, there are no new luminescent species thermally created in
comparison to those previously present in the precursor. The several emission peaks present in a
single spectrum (for example in that of the MK polymer) could identify the presence of different
emitters, and their intensity ratio changes as the thermal crosslinking proceeds. After annealing at
400 °C, the crosslinks thermally created become significant in relation to those present in the
precursor and the fluorescence spectrum results slightly different from the previous ones: an
increased contribution of the low energy bands was observed in both excitation and emission
spectra, but no additional peaks were detected. This indicates that the luminescent species built
through thermal crosslinking are previously existent in the polymer, thus their amount results
increased and consequently the intensity of their emission peak. In summary, all MK samples are
highly crosslinked and show fluorescence emission. A correlation between crosslinking and
fluorescence emission is not excluded. However, if only MK samples are considered, this
correlation is also not confirmed. In the next chapters, other silicon-based polymers will supply
more proofs in support of this theory. Nevertheless, the photoluminescent species which develop
with the crosslinking have not yet been clarified. Moreover, the luminescence analysis is
complicated by the only partially clarified structure of the commercial polysiloxane MK and its
development after annealing. Furthermore, impurities could be present in the commercial
polymer.
Only after annealing at 500 °C, significant differences are achieved in the photoluminescence
spectra (Figure 9). The samples heat-treated at 500, 600 and 700 °C show photoluminescence
emission in the visible range. At 500 °C, sp2 carbon radicals start to be detected from EPR
analysis, indicating that the reactions leading to the formation of free carbon start at this
temperature (Figure 28). The sp2 carbon formation is concurrent with mineralization reactions
involving methane and hydrogen evolution and considerable structural changes. At 500 and 600
°C, the sp2 carbon is present in low amounts, detectable by EPR (in the form of its radical
precursors) but not by solid state NMR analysis (Figure 26). The slightly yellow color of the
samples after treatment at 500 and 600 °C attests the presence of sp2 free carbon in low amounts.
The brown color observed after treatment at 700 °C indicates the presence of sp2 free carbon in
considerable amounts, which is detected by solid state NMR analysis. Therefore, optical
observations are important to confirm the sp2 carbon presence and to appreciate its concentration.
The effect of the sp2 free carbon is appreciable also in the absorption spectra (Figures 17 and 18).
The absorption spectra relative to the samples annealed at 500 and 600 °C are wider than those
obtained at lower temperatures and the absorption edge is shifted to the visible range. In the case
of MK heat-treated at 700 °C, the absorption curve is appreciably more intense than those of the
remaining samples, and the sample absorbs in the whole visible range up to 700 nm. As
previously commented, absorption in the visible range implies coloration of the sample and the
absorption measurements performed are in accordance with the colors of the samples.
Considering that the sample coloration is dependent on the sp2 carbon concentration, the free
carbon concentration should be strictly correlated to the absorption of the samples. Therefore, we
can attest that the position of the absorption edge of the samples heat-treated from 500 °C is
exclusively dependent on the sp2 free carbon concentration.
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Although for absorption spectra a direct relationship was extrapolated between free carbon
concentration and absorption edge, for the photoluminescence spectra the analysis is not so
trivial. Heat-treatments from 500 °C imply emission spectra in the visible range. The new redshifted peaks should be related to the formation of sp2 carbon, but they could also be due to the
structural changes occurring in the material. New bonds are formed during the evolution of
methane and hydrogen, and the crosslinking proceeds further, creating new coordinations
possibilities. Moreover, many dangling bonds are formed. The combination of these phenomena,
all potentially responsible for the new red-shifted fluorescence emission peaks, results in
relatively intense white emission. Nevertheless, since the red-shifted absorption edges of the
polymers heat-treated from 500 °C are due to the sp2 carbon formation and the excitation peaks
of those samples are positioned in the same wavelength range of the red-shifted absorption peaks,
it is clear that the visible luminescence must be due to the freshly formed sp2 carbon structures.
After heat-treatment at 600 °C, a similar emission as that obtained for the sample annealed at 500
°C is detected, only slightly red-shifted. After annealing at 700 °C, the emission spectrum is
significantly further red-shifted; however the intensity decreases. This different behavior,
occurring after temperature treatment only 100 °C higher, is imputable to the different
concentration of sp2 carbon developed. In low concentrations the sp2 carbon contributes to the
luminescence, while in high concentrations it quenches it (concentration quenching). This
explains why in MK 700 °C the absorption, due to free carbon, is maximal, while the
fluorescence is weaker.
The development of sp2 carbon in the heat-treated polymers can be assumed to start in the form
of double-bonded carbon which evolves in aromatic rings at higher temperature and in small
agglomerations of aromatic rings at further high temperature. These structures start to form at 500
°C, as was proven by EPR measurements and confirmed by the yellow coloration of the sample
and significantly develop at 700 °C. With further increase in temperature a carbon phase is
formed.
Various similarities were observed between the photoluminescence properties of carbon
nanotubes at different concentrations and the heat-treated MK samples, also characterized by sp2
free carbon in different concentrations. In the case of the nanotubes, the photoluminescence
intensity is dramatically reduced by aggregation of the isolated nanotubes [O´Connell2002]. Only
separated nanotubes are fluorescent: their agglomeration causes the “inter-tube quenching” with
decrease of luminescence emission. For this reason it is fundamental for nanotubes to be well
dispersed [Wang2005]. The inter-tube quenching could be interpreted as concentration
quenching, as it happens when the concentration of nanotubes is too high in a certain region of
space. The nanotubes form bundles because of strong inter-tube van der Waals interactions,
which perturb the electronic structure of the tubes and cause rapid excited-state relaxation
[Wang2004]. Therefore, concentration quenching could be the reason of lack of visible
luminescence in large sp2 carbon structures, as for example graphite or coal.
In the case of the heat-treated MK, as the annealing temperature increases (500-600 °C), more
and larger aromatic agglomerations with emissive properties form, until their concentration is
high enough to create non-radiative pathways that quench the fluorescence properties (700 °C).
Moreover, aggregation of nanotubes broadens the absorption spectra [O´Connell2002]. In Figure
31, the correlation between “polymer-bound” nanotubes concentration and absorbance spectra is
reported from the literature (no aggregation is present) [Czerw2001].
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Figure 31: Correlation between nanotubes concentration and absorbance spectra [Czerw2001].

Red-shifted absorption edges with increasing nanotubes concentration were found, similarly to
the relationship previously extrapolated between free carbon concentration and absorption spectra
in heat-treated MK samples. Large sp2 carbon structures like graphite or coal can be considered at
the extreme limit of this trend: the radiation is completely absorbed in the whole visible region
and they are black.
Thus, in the case of MK, but also in other heat-treated silicon-based polymers reported later, the
increase in annealing temperature generates new and larger aromatic agglomerations with
photoluminescence properties, which at a certain temperature interact causing the quenching of
the fluorescence emission.
After annealing at 500 and 600 °C, the conjugated carbon double bonds and the aromatic
agglomerations absorb radiation and emit luminescence, like the nanotubes at low concentrations.
At 600 °C both the absorption and emission spectra are slightly red-shifted compared to 500 °C,
probably due to the presence of larger conjugation. At 700 °C the aromatic agglomerations grow
further, and the concentration of sp2-hybridized carbon is high enough to be detected in NMR
measurements. The color of the sample is brown. The concentration of aromatic agglomerations
is high enough to cause them to interact. The photoluminescence emission is further red-shifted,
due to the larger carbon sp2 structures. The absorption is stronger compared to lower annealing
temperatures and in the whole 200-700 nm spectrum. Despite the more intense absorption, at this
temperature the fluorescence intensity starts to decrease, due to the formation of non-radiative
pathways, i.e. bridges between aromatic agglomerations, which quench the photoluminescence
emission. For pyrolysis temperatures higher than 700 °C (not contemplated here), typically used
for the PDC route, the MK samples become black (they strongly absorb in the whole visible
range) and lose their luminescence properties. In the extreme case of large carbon structures, it
was demonstrated that coal and coal derivatives show luminescence in the infrared [Friedel1966].
This could indicate a further red-shift of the emission.
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Since analogies were observed between the heat-treated MK and carbon nanotubes in different
concentrations, other fluorescence characteristics of the nanotubes will be mentioned, and
compared with those of the MK samples.
The existence of extensive conjugated electronic structures, responsible for the luminescence of
the nanotubes, was reported by Sun et al. and supports our findings [Sun2002]. Accordingly, the
red-shift in the emission maximum of MK heat-treated at increasingly higher temperatures could
be due to the increasing size of the conjugated structures, which could extend to aromatic
agglomerations.
The luminescence of the nanotubes was also hypothesized to be due to the presence of defects in
their structure which act as trapping sites for the excitation energy [Lin2005, Sun2002].
Accordingly, the dangling bonds observed in EPR measurements could be defects responsible for
the photoluminescence properties of the sp2 agglomerations in heat-treated MK. Nevertheless, in
the light of our observations, this hypothesis is less probable for MK samples.
Furthermore, the nanotubes fluorescence is characterized by short lifetimes and it is due to the
spin-allowed emission from singlet excitons [Wang2004]. Also the heat-treated MK samples
showed quick emissions, although it was not possible to measure the lifetimes.
Finally, the fluorescence emission range of the nanotubes (500-600 nm) is similar to that of the
aromatic agglomerations in heat-treated silicon-based polymers [Wang2007]. The different peaks
in the visible emission spectra of MK samples annealed from 500 °C could indicate different
sizes of the conjugated species, as different peaks in nanotubes fluorescence spectra indicate the
different structures in the ensemble.
To conclude the discussion, it is plausible that the conjugated species developed in heat-treated
MK have a role in luminescence emission. Not much is known about the structure of these
freshly formed sp2 structures. They could initially agglomerate in graphene sheets, which grow
until they touch each other. In order to prove this hypothesis, a specific band for graphene sheets
should be observed at 2670 cm-1 in Raman spectra, corresponding to the 2D band [Ni2008].
Unfortunately, in Raman spectra relative to MK samples no band relative to sp2 carbon can be
detected (Figure 20). Later on in the thesis, it will be shown that for other silicon-based polymers
C=C bonds are visible in Raman spectra at relatively high treatment temperatures, but still no 2D
band was detected. Thus, the formation of planar graphene sheets can be excluded. Aromatic
agglomerations probably grow from the beginning in three directions, not only in two (graphene).
The findings are in agreement with the papers of Pivin et al., where the formation of carbon
clusters provided the ceramic thin films with photoluminescence properties, which vanish with
the growth of the carbon segregation [Pivin1998, Pivin2000]. However, in our case the carbon
clusters are sp2-hybridized not mainly sp3. Moreover, affinities were found also with the
previously mentioned papers of Green, Garcia and Lin et al., where the photoluminescence
properties were related to the carbon impurities present in the glasses [Green1997, Garcia1995,
Lin2000].
In conclusion, three main sources responsible for the fluorescence were discerned in the heattreated MK samples: the crosslinking extent, the sp2 free carbon and the carbon dangling bonds.
Up to 400 °C, only crosslinking and radicals could contribute to the luminescence, since sp2
carbon is not yet developed. An exponential growth in temperature was observed for the carbon
radicals concentration. Nevertheless, no apparent changes are observed in photoluminescence
spectra. Moreover, the graph displaying the correlation between luminescence intensity and spin
concentration did not confirm a linear relationship. Therefore, although radicals have an effect on
luminescence properties in similar materials, their role was not highlighted in MK samples heattreated up to 400 °C. From 500 °C, sp2 carbon, crosslinking and radicals could origin the
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fluorescence properties. From comparison with similar carbon materials, i.e. carbon nanotubes,
and considering the absorption and fluorescence spectra, the free carbon was attested to be the
main emitting source in the visible range. The role of crosslinking could not be discerned;
nevertheless, as the correlation between crosslinking and luminescence was highlighted at low
treatment temperatures and for different silicon-based polymers treated in this thesis, it should be
one of the luminescence sources also for MK annealed from 500 °C. Again, the role of carbon
radicals was not discerned also for these annealing temperatures. No linear relationship was
found between luminescence intensity and spin concentration.
Consequently, the hypothesis of dangling bonds as main source of luminescence was abandoned.
Although parallelisms and similarities between heat-treated MK and sol-gel materials were
observed, the fluorescence mechanisms seem to be quite different, except for the formation of sp2
carbon at higher annealing temperatures, phenomenon present in both systems [Green1997,
Garcia1995].
In the following subchapters, different heat-treated silicon-based polymers will be presented.
Although they are characterized by different structures, their luminescence behavior after heattreatment can be brought back to that of annealed MK samples. Therefore, the present discussion
is relevant also for the next photoluminescent systems.
Having partially explained the luminescence mechanisms, we consider the heat-treated MK
polymer for application in LEDs. For heat-treatments up to 500 °C, the samples are not stable in
air and reactions with moisture go on, causing an improvement in the luminescence intensity
(Figure 15). This could be due to the further crosslinking of the samples. Application in
protective atmosphere is an alternative solution. For heat-treatments from 600 °C, the
luminescence does not vary after storage of the samples in air, indicating their stability.
Moreover, considering the heat-treatments in reducing atmosphere of the MK polymer, and the
aromatic agglomerations as the luminescent species developing between 400 and 500 °C in argon
atmosphere and between 500 and 600 °C in Ar/H2 atmosphere, we can attest that the formation of
free carbon is retarded if the heat-treatment is performed in reducing atmosphere (Figure 14).
This is in accordance with the fact that the presence of hydrogen in the annealing atmosphere
causes carbon loss from the sample [Liemersdorf2008]. The comparison between the heattreatments of MK at 700 °C performed in the two different atmospheres corroborates this result.

6.1.2. Polydimethylsiloxane
In order to observe the role of crosslinking in the creation of luminescent species in MK
polymer, two commercial polysiloxanes with defined structure were heat-treated and analyzed
with luminescence measurements: the first polysiloxane is provided with non-crosslinkable
substituents
(polydimethylsiloxane),
the
second
with
crosslinkable
substituents
(polymethylvinylsiloxane). Both polymers are non-crosslinked polysiloxanes in the precursor
state and their chemical structure is known. They were heat-treated and their luminescence was
measured both in the precursor and heat-treated state. The two systems have not yet been fully
analyzed and will be object of future studies.
The polydimethylsiloxane PDMS (SIGMA) does not show luminescence properties in the
precursor state. Heat-treatment was applied at 500 °C, but no sample was recovered. Since this
polymer is not able to crosslink, the linear chains evaporate. After heat-treatment at 300 °C, some
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of the polymer evaporated and some was still in the sample holder in liquid state (not
crosslinked). The sample shows a weak photoluminescence (Figure 32).

Figure 32: Fluorescence emission (bottom right) and excitation (top left) spectrum of the polydimethylsiloxane heattreated at 300 °C, obtained with 250 nm excitation and 366 nm emission wavelengths, respectively.

Since no crosslinking takes place in polydimethylsiloxane, no emission is expected after heattreatment, exactly as in the precursor. Nevertheless, a weak luminescence emission can be
detected. The origin of this weak luminescence is not clear, as it does not derive from
luminescent species created by the crosslinking. A possibility could be the formation of dangling
bonds created during annealing.
Anyway, this emission is irrelevant compared to the strong emission shown by MK samples.
Therefore, these results do not contradict the hypothesis of crosslinking as cause of
photoluminescent species in silicon-based polymers. Moreover, if the only source of
luminescence in PDMS is the presence of dangling bonds, their role was demonstrated to be
marginal, as previously proven in the MK samples.
The next step is the observation of the luminescence behavior of a polysiloxane that is able to
crosslink (polymethylvinylsiloxane), in order to correlate the photoluminescence properties with
the crosslinking.

6.1.3. Polymethylvinylsiloxane
Two commercially available polymethylvinylsiloxanes, namely polyvinylmethylsiloxane
PVMS homopolymer (VMS-005, cyclic, ABCR) and vinylmethylsiloxane VMS homopolymer,
linear (VMS-T11, linear, ABCR), were annealed at different temperatures up to 600 °C and their
photoluminescence properties were analyzed. Their molecular structure is shown in Figure 33:

65

6. Results and discussion

Figure 33: Molecular structural unit of the PVMS and VMS polymers. The PVMS is cyclic, the VMS is linear.

In Figure 34, the maximum excitation and emission spectra relative to PVMS (a) and VMS (b)
samples heat-treated at different temperatures, obtained with emission and excitation wavelengths
according to Table 7, are shown.

Figure 34: Fluorescence emission (bottom right) and excitation (top left) spectra of the cyclic (PVMS) (a) and linear
(VMS) (b) polymethylvinylsiloxanes, heat-treated at different temperatures.
Table 7: Excitation and emission wavelengths used to obtain fluorescence spectra of the PVMS and VMS samples.
They correspond to the maximum emission and excitation peaks.
Sample
PVMS
PVMS 300 °C
PVMS 400 °C
VMS
VMS 300 °C
VMS 400 °C
VMS 500 °C

Excitation wavelength (nm)
297
274
333
259
325
370
334

Emission wavelength (nm)
328
438
531
298
431
457
514

After heat-treatment at 200 °C, no PVMS sample was recovered, while for VMS liquid sample
was recovered, but the fluorescence intensity was too low to be illustrated in the graph.
Moreover, PVMS heat-treated at 500 °C and VMS heat-treated at 600 °C did not show
fluorescence emission, due to the free carbon quenching.
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In both polymers, vinyl groups provide crosslinking possibilities and the samples show
photoluminescence properties. The emission ranges are red-shifted as the annealing temperature
increases, as previously observed for MK samples.
Unexpectedly, also the starting polymers show fluorescence emission. The origin of this emission
is not clear, because no luminescence centers are present in the precursors. The only difference
between PVMS and PDMS is the presence of vinyl groups. However, fluorescence emission
from vinyl groups was not reported so far. Impurities in the commercial polymers could also
originate photoluminescence properties. Annealing at 200 °C is not effective in order to crosslink
the polymers. PVMS evaporates completely, while VMS remains liquid. The reason of the
quenching of the VMS fluorescence emission after annealing at 200 °C is not clear. For annealing
starting from 300 °C, crosslinking takes place in both polymers and red-shifted emissions in
respect to the starting polymers are detected. As in MK, at higher heat-treatment temperatures the
formation of free carbon has an effect on the luminescence properties. Structural analyses have
not been yet performed on these polymers and will be investigated in the future.
In conclusion, the effect of the crosslinking on the fluorescence properties was demonstrated.
Moreover, a new source of luminescence was identified, not related to the crosslinking, but its
origin is not clear. The clarification of the relationship between photoluminescence and
crosslinking is still in an early stage. In the next chapters, the role of crosslinking on fluorescence
properties will be outlined in other silicon-based polymers.
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6.2. Polysilazanes
6.2.1. KiON Ceraset® PUVMS
The polyureamethylvinylsilazane (KiON Ceraset® PUVMS) was initially chosen because
of its commercial availability, low cost, mouldability, crosslinkability and non-toxicity [KiON].
Its stability against oxygen makes it suitable for handling in air.
This patented thermosetting resin contains repeated units, in which silicon and nitrogen atoms are
bonded in an alternating sequence, having both cyclic and linear features. Upon contact with air´s
moisture slight hydrolysis of the polymer can occur, with generation of ammonia [KiON]. A
small percentage of urea functionality is present in the polymer. Urea- or isocyanate-containing
compounds were reported to improve the chemical and physical properties of the polysilazanes
[Li2001].
The KiON Ceraset® PUVMS is a low viscosity liquid polysilazane. It crosslinks by heating at
180-200 °C or at lower temperatures if a small quantity of a free radical initiator is added
(peroxide) or by exposure to UV radiation in the presence of a UV sensitizer [KiON]. Upon
curing, Ceraset is converted into a rigid solid, insoluble in common organic solvents, water and
dilute acids and bases. Crosslinking of Ceraset at 280 °C leads to optically transparent and
completely crosslinked bulk materials [Li2001, Li2000a].
Pyrolysis under inert atmosphere of Ceraset leads to amorphous (up to 1400 °C) or crystalline
(above 1400 °C) SiCN ceramics [KiON, Janakiraman2009]. Depending on the pyrolysis
atmosphere, silicon carbide (argon, nitrogen), silicon nitride (nitrogen, ammonia), SiCN (argon)
and SiCNO (air) systems can be created [KiON]. KiON Ceraset Polyureasilazane was designed
for Ceramic Matrix Composites (CMCs), Metal Matrix Composites (MMCs), corrosion and
oxidation resistant and high temperature coatings, infiltrants for ceramic performs and other high
performance ceramic precursor applications [KiON]. Several publications can be found in
literature about Ceraset, Ceraset SN and Ceraset Ultra, as suitable precursors for PDCs [An2004,
Bahadur2003, Bakumov2007, Bitterlich2005, Brahmandam2007, Cross2006a, Cross2006b,
Das2004, Dhamne2005, Duan2004, Duan2005, Gao2008a, Gao2008b, Garcia2003, Gasch2001,
Gudapati2006, Nagaiah2006, Hanemann2002, Hauser2008, Janakiraman2006, Klaffke2006,
Kamperman2004, Kamperman2007, Kamperman2008, Katsuda2006, Kojima2002, Li2007,
Li2008, Liew2001, Liu2002, Mackin2000, Markgraaff1996, Plovnick2000, Rak2001,
Reddy2003, Ryu2007, Saha2003a, Saha2003b, Schulz2004, Seok1998, Shah2002, Shah2005,
Stantschev2005, Wan2001, Wan2002, Wan2005, Wan2006, Wang2008, Yang2004a,
Yang2004b, Yang2005, Yang2006, Yang2007, Yang2008a, Yang2008b, Yang2008c,
Youngblood2002, Zemanova2002, Vakifahmetoglu2009, Pham2007].
Recently, ceramic SiCNO systems were found to be luminescent [Morcos2008a, Ferraioli2008].
As in the case of MK polymer, also the structure of Ceraset was not completely clarified. The
structure provided by the KiON Corp. (Clariant) and reported in many publications is illustrated
in Figure 35.
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Figure 35: Molecular structure of KiON Ceraset® PUVMS as provided by KiON Corp.

Some organic substituents have not been yet clarified. Therefore, we further investigated the
structure in the present study [Menapace2008]. The polymer possesses crosslinkable substituents,
as vinyl and Si-H groups. Also the N-H groups contribute to the crosslinking, through
dehydrocoupling and transamination reactions. Ceraset is composed by a mixture of low
molecular weight oligomers and high molecular weight polymeric chains.
The liquid Ceraset was heat-treated at 200, 300, 400, 500 and 600 °C for 2 hours under Ar flow,
with heating rate 50 °C/h and free cooling. Solid crosslinked samples were obtained, which
retained the shape of the mold, and were subsequently powdered.

6.2.1.1. Photoluminescence measurements
6.2.1.1.1. Fluorescence measurements
Photoluminescence properties were observed for all heat-treated samples
[Menapace2008]. Figure 36 displays the excitation and emission spectra of Ceraset annealed at
different temperatures. The excitation and emission wavelengths used for the measurements
correspond to the maximum intensity peaks (Table 8).
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Figure 36: Fluorescence emission (bottom right) and excitation (top left) spectra of the Ceraset samples heat-treated
at different temperatures (labeled). The excitation and emission wavelengths applied are described in Table 8.
Table 8: Excitation and emission wavelengths used to obtain the fluorescence spectra
polyureamethylvinylsilazane Ceraset samples. They correspond to the maximum emission and excitation peaks.
Sample
Ceraset 200 °C
Ceraset 300 °C
Ceraset 400 °C
Ceraset 500 °C
Ceraset 600 °C

Excitation wavelength (nm)
247
247
304
350
424

for

Emission wavelength (nm)
319
319
350
442
543

Also the liquid precursor shows weak luminescence. For representative reasons, the fluorescence
emissions of the untreated Ceraset obtained at 250 and 360 nm as the excitation wavelengths are
shown in a separate graph (Figure 37).

Figure 37: Fluorescence emissions of liquid Ceraset obtained with excitations of 250 and 360 nm.
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The emission intensity of the liquid Ceraset is very low, though luminescence properties can be
detected.
The samples crosslinked at 200 and 300 °C are transparent and colorless and show luminescence
emission in the UV range. Their emission and excitation peaks are identical in shape, but Ceraset
300 °C shows increased intensity compared to Ceraset 200 °C. Excitation peaks were detected in
the range between 234 nm and 326 nm. The main emission range is detected between 310 nm and
379 nm with maximum at 319 nm.
The sample heat-treated at 400 °C shows slightly red-shifted excitation and emission ranges
compared to the previous samples, with maximum emission at 350 nm. The sample shows the
same excitation peaks as the previous samples and an additional emission peak at 350 nm. The
emission intensity is significantly decreased in comparison to samples annealed at lower
temperatures.
The sample heat-treated at 500 °C presents excitation peaks between 299 nm and 366 nm, while
emission peaks appear between 386 nm and 563 nm with maximum at 431 nm.
The annealing of Ceraset at 600 °C results in a sample exhibiting lower luminescence intensity in
comparison to the previous sample (calculated as the integral under the spectrum in energy scale),
visible also from the q.e. results reported later and the optical observations. The intensity
decrease at 600 °C is due to the development of free carbon, as attested by MAS NMR spectra
(see later), similarly to MK annealed at 700 °C. At this temperature, an additional excitation peak
at 416 nm can be identified in respect to the previous sample and the emission range appears
between 527 nm and 620 nm.
As clearly visible in Figure 36, by increasing the temperature from 300 to 600 °C, red-shifted
excitation and emission ranges are detected.
Powdered Ceraset samples annealed at different temperatures are shown in Figure 38, under
white (a) and UV (360-400 nm) (b) light.

Figure 38: Photographs representing powdered Ceraset samples annealed at different temperatures under white (a)
and UV (360-400 nm) (b) light, respectively.

In Figure 39, the emission spectra of the Ceraset samples obtained with excitation wavelength of
250 nm (a) and 360 nm (typically used for LED applications) (b), are shown.
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Figure 39: Fluorescence emission spectra of the Ceraset samples heat- treated at different temperatures obtained with
excitation wavelength of 250 nm (a) and 360 nm (b).

With excitation of 250 nm, the Ceraset heat-treated at 300 °C shows the most intense
fluorescence emission. The emission intensity decreases for treatments at higher temperatures.
This is in accordance with the excitation spectra of Figure 36, where the excitation peak at 247
nm is maximal at 200 and 300 °C, decreases at 400 °C and disappears at higher temperatures. On
the contrary, 360 nm corresponds to the maximum excitation peak of Ceraset 500 °C: therefore
this sample shows the most intense emission spectrum with this excitation wavelength. Ceraset
heat-treated at 500 °C is an interesting material for LED applications, because the whole
emission spectrum is in the visible range and the excitation maximum is at around 360 nm. The
material is transparent and the processing temperature is significantly decreased compared to the
molding temperature of rare earth doped glasses [Zhu2007, Sun2007].
In Figure 40, Ceraset heat-treated at 500 °C (bulk sample) is shown under white (a) and UV (360400 nm) (b) light.

Figure 40: Photographs representing Ceraset annealed at 500 °C under white (a) and UV (360-400 nm) (b) light,
respectively.

The sample is transparent in both cases, slightly yellow under white light and emitting bluegreenish light under irradiation of UV light.
Figure 41 represents Ceraset annealed at 600 °C, under white (a) and UV (360-400 nm) (b) light,
respectively.
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Figure 41: Photographs representing Ceraset annealed at 600 °C under white (a) and UV (360-400 nm) (b) light,
respectively.

The sample is orange-red and translucent under white light, and completely opaque under UV
light.
As in the case of MK polymer, the annealed Ceraset samples are transparent and colorless up to
400 °C. At 500 °C they acquire a yellow coloration and show visible luminescence if irradiated
with UV light, remaining transparent in both cases; at 600 °C they are translucent red under white
light and turn opaque under UV light.
The spectral emissions obtained with 360 nm as the excitation wavelength of the Ceraset samples
heat-treated at 200-600 °C are represented on the CIE chromaticity diagram 1931 (Figure 42).

Figure 42: CIE chromaticity diagrams 1931 of the Ceraset samples annealed at 200-600 °C.

The color coordinates are in accordance with the colors of the samples under UV light (Figure 38,
40 and 41).
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6.2.1.1.2. Stability of the fluorescence during storage
In order to monitor the change in fluorescence properties of the Ceraset samples following
storage in air, the fluorescence spectra were detected within the first week after the heat-treatment
and repeated two years later, both obtained with 250 nm as the excitation wavelength (Figure 43).

Figure 43: Fluorescence spectra of the Ceraset samples obtained during the first week after heat-treatment and 2
years later (at 250 nm excitation).

The fluorescence intensities of Ceraset samples treated at 200 and 300 °C decrease after two
years of storage in air, that of sample Ceraset 400 °C increases, while for Ceraset 500 and 600 °C
similar intensities are detected, with small differences. The spectra do not evidence the rise of
new peaks and mainly maintain the same shape in time. In Ceraset 500 and 600 °C, the ratio
scattering/fluorescence is quite high and the differences between the spectra could be due to
errors coming from the subtraction of the scattering. The exposure to air and moisture of
polysilazanes can cause hydrolysis reactions with loss of ammonia.

6.2.1.1.3. Quantum efficiency
The quantum efficiency of Ceraset heat-treated at 500 °C was measured with an
integrating sphere and resulted to be 7%. The quantum efficiencies of the remaining Ceraset
samples were estimated by comparing the integral of their emission spectra (in energy scale) with
the integral of the emission spectra of samples of known quantum efficiency, with emission in the
same range (Table 9).
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Table 9: Quantum efficiencies of the Ceraset samples.
Sample
Ceraset 200 °C
Ceraset 300 °C
Ceraset 400 °C
Ceraset 500 °C
Ceraset 600 °C

Quantum efficiency (%)
16.6*
28.6*
14.9*
7.0
3.0

The samples labeled with * emit in the UV range (<394 nm), for which no measurement was
successful; therefore the values were calculated on comparison with a sample with emission
maximum at 394 nm.

6.2.1.2. Absorption measurements
Additional information about the electronic transitions occurring in the Ceraset samples
and their variation after temperature treatment can be obtained with absorption measurements.

6.2.1.2.1. UV-Vis-NIR spectroscopy
As in the case of MK, standard UV-Vis measurements in THF solvent were performed on
the Ceraset samples. However, the solubility decreases as the treatment temperature increases.
Only liquid Ceraset was soluble and its absorption spectrum was measured in THF solution
(Figure 44). UV-Vis measurements were previously carried out on Ceraset [Li2000a].

Figure 44: UV-Vis absorption spectrum of liquid Ceraset.

The absorption edge of Ceraset occurs at around 300 nm (4.13 eV). No comparison with
crosslinked samples was possible.
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6.2.1.2.2. Remission measurements
The absorption/scattering curves of the Ceraset samples obtained with remission
measurements are presented in Figure 45.

Figure 45: Absorption/scattering spectra of Ceraset samples obtained with remission measurements.

The absorption spectra obtained by means of remission measurements show red-shifted
absorption edges as the heat-treatment temperature increases, in accordance with fluorescence
emission and excitation spectra and with the absorption spectra obtained for MK samples.
Moreover, as the annealing temperature increases, increasingly intense absorption spectra are
obtained. As previously explained in the discussion on the MK polymer, the absorption of the
samples annealed starting from 500 °C is due to the development of free carbon, which shifts the
absorption edge to the visible range. Comparably to MK heat-treated at 700 °C, the absorption
curve of Ceraset 600 °C is significantly more intense than those of the other samples, while the
fluorescence emission starts to decrease at this temperature. This is due to the development of
free carbon in large amounts, which causes improved absorption but quenching of the emission
due to its high concentration. The sample annealed at 200 °C is an exception, probably related to
its partially liquid structure.

6.2.1.2.3. Reflection measurements
The reflection spectra were obtained using synchronous excitation and detection
wavelengths with the Cary Eclipse Varian spectrometer. The absorption/scattering spectra
obtained from the reflection data relative to the Ceraset samples (using the Kubelka-Munk
function) are presented in Figure 46.
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Figure 46: Absorption/scattering spectra relative to the Ceraset samples obtained with reflection measurements.

Except the sample heat-treated at 200 °C, the absorption edge of the Ceraset samples shifts
toward less energetic wavelengths as the treatment temperature increases.
The samples annealed at 300 and 400 °C absorb radiation up to about 330 nm (3.75 eV), after
heat-treatment at 500 °C the absorption edge is at 400 nm (3.10 eV), while for annealing at 600
°C at 550 nm (2.25 eV). The absorption spectra are in agreement with the excitation spectra of
Figure 36, with the remission spectra and with optical observations. Moreover, the results show
the same trend as the photoluminescence emissions. The sample annealed at 200 °C is not
completely reflective and transmits some radiation in the whole spectral range. Moreover, it
shows an unusual behavior, which could be attributed to its partially liquid structure. The
reflection measurements are in accordance with the KiON description of the product, where the
UV absorption edge of the cured Ceraset resin (at about 280 °C) occurs at around 300 nm
[KiON].

6.2.1.3. FT-IR spectroscopy
The FT-IR analysis of Ceraset and heat-treated Ceraset was presented in the literature
[Li2001, Li2000a, Dhamne2005, Kojima2002]. The analysis of Ceraset SN [Shah2002] and
Ceraset annealed in nitrogen and ammonia atmospheres [Wan2002] are also reported.
Nevertheless, not all the treatment temperatures here studied are published and a smaller heating
rate was used in this work for the annealing. In Figure 47, the FT-IR spectra relative to the
Ceraset samples are presented. In Table 10, the vibration bands and respective bonds are listed.
The liquid Ceraset was measured using the ATR device, while the heat-treated samples were
measured using KBr discs.
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Figure 47: FT-IR spectra of the Ceraset samples.
Table 10: Vibration bands and respective bonds detected by means of FT-IR analysis of the Ceraset samples.
Vibration band (cm-1)
3380
2960
2902
2119
1592
1412
1254
1166
889
758
633

Bond assignment
νs(N-H)
νas(-CH3)
νas(CH)
ν(Si-H)
ν(C=C)
δas(C-H)
δs(Si-CH3)
v(Si-NH-Si)
νas(Si-N)
δs(Si-C)
ν(C=C)

After heat-treatment at 200 °C, the C=C bonds from the vinyl substituents, slightly visible in the
precursor, have disappeared; Si-H and N-H bonds are unreacted. Also at 300 °C, Si-H, N-H and
C-H peaks are not reduced, but the band relative to Si-NH-Si starts to decrease in intensity. At
400 °C, the Si-H and N-H peaks are strongly reduced and also the C-H band starts to decrease. At
500 °C, the peaks corresponding to Si-C and Si-N broaden significantly; N-H groups are not
present anymore. At 600 °C, the peaks relative to Si-N and Si-C are further broadened.
At a temperature as low as 300 °C the crosslinking reactions through hydrosilylation and
polymerization of vinyl groups are proven by means of FT-IR analysis, highlighted by the
disappearance of vinyl groups. At 400 °C the reduced number of N-H and Si-H groups indicates
the occurrence of transamination reactions and dehydrocoupling. At temperatures starting from
500 °C mineralization reactions take place. The Si-CH3 and Si-NH-Si peaks significantly
decrease in intensity as the treatment temperature increases, indicating the mineralization of the
polymer and the occurred crosslinking via dehydrocoupling and transamination reactions,
respectively. The findings are in accordance with the literature [Li2001]. Nevertheless, in our
analysis it was not possible to detect bands related to C-H vibrations from vinylsilyl groups
(H2C=CH-Si) at 3048 and 3007 cm-1, because of the method limitations in our measurements.
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6.2.1.4. Raman spectroscopy
The heat-treated Ceraset samples were investigated with confocal micro-Raman
spectrometer (Figure 48 and Table 11). Raman spectra of Ceraset crosslinked at different
temperatures are present in the literature, but not for all the annealing temperatures analyzed here
and not for the same heating rate of the annealing [Li2001]. In our measurements, an excitation
laser of 633 nm was found optimal in order to minimize the fluorescence background.

Figure 48: Raman spectra of the Ceraset samples using 633 nm as laser wavelength.
Table 11: Vibration bands and respective bonds detected by means of Raman analysis of the Ceraset samples.
Raman shift (cm-1)
3386
2960
2899
2129
1818
1588
1403
164-944
475

Bond assignment
ν(N-H)
νas(-CH3)
νas(CH2)
ν(Si-H)
ν(C=C)
ν(C=C)
δ(C-H)
νs(Si-C)+ν(Si-N-Si)
ν(Si-N)

The C=C bonds, visible in the sample heat-treated at 200 °C, disappear at higher temperatures.
They correspond to the vinyl groups, which are still present at 200 °C (the sample is only
partially crosslinked), but completely react via hydrosilylation or vinyl polymerization at higher
temperatures. At increasing treatment temperature, except for the disappearance of C=C bonds,
no variations in the bands can be detected. The N-H, the Si-H and the C-H groups as well as the
Si-N-Si and Si-C bonds are present up to 400 °C. For heat-treatments from 500 °C, the
fluorescence of the samples interferes with the Raman measurements and the bands are partially
(500 °C) or almost totally (600 °C) hidden (not shown).
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The samples heat-treated at higher temperatures (400-600 °C) were also analyzed with the
IR/Raman spectrometer Bruker IFS 55 - FRA 106, with laser wavelength 1064 nm. The spectra
are reported in Figure 49.

Figure 49: Raman spectra of the Ceraset samples heat-treated at 400-600 °C using 1064 nm as laser wavelength.

In this case, it is possible to avoid the luminescence interference for samples annealed up to 600
°C. The N-H, the Si-H and the C-H groups as well as the Si-N-Si and Si-C bonds are now clearly
detectable up to 600 °C. The Si-H peak decreases in intensity as the treatment temperature
increases, due to the occurrence of hydrosilylation and dehydrocoupling reactions. Also N-H
groups are reduced compared to lower temperatures due to dehydrocoupling and transamination
reactions. Two new bands with maxima at 1360 and 1555 cm-1 appear at 500 °C and increase in
intensity at 600 °C, which are more clearly represented in Figure 50.

Figure 50: Raman spectra in the range 1200-1800 cm-1 of the Ceraset samples heat-treated at 400-600 °C using 1064
nm as laser wavelength.
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The two new bands appear in the ranges of the Raman shifts relative to the D and G bands, which
are detected in polymer derived ceramics after pyrolysis at higher temperatures. Nevertheless,
with laser excitation at 1064 nm, the D band is reported to appear at around 1290 cm-1
[Larsen2006, Dresselhaus2000]. Therefore, the two new peaks cannot be assigned to the D and G
bands. However, they denote C=C double bonds, which indicate the formation of sp2 free carbon,
in accordance with optical observations. The peak positions are well-matched with aromatic ring
chain vibrations (1580, 1600 cm-1) and in particular with the Raman shifts relative to polycyclic
aromatic hydrocarbons (naphthalene, anthracene, pyrene and perylene) [Shinohara1998]. The
broadness of the band with maximum at 1555 cm-1 could indicate the presence of aromatic
agglomerations of different sizes. In addition, C=N bonds are also detectable in the range 16101680 cm-1. In the Raman spectra of Ceraset published by Li et al. the sp2 carbon is not detectable
up to 800 °C, probably because of the higher heating rates used in the pyrolysis [Li2001].

6.2.1.5. TGA/DTG/MS
Thermal analysis was carried out on Ceraset in Ar atmosphere and the TGA- and its
differential DTG-curves are represented in Figure 51. TGA curves of Ceraset were previously
published, obtained in argon [Li2001, Janakiraman2006, Li2008, Seok1998] and nitrogen
[Li2007, Shah2002 (CerasetSN)].

Figure 51: TGA and DTG of Ceraset in argon.

Selected MS spectra of gaseous byproducts relative to the thermal transformation of Ceraset are
shown in Figure 52. MS analysis of Ceraset, previously crosslinked at two different temperatures,
is present in literature [Li2001].
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Figure 52: Selected TG/MS analysis of the gaseous byproducts of the thermal decomposition of Ceraset. The
numbers in the graphs refer to m/z.

The TGA and DTG graphs of the polysilazane Ceraset display four mass losses. The first weight
loss (up to 250 °C) is mainly due to the evaporation of low molecular weight oligomers, which is
not detectable by MS analysis, as their weight is too high to be detected. As MS analysis shows,
also the elimination of a small amount of hydrogen occurs during the first step. The second and
third steps (250-450 °C) are due to H2 and NH3 evolution due to the polycondensation reactions
(dehydrocoupling and transamination). The forth mass loss, between 450 and 700 °C, is
associated with mineralization reactions resulting in the loss of H2, NH3 and CH4.

6.2.1.5.1. Ceraset heat-treated at 500 °C
Among all the Ceraset samples analyzed, the most suitable for LED applications is
Ceraset after annealing at 500 °C. Therefore, its thermal stability was proven by means of TGA.
The thermal behavior in air and argon of the previously annealed Ceraset at 500 °C is shown in
Figure 53.

Figure 53: TGA analysis of the Ceraset sample pre-annealed at 500 °C performed in air and argon.
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The TG analysis performed in argon of Ceraset previously annealed at 500 °C shows no mass
change up to 500 °C; thus, the sample is thermally stable in argon up to the temperature of its
first treatment. The same sample analyzed in air displays no mass change only up to 200 °C. At
higher temperatures oxidation takes place and the sample increases in weight because of the
formation of SiO2. For LED devices which reach temperatures of 150 °C in air, the thermal
stability of Ceraset treated at 500 °C could be sufficient. However, the long term sample stability
should be analyzed at this temperature.

6.2.1.6. XRD measurements
The XRD analysis of Ceraset annealed at different temperatures is displayed in Figure 54.

Figure 54: X-ray diffraction patterns of Ceraset samples heat-treated at different temperatures.

Since no crystalline phase is detected with XRD measurements in any of the samples, Ceraset
remains amorphous after heat-treatment up to 600 °C.

6.2.1.7. Multinuclear Solid State MAS NMR
spectroscopy (1H, 13C and 29Si)
The thermal transformation of the polymer Ceraset to SiCN ceramic studied by solid state
NMR was previously reported, as well as the liquid state NMR of the Ceraset precursor [Li2001,
Kamperman2007]. In the present thesis, complementary NMR results on the thermolysis of
Ceraset are presented [Menapace2008]. It must be considered that the heating rate of the
annealing used in this work is inferior compared to that applied in the literature.
1
H, 13C and 29Si MAS NMR spectra of Ceraset heat-treated at 200, 300, 400, 500 and 600 °C are
shown in Figure 55 and their chemical shifts and bonds attribution are listed in Table 12.
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Figure 55: a) 1H, b) 13C CP and c) 29Si MAS NMR spectra of Ceraset heat-treated at different temperatures.
Table 12: Chemical shifts and relative bonds detected in MAS NMR spectra for Ceraset samples heat-treated at
different temperatures.
1

Ceraset 200 °C

H MAS NMR
0.3, 0.8, 1.0 ppm (CH3,
CH2); 3.5 ppm (N-H);
4.8 ppm (Si-H,
protonated sp2 carbon
(-HC=))

Ceraset 300 °C

0.2 ppm (CH3, CH2);
5.0 ppm (N-H, Si-H,
adsorbed water)

Ceraset 400 °C

0.2 ppm (CH3, CH2);
5.0 ppm (N-H, Si-H,
adsorbed water)

Ceraset 500 °C

0.3 ppm (CH3, CH2);
5.0 ppm (adsorbed
water)

Ceraset 600 °C

0.2 ppm (CH3, CH2);
4.2 ppm (unsaturated
CH2)

13

C CP MAS NMR
3.7 ppm (Si-CH3,
Si-CH2-CH2-Si); 11.9 ppm
(SiCH2Si); 15.2 ppm
(CH3-CH2-,
CH2-CH2-CH2-); 26.5 ppm
(C-C-C); 58.0, 71.3 ppm
(N-C); 134.8, 143.3 ppm
(=CH2, -CH=)
4.3 ppm (Si-CH3,
Si-CH2-CH2-Si); 10.3 ppm
(SiCH2Si); 27.2 ppm
(C-C-C)
5.0 ppm (Si-CH3,
Si-CH2-CH2-Si); 10.6 ppm
(SiCH2Si); 20.5 ppm
(C-C-C)
5.7 ppm (Si-CH3,
Si-CH2-CH2-Si); 152.7
ppm (Csp2-N)
9.9 ppm (Si-CH3,
Si-CH2-CH2-Si), 133.6
ppm (Csp2), 149.9 ppm
(Csp2-N)
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29

Si MAS NMR
6.4 ppm (SiC3N); -2.7
ppm (SiC3N, SiC2N2);
-21.4 ppm (SiC2N2,
SiHCN2)

4.4 ppm (SiC3N); -2.3
ppm (SiC3N, SiC2N2);
-21.3 ppm (SiC2N2)
3.7 ppm (SiC3N); -3.6
ppm (SiC3N, SiC2N2);
-21.6 ppm (SiC2N2)
2.4 ppm (SiC3N): -6.3,
-22.9 ppm (SiC2N2);
-42.6 ppm (SiCN3,
SiN4)
-6.8, -24.0 ppm
(SiC2N2); -42.5 ppm
(SiCN3, SiN4)
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6.2.1.7.1. 1H MAS NMR
1

H MAS NMR spectra of Ceraset heat-treated at 200, 300, 400, 500 and 600 °C are shown
in Figure 55 (a). The sample annealed at 200 °C presents two multiplets, the first corresponding
to CH3 bonded to the silicon (0.3, 0.8, 1.0 ppm), the second to the N-H bonding (3.5 ppm) and
the overlapping of Si-H bonding and protonated sp2 carbon (-HC=) (4.8 ppm). For the samples
heat-treated from 300 to 500 °C, the proton NMR displays two broad signals: the first around 5.0
ppm (shoulder), due to the overlapping of N-H, Si-H bonding and at a smaller extent protonated
sp2 carbon (-HC=), the second in the range 0.2-0.3 ppm, due to C-H bonding. The broadening of
the peaks with increasing temperature indicates the increasing crosslinking of the material, as
already reported in literature [Li2001]. The N-H/Si-H/-HC= shoulder decreases in intensity with
increasing annealing temperature, due to the crosslinking reactions (hydrosilylation,
dehydrocoupling and transamination) and the finding is in accordance with other structural
analyses (FT-IR, Raman). Nevertheless, adsorbed water also contributes to this peak. At 600 °C,
a new peak centered at 4.2 ppm is observed and assigned to unsaturated CH2 bonding (sp2
carbon). Due to the proximity of the two peaks it is not possible to state whether the
N-H/Si-H/-HC= peak is still present at 600 °C, having, if present, too low intensity. At 600 °C,
vinyl groups are completely absent, while Si-H and N-H bonds are significantly decreased,
though still visible in FT-IR and Raman.

6.2.1.7.2. 13C CP MAS NMR
13

C CP MAS NMR spectra of Ceraset heat-treated between 200 and 600 °C are shown in
Figure 55 (b). With the increase of curing temperatures, the main peak shifts from 3.7 ppm at 200
°C to 9.9 ppm at 600 °C (Si-CH3) with significant broadening, which is caused by a gradually
increasing number of Si-C bonds [Li2001]. At 200 °C the main peak at 3.7 ppm is assigned to
Si-CH3 or Si-CH2-CH2-Si bonds, the peak at 11.9 ppm appearing as a shoulder of the main peak is
assigned to CH2 bonded to two silicon atoms, the peak centered at 15.2 ppm is due to CH3-CH2or CH2-CH2-CH2- chains and the peak at 26.5 ppm could be assigned to C-C-C chains. The
carbon chains arise from hydrosilylation and vinyl polymerization reactions. Two peaks are
visible at 58.0 and 71.3 ppm and can be assigned to N-C bonds, corresponding to the R´ alkyl
groups (illustrated in the Ceraset structure) bonded to the nitrogen [Li2001]. Other two peaks
centered at 134.8 and 143.3 ppm are present and refer to =CH2 and –CH= from vinyl groups (–
CH=CH2). At 300 and 400 °C, the main peaks, relative to Si-CH3 or Si-CH2-CH2-Si bonds, are
broadened and detectable at 4.3 and 5.0 ppm, respectively. The shoulder at around 10.3 ppm is
still visible (SiCH2Si). C-C-C bonds are present at 27.2 and 20.5 ppm, respectively. The N-C
bonds are not visible anymore, as well as the vinyl groups, indicating the occurred crosslinking
reactions through vinyl groups. At 500 °C, the main peak is shifted to 5.7 ppm and further
broadened and a new very weak peak is detectable at 152.7 ppm (carbon sp2-N). No C-C-C bonds
are detected anymore, probably because they start to convert to sp2 free carbon. At 600 °C, the
main peak is shifted to 9.9 ppm and two types of carbon sp2 at 133.6 ppm and 149.9 ppm were
distinguished, which can be assigned to free carbon sp2 and to the carbon sp2 bonded to the
nitrogen. The same carbon species were found in our group for carbon-rich SiCN ceramics
[Mera2009]. Mera et al. assigned the peaks at 124 and 140 ppm to carbon–carbon and carbon–
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nitrogen double bonds respectively, correlated to the formation of a nitrogen containing sp2
carbon phase. The same chemical shift was previously discerned for heterocyclic molecules
[Balci2005]. Therefore, in the present study, the formation of a network of aromatic carbon atoms
containing substitutional nitrogen is plausible.

6.2.1.7.3. 29Si MAS NMR
29

Si MAS NMR spectra of Ceraset heat-treated at 200, 300, 400, 500 and 600 °C are
shown in Figure 55 (c). The spectrum of Ceraset 200 °C exhibits three resonance peaks centered
at 6.4, -2.7 and -21.4 ppm. According to the literature, the resonance at 6.4 ppm corresponds to
[SiC3N] end groups, the peak at -2.7 ppm is due to [SiC2N2] or [SiC3N] sites and the peak at
around -22 ppm was assigned to CH3HSiN2 ([SiHCN2]) or to [SiC2N2] [Li2001]. At 300 and 400
°C, the -2.7 ppm band broadens significantly (in the range between -4.0 to 7.1 ppm), because of
the increased degree of crosslinking [Li2001]. The peak at around -22 ppm is still the main peak.
At 500 °C and 600 °C, the intensity ratio between the band centered at -2.7 ppm and the main
peak at around -22 ppm increases, denoting the higher degree of crosslinking through evolution
of organic groups and the transition from polymer to ceramic. A new broad shoulder centered at
-42.6 ppm is detected at 500 °C and increases at 600 °C, assigned to the contributions of [SiCN3]
and [SiN4] environments.

6.2.1.7.4. Discussion of the Solid State MAS NMR results
Solid state MAS NMR analysis confirms that Ceraset crosslinks through vinyl groups. At
low temperature treatments vinyl groups are detected, while at higher treatment temperatures
their amount decreases. C=C double bonds are visible again at 500 °C, due to the formation of
sp2 free carbon. The solid state 13C CP NMR analysis suggests that free carbon starts to form at
500 °C, where it is slightly detectable, and further develops at 600 °C. The present results are in
accordance with Raman measurements; however the temperature of free carbon formation is
lower than that found in previous studies, probably related to the lower heating rate used during
annealing [Li2001]. Moreover, at 600 °C two types of sp2 carbon atoms can be distinguished in
the 13C NMR spectrum, at 133.6 and 149.9 ppm, assigned to free sp2 carbon and to the sp2 carbon
bonded to nitrogen, respectively. The presence of sp2-hybridized free carbon is ascertained also
from the slightly yellowish color after treatment at 500 °C and the red-brown color of the sample
heat-treated at 600 °C. As in the case of MK, the temperature increase results in an enhanced
degree of crosslinking of the Ceraset polymer and differently coordinated Si atoms, namely
[SiHCN2], [SiC2N2], [SiCN3] and [SiN4]. At 600 °C, the broadening of the peaks observed and
the free carbon development, as revealed in proton NMR (protonated carbon sp2 at 4.2 ppm) and
carbon CP NMR (133.6 ppm) denotes the transition from polymer to ceramic.
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6.2.1.8. EPR measurements
As in the case of MK, also for Ceraset a correlation between dangling bonds and
fluorescence was hypothesized. X-band EPR measurements obtained at 15 K of Ceraset heattreated at different temperatures (in red) and their numerical simulations (with Matlab) (in black)
are shown in Figure 56.

Figure 56: X-band EPR spectra (obtained at 15 K) of Ceraset samples heat-treated at different temperatures (in red)
with simulations (in black). The signals relative to the low temperature treated samples were magnified by a factor
(labeled) for representative reasons.

The EPR spectra are characteristic for dangling bonds. The quantitative analysis of the X-band
EPR signals simulations provides information about g-factor, line width and spin concentration
of the radicals (Table 13).
Table 13 Quantitative analysis of X-band EPR signals simulations for Ceraset samples.
Sample

g-factor

Line width (mT)

Ceraset
Ceraset 200 °C

2.001
2.001

Ceraset 300 °C

2.001

Ceraset 400 °C
Ceraset 500 °C

2.002
2.001

Ceraset 600 °C

2.001

0.25
0.39
1
0.9
1.6
1.1
0.7
1.35
0.65
1.35

Concentration
(spin·mg-1)
3.20·108
8.43·109
3.69·109
7.20·109
5.91·1010
3.30·1013

As in MK samples, the g-values are comprised between 2.001 and 2.002, which are typical for
the carbon species, in accordance with the results previously obtained for similar materials
[Andronenko2006, Trassl2002, Berger2005].
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Almost all Ceraset samples consist of two overlapping resonances with identical g-value but
different line widths. The values of the line widths for different treatment temperatures are
represented in Figure 57.

Figure 57: Line widths of the resonances of the Ceraset samples.

The sp3-type carbon dangling bonds are observed in all Ceraset samples except 400 °C, while
sp2-hybridized species are found at 200, 300, 400, 500 and 600 °C. The EPR analysis of liquid
Ceraset indicates the absence of sp2 carbon radicals. Therefore, there are no radicals sited on
vinyl groups, which are unreacted and perfectly stable. After treatment at 200 and 300 °C, the
vinyl groups start to react and sp2 carbon radicals, sited on vinyl groups, are detectable. The
sample heat-treated at 400 °C shows the presence of a single signal with line width corresponding
to sp2 carbon radicals. 400 °C is a temperature for which C=C double bonds from vinyl groups
should be significantly reduced, while C=C bonds from free carbon are not yet formed. The
samples heat-treated at 500 and 600 °C show the presence of both sp2 and sp3 carbon radicals. In
this case, sp2 carbon radicals are the precursor of the free carbon phase.
Because of the presence of vinyl groups in the starting polymer, and consequently the detection
of sp2-type carbon radicals at low annealing temperatures, in the case of Ceraset the recognition
of the temperature of free carbon formation with EPR analysis is not straightforward, as in the
case of MK. Nevertheless, Raman, solid state MAS NMR and optical observations indicate the
presence of free carbon at a temperature as low as 500 °C.
The spin concentrations of the Ceraset samples are illustrated in function of the treatment
temperature in Figure 58 (the y-axis is in decimal logarithmic scale). Their exponential fit (in
base 10) is also shown (linear fit in logarithmic scale).
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Figure 58: Concentration of dangling bonds in Ceraset samples in function of the treatment temperature and fit of the
exponential growth. Notice that the y-axis is in decimal logarithmic scale.

The radical concentration increases with the heat-treatment temperature. As for MK, an
exponential growth can be extrapolated (SD=1, R=0.85). The heat-treatment of the polysilazane
at 600 °C results in a spin concentration which is 3 to 4 orders of magnitude higher than that of
the other samples. Similar values were found also for MK at 700 °C, thus the higher radicals
concentration should be related to the higher bond cleavage activity related to the polymerceramic transition in comparison to lower temperatures. If the spin concentration corresponding
to the Ceraset annealed at 600 °C is excluded from the graph, a better linear fit is extrapolated
(SD = 0.40, R = 0.89).
The spin concentrations of the Ceraset samples plotted toward their fluorescence intensities,
assumed as the integral of the fluorescence spectra in energy scale, are illustrated in Figure 59.
Ceraset 600 °C is not shown for representative reasons.

Figure 59: Correlation between spin concentration and fluorescence intensity of the Ceraset samples.
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As in the case of MK polymer, no linear correlation can be detected. Dangling bonds, although
present in the samples, are not responsible for the photoluminescence properties, although it is
not excluded that they could have a marginal role.

6.2.1.9. Discussion
The pyrolysis behavior of the polysilazane Ceraset is very similar to that relative to the
polysiloxane MK. Many correspondences were found, although the structural changes were
located at different temperatures. For example, the free carbon formation was detected by solid
state MAS NMR in MK heat-treated at 700 °C (in proton NMR at 600 °C) and in Ceraset
annealed at 500 °C, although clearly visible only at 600 °C (Figures 26 and 55). From EPR
measurements, sp2-hybridized carbon radicals were found at lower temperatures, at 500 °C for
both MK and Ceraset (Figures 28 and 57). For Ceraset, an additional confirmation of the
presence of sp2 carbon at 500 °C was provided by Raman spectra (Figure 50). Optical
observations are also very important to detect free carbon, as the color indicates its concentration.
The samples MK 700 °C and Ceraset 600 °C are brown, while at 500 °C both annealed polymers
appear yellow. The differences in the detection of sp2 carbon, by means of MAS NMR, EPR and
Raman measurements could be assigned to the lower sensitivity of solid state NMR compared to
EPR and Raman analyses. Moreover, the resolution of solid state MAS NMR spectra is
considerably reduced for samples containing dangling bonds.
In the view of the parallelism between MK and Ceraset concerning the formation of free carbon,
the considerations elucidated for MK on the formation of aromatic agglomerations, and their
absorption and photoluminescence properties, are also valid for Ceraset. Moreover, unlike MK,
the Raman spectra of Ceraset 500 and 600 °C show the presence of C=C bonds, and this could
indicate a higher order in the sp2 carbon structures in Ceraset compared to MK.
Ceraset is the first polymer analyzed in this thesis that highlights the relationship between
crosslinking and photoluminescence properties. In the precursor state, Ceraset was not
crosslinked and showed weak fluorescence (Figure 37). On the contrary, MK was highly
crosslinked in the initial state and showed an appreciable luminescence in the UV. If crosslinking
has a role in fluorescence, as we hypothesize, the fluorescence of MK depends on its highly
crosslinked state. The weak fluorescence emission of liquid Ceraset could arise from luminescent
species created by the slow, natural crosslinking occurring during shelf life (aging). When
partially crosslinked at 200 °C, Ceraset shows an appreciable emission (Figure 36). After heattreatment at 300 °C, the crosslinking through vinyl groups can be considered complete and the
fluorescence intensity results improved. The excitation and emission spectra relative to Ceraset
200 and 300 °C have the same shape with the same maximum (319 nm). Consequently, the
luminescent species that origins the emission should also be the same. The only structural change
occurring between 200 and 300 °C is the crosslinking extent, evident in solid state NMR spectra
(Figure 55). Therefore, higher crosslinking extent implies higher emission intensity, correlated to
the formation of the luminescent species. Up to 300 °C a single crosslinking mechanism
dominates, i.e. the hydrosilylation [Li2001]. Therefore, the luminescent species formed through
hydrosilylation could be responsible for the emission spectra with maximum at 319 nm. In the
case of MK, different emission peaks are supposed to identify the presence of different emitters,
and their intensity ratio changes as the thermal crosslinking proceeds. In Ceraset, up to 300 °C a
single emitter was observed, probably formed by the hydrosilylation reaction. At annealing
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temperatures higher than 350 °C, also vinyl polymerization, dehydrocoupling and transamination
reactions occur [Li2001]. The new crosslinking reactions generate new luminescent species, as
attested by the emission spectrum of Ceraset after treatment at 400 °C, which is red-shifted
compared to those relative to the samples heat-treated at 200 and 300 °C. This means that the
new luminescent species built are characterized by lower band gap. An increased contribution of
the low energy bands was observed in both excitation and emission spectra. After annealing at
500 °C a further red-shift is observed. At this temperature the contribution of crosslinking to
photoluminescence properties is not the only one, as free carbon starts to be detected. After
treatment at 600 °C, further red-shift and decrease of the fluorescence intensity are observed, due
to the further development of free carbon. The photoluminescent species which develop with the
crosslinking have not yet been clarified.
As in MK, the role of dangling bonds was not highlighted. If they have an influence on the
photoluminescence properties, this is marginal. Therefore, the silicon-based polymers
successively analyzed in this thesis were not subjected to EPR analysis.

6.2.2. KiON VL20
KiON Ceraset Polysilazane 20 or VL20 is a commercial polysilazane very similar to the
KiON Ceraset Polyureasilazane, with the difference that Ceraset additionally contains urea
functionality. Also VL20 contains cyclic and linear chains, but fewer low molecular weight
polysilazane components [KiON].
In the same way as Ceraset, VL20 crosslinks to a rigid and insoluble transparent solid by heating
at 180-200 °C or at lower temperatures by adding a free radical initiator (organic peroxide) or by
exposure to UV radiation in the presence of a UV sensitizer [KiON].
Similarly to Ceraset, VL20 is pyrolyzed to silicon carbide, silicon nitride or SiCN ceramics at
elevated temperatures in the presence of argon, nitrogen or ammonia. VL20 is suitable for the
same applications of Ceraset, such as MEMS, composites, porous ceramics, materials for
electrochemical applications [Asthana2006, Jones2009, Lee2007, Sarkar2008, Cramer2004,
Gadow2003, Kolb2006, Liebau-Kunzmann2006, Lee2005, Nghiem2007, Pham2006, Lee2006,
Reddy2004, Roh2008, Reddy2003, Stantschev2005, Wilden2007].
The structure provided by the Kion Company is illustrated in Figure 60.

Figure 60: Molecular structural units of KiON Ceraset Polysilazane 20 as provided by KiON Corp.

As in the case of Ceraset, the polymer possesses crosslinkable substituents (vinyl, Si-H and N-H
groups) and it is composed by small molecular weight oligomers (although fewer) as well as high
molecular weight polymer chains.
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The liquid VL20 was heat-treated at 200, 300, 400, 500 and 600 °C for 2 hours under Ar flow,
with heating rate 50 °C/h and free cooling. As in the case of Ceraset, solid crosslinked samples
were obtained, which retained the shape of the mold, and were subsequently powdered.

6.2.2.1. Photoluminescence measurements
6.2.2.1.1. Fluorescence measurements
Photoluminescence properties were observed for all heat-treated samples. Figure 61
displays the excitation and emission spectra of the VL20 annealed at different temperatures. The
excitation and emission wavelengths used for the measurements correspond to the maximum
intensity peaks (Table 14).

Figure 61: Fluorescence emission (bottom right) and excitation (top left) spectra of VL20 samples obtained with
excitation and emission wavelengths according to Table 14.
Table 14: Excitation and emission wavelengths used for the polysilazane VL20 samples.
Sample
VL20
VL20 200 °C
VL20 300 °C
VL20 400 °C
VL20 500 °C
VL20 600 °C

Excitation wavelength (nm)
360
340
300
329
349
420

Emission wavelength (nm)
433
400
363
394
436
527

Blue and blue-greenish emission was obtained for samples heat-treated up to 500 °C, with
maximum intensities for heat-treatments at 400 and 500 °C.
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The untreated polymer VL20 shows weak luminescence in the UV/blue range. After heattreatment at low temperatures (200, 300 °C) the polymer shows increasingly intense
photoluminescence emissions. Maximum excitation peaks were detected at 360, 340 and 300 nm
and maximum emission peaks at 433, 400 and 363 nm, for the untreated VL20 and VL20
annealed at 200 and 300 °C, respectively. Nevertheless, up to 200 °C the fluorescence emission is
very weak and comparable to the scattering of the laser beam inside the sample compartment.
After annealing at 400 °C, beyond the increased emission intensity, a red-shift of the emission
maximum in respect to the sample annealed at 300 °C is also appreciable. The maximum peak is
now at 394 nm with excitation maximum at 329 nm.
After heat-treatment at 500 °C, a further red-shift of the fluorescence emission peak was detected,
while the intensity does not vary appreciably. The maximum excitation peak was found at 349
nm, while the maximum emission peak appears at 436 nm.
After annealing at 600 °C, an ulterior red-shift is detectable: the excitation maximum is at 420
nm and the emission maximum at 527 nm. Additionally, the sample exhibits lower
photoluminescence intensity in comparison to the previous sample (calculated as the integral
under the spectrum in energy scale), evident also from the q.e. results reported later and the
optical observations. The intensity decrease at this annealing temperature is due to the
development of free carbon.
VL20 samples annealed at different temperatures are shown in Figure 62 under white (a) and UV
(360-400 nm) (b) light.

Figure 62: Photographs representing VL20 samples under white (a) and UV (b) light.

As in the case of MK polymer and Ceraset, the samples are transparent and colorless up to 400
°C. The sample treated at 500 °C acquires a yellow coloration remaining transparent and shows
visible luminescence if irradiated with UV light; at 600 °C the material turns translucent redbrown under white light and opaque under UV light.
In particular, the optical and photoluminescence properties of VL20 resemble the ones obtained
for Ceraset: similarities are the red-shift of the emission and excitation peaks as the temperature
increases from 300 to 600 °C, the similar emission ranges for the same annealing temperatures,
the yellow and red-brown colors of the samples heat-treated at 500 and 600 °C respectively, and
the decrease of the emission intensity at 600 °C.
As in the case of Ceraset, the heat-treatment of VL20 at 500 °C results in an interesting emission
in the visible range with excitation maximum at around 360 nm. The color of the annealed
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sample is very similar to that of Ceraset at 500 °C, and similarly transparent. VL20 annealed at
400 °C is also an interesting sample, transparent with emission in the blue range.
In Figure 63 the emission spectra of the VL20 obtained with excitation wavelength of 250 nm (a)
and 360 nm (b) are shown.

Figure 63: Fluorescence emission spectra of VL20 annealed at different temperatures obtained with excitation
wavelength 250 nm (a) and 360 nm (b).

The sample annealed at 400 °C exhibits the most intense emission with excitation wavelength
250 nm, while for 360 nm excitation the sample annealed at 500 °C displays the strongest
emission. This is in accordance with the excitation spectra in Figure 61, where two peaks at
around 250 nm and 360 nm are detectable in the samples heat-treated at 400 and 500 °C, the first
being more intense in VL20 400 °C, the second in VL20 500 °C. For both excitation
wavelengths, the fluorescence intensity decreases at 600 °C.
The spectral emissions obtained with 360 nm excitation of the VL20 samples heat-treated at 200600 °C are represented on the CIE chromaticity diagram 1931 (Figure 64).

Figure 64: CIE chromaticity diagrams 1931 of the VL20 samples annealed at 200-600 °C.

The color coordinates are in accordance with the colors of the samples under UV light (Figure
62).
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6.2.2.1.2. Stability of the fluorescence during storage
In order to monitor the change in fluorescence properties of the VL20 samples following
storage in air, the fluorescence emission spectrum obtained with 250 nm excitation wavelength
was detected in the first week after the heat-treatment and about one year later (Figure 65).

Figure 65: Fluorescence spectra of the VL20 samples obtained during the first week after heat-treatment and 1 year
later (at 250 nm excitation).

The fluorescence of the VL20 sample annealed at 200 °C slightly decreases in time; the intensity
relative to the sample treated at 300 °C significantly increases; for the sample treated at 400 °C
the emission maximum is blue-shifted and for VL20 500 and 600 °C the fluorescence intensity
changes only slightly. For low temperature treatments (200-400 °C) hydrolysis reactions with
moisture probably occur, while for high temperature treatments (500-600 °C) the samples are
more stable in air and smaller changes in fluorescence are detected.

6.2.2.1.3. Quantum efficiency
The quantum efficiencies of the VL20 samples heat-treated at 400 and 600 °C were
measured with the integrating sphere, resulting to be 11% and 3.4%, respectively. The quantum
efficiencies of the remaining VL20 samples were estimated by comparing the integral of their
emission spectra (in energy scale) with the integral of the emission spectra of samples of known
quantum efficiency with emission in the same range (Table 15).
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Table 15: Quantum efficiencies of the VL20 samples.
Sample
VL20
VL20 200 °C
VL20 300 °C
VL20 400 °C
VL20 500 °C
VL20 600 °C

Quantum efficiency (%)
0.5
3.1
6.2*
11.0
6.3
3.4

The samples labeled with * emit in the UV range (<394 nm), for which no measurement was
successful; therefore the values were calculated on comparison with a sample with emission
maximum at 394 nm.

6.2.2.2. Absorption measurements
Additional information about the electronic transitions occurring in the VL20 samples and
their variation after temperature treatment can be obtained with absorption measurements.

6.2.2.2.1. UV-Vis-NIR spectroscopy
As already attested for MK polymer and Ceraset, the solubility of VL20 decreases as the
treatment temperature increases, and standard UV-Vis measurements could be only performed on
the polysilazane VL20 and on the heat-treated sample at 200 °C, in THF solution (Figure 66).
UV-Vis measurements were previously carried out on VL20 [Pham2006] and on VL20 samples
heat-treated at low temperatures (up to 300 °C) in nitrogen and oxygen atmospheres, the last ones
in solid state [Asthana2006].

Figure 66: UV-Vis absorption spectra of VL20 (solid line) and of the polysilazane heat-treated at 200 °C (dashed
line).
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The absorption spectrum of VL20 annealed at 200 °C is almost coincident with that of VL20,
when normalized. The absorption edge occurs in both cases at around 285 nm (4.35 eV). Pham et
al. found that the absorption edge of VL20 was at 225 nm (5.51 eV), although not specifying the
solvent [Pham2006]. Asthana et al. characterized two VL20 samples with dicumyl peroxide at
different crosslinking stages, both in solid state, and showed the decrease in transmittance in the
visible range in the sample further crosslinked in oxygen [Asthana2006]. In the KiON description
of the product for the cured resin the absorption edge is indicated at around 300 nm (4.13 eV).

6.2.2.2.2. Reflection measurements
The reflection spectra were obtained using synchronous excitation and detection
wavelengths, with the Cary Eclipse Varian. The absorption/scattering spectra obtained from the
reflection data relative to the VL20 samples (using the Kubelka-Munk function) are displayed in
Figure 67. The spectra were smoothed for representative reasons. The sample VL20 200 °C was
also normalized, as its intensity was significantly higher than those of the rest of the samples (due
to its transparency related to its gel state).

Figure 67: Absorption/scattering spectra relative to the VL20 samples obtained with reflection measurements.

Except for a small absorption band at around 300 nm in the sample heat-treated at 200 °C, the
absorption edges of the VL20 samples are shifted toward less energetic wavelengths as the
treatment temperature increases. The results are analogous to those relative to Ceraset.
The sample annealed at 300 °C absorbs radiation up to about 320 nm (3.87 eV), VL20 400 °C up
to 340 nm (3.65 eV) with increased importance of the absorption at less energetic wavelengths.
After heat-treatment at 500 °C, the absorption edge is at about 400 nm (3.10 eV), while for VL20
600 °C at 630 nm (1.97 eV). The absorption spectra are in agreement with the excitation spectra
of Figure 61 and with optical observations. Moreover, the results show the same trend of
photoluminescence emissions. The sample annealed at 200 °C shows an unusual behavior, which
could be attributed to its partially liquid structure, in analogous way as Ceraset.
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6.2.2.3. FT-IR spectroscopy
The VL20 and the powdered samples heat-treated at 200, 300, 400, 500 and 600 °C were
studied with FT-IR structural analysis (Figure 68). In Table 16 the vibration bands and respective
bonds are listed. All samples were measured using the ATR device. For wavenumbers lower than
600 cm-1, the ATR device is not reliable; therefore those values are not represented. FT-IR
analysis on VL20 crosslinked in N2 up to 275 °C was previously published [Asthana2006].

Figure 68: FT-IR analysis of the VL20 samples.
Table 16: Vibration bands and respective bonds detected by means of FT-IR analysis of the VL20 samples.
Vibration band (cm-1)
3364
2958
2902
1593
1404
2111
1253
1160
874
780

Bond assignment
ν(N-H)
νas(-CH3)
νas(CH2)
ν(C=C)
δas(C-H)
ν(Si-H)
δs(Si-CH3)
v(Si-NH-Si)
νas(Si-N)
δs(Si-C)

At 200 °C, the Si-H and N-H bonds are unreacted, while the C=C bonds from the vinyl groups,
slightly visible in the precursor, have disappeared. At 300 °C, the intensity of the Si-H peak is
strongly reduced, while the N-H and -CH3 peaks are not visible anymore. At 400 °C, the intensity
of the Si-H peak is further reduced. At 500 °C, the Si-H peak disappears, while the peaks relative
to Si-N and Si-C bonds broaden. At 600 °C, the Si-N and Si-C peaks further broaden. By means
of FT-IR analysis, at a temperature as low as 300 °C, the crosslinking reactions via vinyl groups
(hydrosilylation ad vinyl polymerization), Si-H groups (hydrosilylation and dehydrocoupling)
and N-H groups (dehydrocoupling and transamination) start to be detected. At 500-600 °C the
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ceramic network starts to form. The Si-CH3 and the Si-NH-Si bands decrease in intensity as the
treatment temperature increases, indicating the mineralization of the polymer and the occurred
crosslinking via dehydrocoupling and transamination, respectively.

6.2.2.4. Raman spectroscopy
The VL20 samples were investigated with confocal micro-Raman spectrometer (Figure 69
and Table 17). An excitation laser of 488 nm was found optimal in order to minimize the
fluorescence background. The Raman spectrum of the VL20 precursor obtained at 1064 nm laser
wavelength was reported also in the literature [Liebau-Kunzmann2006].

Figure 69: Raman spectra of the VL20 samples using 488 nm as laser wavelength.
Table 17: Vibration bands and respective bonds detected by means of Raman analysis of the VL20 samples.
Raman shift (cm-1)
3384-3397
2960
2902
1406-1412
2136
1595
156-945
474

Bond assignment
ν(N-H)
νas(-CH3)
νs(CH2)
δ(C-H)
ν(Si-H)
ν(C=C)
νs(Si-C)+ν(Si-N-Si)
ν(Si-N)

The C=C bonds from the vinyl groups, visible in VL20 and VL20 200 °C, disappear at higher
treatment temperatures, completely reacted via hydrosilylation. The bands relative to the N-H,
Si-H and C-H groups as well as the Si-N-Si and Si-C bonds can be observed up to 400 °C. For
heat-treatments from 500 °C, the fluorescence of the samples interferes with the Raman
measurements and the bands are partially (500 °C) or totally (600 °C) hidden (not shown).
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Therefore, the samples heat-treated at higher temperatures (400-600 °C) were also analyzed with
the IR/Raman spectrometer Bruker IFS 55 - FRA 106, with laser wavelength 1064 nm. The
spectra are reported in Figure 70.

Figure 70: Raman spectra of the VL20 samples heat-treated at 400-600 °C using 1064 nm as laser wavelength.

With laser wavelength 1064 nm it is possible to avoid the luminescence interference. The N-H
(3384 cm-1), CH2 (2900 cm-1), -CH3 (2959 cm-1), Si-H (2119 cm-1) and C-H bonds (1410 cm-1) as
well as the Si-N-Si and Si-C bonds (up to 1000 cm-1) are now clearly detectable up to 600 °C.
Two new bands with maxima at 1358 and 1551 cm-1 appear at 500 °C and increase in intensity at
600 °C (Figure 71).

Figure 71: Raman spectra in the range 1200-1800 cm-1 of the VL20 samples heat-treated at 400, 500 and 600 °C
using 1064 nm as laser wavelength.

Exactly as in the case of Ceraset, the two new bands denote C=C double bonds relative to
aromatic agglomerations, although they should not be confused with D and G bands. The
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formation of sp2 free carbon detected by Raman analysis is in accordance with optical
observations.

6.2.2.5. TGA/DTG /MS
The thermal behavior of VL20 was monitored with STA (Simultaneous Thermal
Analysis). TGA- and its differential DTG-curves are represented in Figure 72. TGA analyses of
VL20 are present in the literature under argon [Liebau-Kunzmann2006] and N2-Ar conditions
[Lee2005].

Figure 72: TGA and DTG of VL20 in argon.

Selected MS spectra of gaseous byproducts relative to the thermal transformation of VL20 are
shown in Figure 73.

Figure 73: Selected TG/MS analysis of the gaseous byproducts of the thermal decomposition of VL20. The numbers
in the graphs refer to m/z.

The TGA of VL20 shows four mass losses: the first, up to 220 °C, is due to oligomers losses, the
second and third, between 220 and 450 °C, is due to the elimination of NH3 (m/z=17, fragment
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16), the fourth around 600 °C is due to CH4 (m/z=15, 16) and H2 elimination. Oligomers
evolution is not detectable by MS analysis, as their weight is too high.

6.2.2.6. XRD measurements
The XRD analysis of the VL20 heat-treated at different temperatures is displayed in
Figure 74.

Figure 74: X-ray diffraction patterns of VL20 samples heat-treated at different temperatures.

Since no crystalline phase is detected with XRD measurements in any of the samples, VL20
polymer remains amorphous after heat-treatment up to 600 °C.

6.2.2.7. Multinuclear Solid State MAS NMR
Spectroscopy (1H, 13C and 29Si)
1

H, 13C CP and 29Si MAS NMR spectra of VL20 heat-treated at 200, 300, 400, 500 and
600 °C are shown in Figure 75 and their chemical shifts and bonds attribution are listed in Table
18.

102

6. Results and discussion

Figure 75: a) 1H, b) 13C CP and c) 29Si MAS NMR spectra of VL20 heat-treated at different temperatures.
Table 18: Chemical shifts and relative bonds detected in MAS NMR spectra for VL20 samples heat-treated at
different temperatures.
1

VL20 200 °C

13

H MAS NMR
0.2, 0.4 ppm (CH3,
CH2); 4.8, 6.0 ppm
(N-H, Si-H, protonated
sp2 carbon (-HC=))

VL20 300 °C

0.2 ppm (CH3, CH2);
5.1 ppm (N-H, Si-H,
adsorbed water)

VL20 400 °C

0.4 ppm (CH3, CH2);
4.8 ppm (N-H, Si-H,
adsorbed water)
0.1 ppm (CH3, CH2);
2.7 ppm (CH2CH3); 5.0
ppm (N-H, Si-H,
adsorbed water)
0.4 ppm (CH3, CH2);
3.7 ppm (unsaturated
CH2); 6.6 ppm
(protonated carbon sp2
(-HCarom))

VL20 500 °C

VL20 600 °C

C CP MAS NMR
-0.5, 1.9 ppm (Si-CH3,
Si-CH2-CH2-Si); 18.8
ppm (CH3-CH2-,
CH2-CH2-CH2-); 26.4
ppm (C-C-C); 133.3,
139.5 ppm (=CH2, –
CH=)
1.5, 4.7 ppm (Si-CH3,
Si-CH2-CH2-Si); 26.6
ppm (C-C-C)
3.7 ppm (Si-CH3,
Si-CH2-CH2-Si); 28.6
ppm (C-C-C)
3.2, 6.9 ppm (Si-CH3,
Si-CH2-CH2-Si); 10.9
ppm (CH2)
3.8, 8.4 ppm (Si-CH3,
Si-CH2-CH2-Si), 13.3
ppm (CH2); 144.4 ppm
(Csp2)
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Si MAS NMR
-65.2, -45.5, -37.4, -32.5
ppm (Si-O); -22.8,
-15.8, -5.1 ppm (SiC2N2,
SiHCN2)

4.6 ppm (SiC3N); -4.2
ppm (SiC3N, SiC2N2);
-21.8 ppm (SiC2N2);
-28.1 ppm (SiC2N2,
SiCN3)
-1.3
ppm
(SiC3N,
SiC2N2); -23.5 ppm
(SiC2N2)
0.3
ppm
(SiC3N,
SiC2N2); -7.1, -24.9 ppm
(SiC2N2); -47.6 ppm
(SiCN3, SiN4)
-8.5, -25.2 ppm
(SiC2N2), -45.4 ppm
(SiCN3, SiN4)
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6.2.2.7.1. 1H MAS NMR
The 1H MAS NMR spectrum of VL20 after heat-treatment at 200 °C shows the presence
of CH3 and CH2 bonds at around 0 ppm, N-H, Si-H and protonated sp2 carbon (-HC=) at 4.8 and
6.0 ppm. From 300 to 500 °C, CH3 and CH2 bonds are visible; according to 13C CP spectra, FTIR and Raman, at these temperatures vinyl groups already reacted via hydrosilylation and
dehydrocoupling, and protonated sp2 carbon (-HC=) should have disappeared from the 1H
spectrum. A peak at around 5 ppm appears, however due to the poor resolution of the 1H spectra
it can be assigned both to adsorption of water as well as to N-H and Si-H groups. At 500 °C, a
peak emerges at 2.7 ppm, relative to hydrogen bonded to carbon not directly bonded to a silicon,
for example CH2CH3. At 600 °C, CH3, CH2 and unsaturated CH2 are detected, with the addition
of a new signal at 6.6 ppm, indicating protonated carbon sp2 (-HCarom), which is related with the
formation of free carbon.

6.2.2.7.2. 13C CP MAS NMR
The 13C CP MAS NMR spectrum of VL20 heat-treated at 200 °C displays the existence of
Si-CH3 or Si-CH2-CH2-Si bonds at -0.5 and 1.9 ppm, CH3-CH2- or CH2-CH2-CH2- at 18.8 ppm
and C-C-C at 26.4 ppm, arising from hydrosilylation and vinyl polymerization reactions, and
unreacted vinyl groups (=CH2 and –CH=) at 133.3 and 139.5 ppm. At 300 and 400 °C, the peaks
relative to Si-CH3 or Si-CH2-CH2-Si bonds, detectable at around 0 to 5 ppm, are broadened, and
C-C-C bonds are present at 26 to 28 ppm. No vinyl groups are detectable anymore, which
suggests that the crosslinking through vinyl groups is completed. At 500 °C the peak relative to
Si-CH3 or Si-CH2-CH2-Si is further broadened. CH2 groups are detected at 10.9 ppm, but no
C-C-C bonds are detected anymore, probably because they start to convert to sp2 free carbon. At
600 °C further broadening of the peak relative to Si-CH3 or Si-CH2-CH2-Si is detected, CH2
groups are discernible at 13.3 ppm and a new broad peak is detected at 144.4 ppm, indicating free
carbon formation (Csp2).

6.2.2.7.3. 29Si MAS NMR
The 29Si MAS NMR spectrum of VL20 heat-treated at 200 °C shows the presence of
several peaks (-65.2, -45.5, -37.4, -32.5 ppm) that indicate the Si-O bond, which denotes the
oxidation of the sample, due to the long time of storage in air. Peaks at -22.8, -15.8, -5.1 ppm
identify the presence of [SiC2N2] and [SiHCN2] bonds. At 300 °C, the peak at 4.6 ppm could
indicate the existence of [SiC3N] terminal groups, while the peaks at -4.2 and -21.8 ppm are
related to [SiC2N2] units and at -28 ppm to [SiCN3]. At 400 °C, [SiC3N] terminal groups are
detected at -1.3 ppm and [SiC2N2] units at -23.5 ppm. At 500 °C, [SiC3N] terminal groups are
detected at 0.3 ppm and more coordination possibilities of the silicon arise, [SiC2N2] at -7.1 and
-24.9 ppm, [SiCN3] and [SiN4] at -47.6 ppm. At 600 °C [SiC2N2], [SiCN3], [SiN4] are present
(-8.5, -25.2, -45.4 ppm).

104

6. Results and discussion

6.2.2.7.4. Discussion of the Solid State MAS NMR results
From 1H and 13C MAS NMR, the free carbon starts to be detected in VL20 at a
temperature as low as 600 °C. From Raman measurements and optical observations, free carbon
in low amounts is detectable at 500 °C. In MK and Ceraset, optical observations, EPR analysis
and Raman spectroscopy showed that free carbon starts to form at lower temperatures than those
detected by means of MAS NMR. Therefore, the free carbon should be present in the VL20 heattreated at 500 °C.
The solid state MAS NMR spectra are also useful to observe the development of the crosslinking.
VL20 heat-treated at 200 °C is only partially crosslinked (the sample is gel like), as also attested
by 1H and 13C NMR spectra. At 300 °C the crosslinking is completed. The crosslinking extent is
visible in 29Si NMR, where the coordination of silicon can be monitored. At 200 °C only
[SiHCN2] and [SiC2N2] units are detected, at 300 and 400 °C [SiC2N2] and [SiCN3] (actually at
400 °C only [SiC2N2] is visible), and from 500 °C [SiC2N2], [SiCN3] and [SiN4].

6.2.2.8. Discussion
The VL20 is a polysilazane similar to Ceraset, and the considerations done on the
photoluminescence properties of Ceraset are also valid for VL20. The only difference in their
structures is the presence of urea groups in Ceraset. Although the correlation between accelerated
crosslinking and presence of urea groups was not demonstrated, the Ceraset shows a faster
crosslinking than VL20. The difference in crosslinking rate influences the fluorescence emission
spectra. After treatment at 200 °C Ceraset is solid, although not completely crosslinked (see solid
state NMR in Figure 55), and its emission is stronger than that of VL20 heat-treated at 200 °C,
which is in a gel state and only minimally crosslinked (see solid state NMR in Figure 75). At 300
°C the structure of Ceraset is highly crosslinked and a low amount of mass was lost (5%) (see
TGA in Figure 51). The emission from this sample presents the same maximum as the sample
heat-treated at 200 °C, with higher intensity. As explained in the section on Ceraset, the presence
of the same fluorescence peak at 200 and 300 °C could correspond to limited changes in the
structure and the increase in emission intensity could be due to the continued crosslinking
through vinyl groups (hydrosilylation). In the case of VL20 the crosslinking is slower. At 300 °C
the mass loss of VL20 is over 20 % (see TGA in Figure 72), mainly due to elimination of
oligomers, which can freely evaporate due to the limited crosslinking. The emission intensity is
very low in the VL20 starting polymer and after treatment at 200 °C it is only slightly stronger
(Figure 61). At 300 °C the crosslinking is completed and a stronger emission is observed in the
photoluminescence spectrum. Starting from 300 °C, similar photoluminescence behaviors are
observed for Ceraset and VL20 and red-shifted emission spectra are observable in both cases.
The crosslinking of the VL20 up to 400-500 °C and the formation of sp2 free carbon from 500 °C
are supposed to contribute to the development of the photoluminescence properties. For the
discussion on sp2 free carbon as source of photoluminescence properties the reader is referred to
the discussion on MK (paragraph 6.1.1.9.).
The presence of carbon radicals in not excluded, although their role has not been clarified.
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6.2.3. KiON S
KiON S is a commercial polysilazane from the company KiON Corp., which is available
dissolved in petroleum distillates. The solution is liquid, clear and slightly yellow. Only 10 % of
the solution is composed of cyclosilazane with hydrogen and methyl substituents. The remaining
90% of the solution is composed of terpene thinner (hyrocarbons) (22.5-27.0 %), mineral spirits
(aromatic naphtha) (18.0-22.5 %) and aromatic petroleum distillates (45.0-49.5 %) [KiON]. The
chemical formula declared by the company is illustrated in Figure 76.

Figure 76: Molecular structural unit of KiON S as provided by KiON Corp.

Crosslinkable groups are provided by the Si-H and N-H bonds.
After removal of the solution, the dried polymer was heat-treated at 200, 300, 400 and 500 °C for
2 h under Ar flow, with heating rate 50 °C/h and free cooling. After drying, KiON S is a hard
solid and it is difficult to get a powder out of it. During heat-treatment at different temperatures,
the polymer does not melt. The absence of melting hinders the mouldability of the polymer. The
creation of porosity inside the KiON S particles during heat-treatment allows the grinding of
samples annealed at higher temperatures.

6.2.3.1. Photoluminescence measurements
6.2.3.1.1. Fluorescence measurements
Both the starting and the heat-treated polymers show photoluminescence emission. Figure
77 displays the excitation and emission spectra of KiON S annealed at different temperatures.
The excitation and emission wavelengths used for the measurements correspond to the maximum
intensity peaks (Table 19).
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Figure 77: Fluorescence emission (bottom right) and excitation (top left) spectra of KiON S samples obtained with
excitation and emission wavelengths according to Table 19.
Table 19: Excitation and emission wavelengths used for the polysilazane KiON S samples.
Sample
KiON S
KiON S 200 °C
KiON S 300 °C
KiON S 400 °C
KiON S 500 °C

Excitation wavelength (nm)
230
238
346
346
262

Emission wavelength (nm)
340
349
435
413
504

Figure 78 represents the fluorescence emission spectra of the polymer KiON S heat-treated at
different temperatures, obtained with excitation wavelength of 250 nm (a) and 360 nm (b),
respectively.

Figure 78: Fluorescence emission spectra of KiON S annealed at different temperature obtained with excitation
wavelength of 250 nm (a) and 360 nm (b).
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The KiON S samples annealed at different temperatures are shown in Figure 79 under white (a)
and UV (360-400 nm) (b) light.

Figure 79: Photographs representing KiON S samples under white (a) and UV (b) light.

The dry KiON S has a yellow coloration under white light and shows maximum fluorescence
emission in the UV/blue range. Under excitation at 250 nm it emits in the UV range, while after
excitation at 360 nm it shows a blue-greenish emission. After treatment at 200 °C, the maximum
fluorescence emission is similar to that of the dry KiON S, while at 360 nm excitation the
emission in the blue-green range results more intense than that of the dry KiON S. At 250 nm
excitation a weaker emission in the blue/green is observed. After heat-treatment at 300 °C, a
broad emission in the visible range with maximum peak at 435 nm is detected as the maximum
emission, using excitation wavelength 346 nm. Also with excitation at 250 nm and 360 nm a
broad emission in the visible is obtained, and a white-blue/green emission can be observed under
UV light. After annealing at 400 °C, the highest emission intensity is detected. The maximum
excitation peak is at 346 nm, as after annealing at 300 °C, and the maximum emission peak is at
413 nm. Also in this case, a white-blue/green emission is observed under UV light. Also for
excitations at 250 and 360 nm, the highest emission intensity is obtained, with broad spectra in
the visible range. After heat-treatment at 500 °C, the sample turns brown and the fluorescence
intensity decreases, as previously observed for MK at 700 °C and for Ceraset and VL20 at 600
°C, due to the formation of free carbon. The maximum emission peak is red-shifted to 504 nm.
The spectral emissions obtained with 360 nm excitation of the KiON S samples heat-treated at
200-500 °C are represented on the CIE chromaticity diagram 1931 (Figure 80).
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Figure 80: CIE chromaticity diagrams 1931 of the KiON S samples annealed at 200-600 °C.

The color coordinates are perfectly in agreement with the colors of the samples under UV light
(Figure 79).

6.2.3.1.2. Stability of the fluorescence during storage
In order to monitor the change in fluorescence properties of the KiON S samples
following storage in air, the fluorescence emission spectrum obtained with 250 nm excitation
wavelength was detected in the first week after the heat-treatment and about one year later
(Figure 81). For the KiON S the time of the storage in air was considered after drying.

Figure 81: Fluorescence spectra of the KiON S samples obtained just after heat-treatment and about 1 year later (at
250 nm excitation).
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The fluorescence of the dried KiON S is significantly decreased after 1 year in air. After heattreatment at 200, 300 and 400 °C only slight changes in the emission are detectable. KiON S
heat-treated at 500 °C after 1 year in air shows the presence of a new peak in the UV range. The
hydrogen substituents on the silicon are very sensitive to air. Since the samples were stored in air
from the beginning, they probably reacted immediately with air and contained some oxygen also
on their first measurement after 1-7 days. While the samples treated at 200, 300 and 400 °C did
not change after the first reaction with air, the dried polymer was negatively affected by further
storage in air.

6.2.3.1.3. Quantum efficiency
The quantum efficiency was not measured on any KiON S samples, thus it was estimated
by comparing the integral of their emission spectra (in energy scale) with the integral of the
emission spectra of samples of known quantum efficiency with emission in the same range
(Table 20).
Table 20: Quantum efficiencies of the KiON S samples.
Sample
KiON S
KiON S 200 °C
KiON S 300 °C
KiON S 400 °C
KiON S 500 °C

Quantum efficiency (%)
5.4*
4.0*
7.1
18.5
3.3

The samples designed with * emit in the UV range, for which no measurement was successful,
thus the value was calculated referring to a spectrum with emission maximum at 394 nm. Since
the emission range of KiON S 400 °C was comprised between those of Ceraset 500 °C and VL20
400 °C, its quantum efficiency was calculated considering both samples.

6.2.3.2. Absorption measurements
Additional information about the electronic transitions occurring in the KiON S samples
and their variation after temperature treatment can be obtained with absorption measurements.

6.2.3.2.1. UV-Vis-NIR spectroscopy
As previously attested for other heat-treated silicon-based polymers, the solubility of
KiON S decreases as the annealing temperature increases. Reasonable UV-Vis spectra were
obtained only for the dry KiON S and KiON S annealed at 200 °C, in THF solution (Figure 82).
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Figure 82: UV-Vis absorption spectra of dry KiON S (solid line) and KiON S annealed at 200 °C (dashed line).

The absorption edges of KiON S and KiON S 200 °C are both around 400 nm (3.10 eV). The
spectrum relative to KiON S 200 °C is slightly red-shifted in relationship to that of KiON S.

6.2.3.2.2. Remission measurements
The absorption/scattering curves (Kubelka-Munk function) of the KiON S samples
obtained with remission measurements are shown in Figure 83.

Figure 83: Absorption/scattering spectra of KiON S samples obtained with remission measurements.

A correspondence between the absorption spectra obtained by means of remission measurements
and fluorescence spectra can be observed. Both the emission maxima of the fluorescence spectra
and absorption edges of absorption/scattering spectra are red-shifted as the heat-treatment
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temperature increases from 200 to 300 °C, no red-shift is observed from 300 to 400 °C, and a
slight red-shift is observed from 400 to 500 °C. The spectrum of the dried KiON S is probably
not reliable, because it should be similar to that of KiON S 200 °C, as shown by UV-Vis
measurements. Moreover, from UV-Vis measurements, KiON S 200 °C showed an absorption
edge of 400 nm, while from remission measurements the edge is at 500 nm (2.48 eV). The
absorption edge of KiON S 300 and 400 °C occur at about 550 nm (2.25 eV), for KiON S 500 °C
above 700 nm (1.77 eV).

6.2.3.2.3. Reflection measurements
The reflection spectra were obtained using synchronous excitation and detection
wavelengths with the Cary Eclipse Varian. The absorption/scattering spectra obtained from the
reflection data relative to the KiON S samples (using the Kubelka-Munk function) are presented
in Figure 84. The spectra were smoothed for representative reasons. The sample KiON S 400 °C
was also normalized, as its intensity was significantly higher than those of the remaining samples.

Figure 84: Absorption/scattering spectra relative to the KiON S samples obtained with reflection measurements.

The absorption edges are red-shifted as the heat-treatment temperature increases. KiON S 300
and 400 °C show the same absorption edge, as from remission measurements and in accordance
to the photoluminescence spectra.
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6.2.3.3. FT-IR spectroscopy
The KiON S and the heat-treated KiON S samples were investigated by means of FT-IR
structural analysis (Figure 85), using the ATR device. In Table 21, the vibration bands and
respective bonds are listed.

Figure 85: FT-IR spectra of the KiON S samples.
Table 21: Vibration bands and respective bonds detected by means of FT-IR analysis of the KiON S samples.
Vibration band (cm-1)
3379
2956
2917
2169
1472
1258
1160
1036
888
725

Bond assignment
ν(N-H)
νas(-CH3)
νas(CH2)
ν(Si-H)
δas(C-H)
δs(Si-CH3)
ν(Si-NH-Si)
ν(Si-O)
νas(Si-N)
δs(Si-C)

Although the chemical formula proposed by the supplier contains many Si-H bonds, from FT-IR
analysis Si-H bonds are only slightly detectable. This is due to the storage in air of the samples,
with subsequent hydrolysis of the Si-H groups and formation of Si-O bonds, which are detectable
in all samples at around 1036 cm-1. The N-H and C-H bonds are only slightly detectable in the
precursor and disappear as the annealing temperature increases. The FT-IR measurements do not
highlight any significant changes in the structure during heat-treatment, except the reduction of
Si-NH-Si groups and the increase in intensity of the Si-O bands.
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6.2.3.4. Raman spectroscopy
The heat-treated KiON S samples were investigated with confocal micro-Raman
spectrometer, using an excitation laser of 633 nm, but only fluorescence interference was
detected for all samples. Thus, the samples were also analyzed with the IR/Raman spectrometer
Bruker IFS 55 - FRA 106, with laser wavelength 1064 nm. The spectra are reported in Figure 86
and in Table 22 the vibration bands and respective bonds are listed.

Figure 86: Raman spectra of the KiON S samples using 1064 nm as laser wavelength.
Table 22: Vibration bands and respective bonds detected by means of FT-IR analysis of the KiON S samples.
Raman shift (cm-1)
3390
2966
2906
2146
1595-1664
1412
756
467

Bond assignment
ν(N-H)
νas(-CH3)
νas(CH2)
ν(Si-H)
ν(C=C)
δ(C-H)
ν(Si-N-Si)+νs(Si-C)
ν(Si-O-Si)+ν(Si-N)

No luminescence interference is present in the measurements; however, KiON S 500 °C shows
interference due to the heating of carbon clusters, as previously observed in MK 700 °C.
The Si-H and N-H bands decrease in intensity as the treatment temperature increases. Si-O-Si and
Si-N bonds are detectable. Many weak bands are present, in the precursor and after heattreatment up to 400 °C, in the range from 1300 cm-1 to 1590 cm-1, denoting C=C bonds. Since the
KiON S structure does not contain C=C bonds, they are assigned to residues from the aromatic
solvent.
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6.2.3.5. TGA/DTG /MS
The monitoring of the decomposition behavior of the dried polymer KiON S was
performed by means of TG/DTG/MS (Figure 87 and Figure 88).

Figure 87: TGA and DTG of KiON S after drying.

Figure 88: Selected TG/MS analysis of the gaseous byproducts of the thermal decomposition of KiON S after drying.
The numbers in the graphs refer to m/z.

The TGA and DTG graphs of the dried polysilazane KiON S display three main mass losses. As
MS analysis shows, the first decomposition step, up to 400 °C, corresponds to the elimination of
nitrogen-derived species, NH4+ and NH3 due to the cleavage of Si-N bonds. Moreover, H2 and
oligomers are also eliminated. The second decomposition step (400-520 °C) corresponds to the
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mineralization with evolution of a small amount of gases (H2, NH3 and CH4). Finally, the third
decomposition step, corresponding to the ceramization process, is due to the formation of volatile
gases (H2, NH3 and CH4). Moreover, up to 500 °C, fragments from the solvent not extracted from
the polymer (z/e=51-119) evaporate. Both oligomers and fragments from the solvent could be
responsible for the detected species with higher masses. Since these species outnumber those
detected in Ceraset and VL20, they should be in great part related to the solvent evolution. As
previously mentioned, our MS analysis does not consider evolution of species with even higher
masses, for example naphthalene, which constitute the solvent.
Besides Raman spectra, MS offers a further proof of the presence of solvent in the KiON S
samples heat-treated up to 500 °C.

6.2.3.6. XRD measurements
The XRD analysis of the KiON S heat-treated at different temperatures is displayed in
Figure 89.

Figure 89: X-ray diffraction patterns of KiON S samples heat-treated at different temperatures.

The absence of crystalline peaks evidences the amorphous character of the material in the studied
temperature range.
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6.2.3.7. Liquid state NMR Spectroscopy (1H, 13C and
29
Si)
In order to determine the species present on the polymer after drying, NMR analysis was
carried out on the dried KiON S, measured in C6D6 as deuterated solvent. The graphs
representing 1H, 13C and 29Si DEPT (Distortionless Enhancement by Polarization Transfer) are
displayed in Figure 90.

Figure 90: 1H, 13C and 29Si DEPT NMR of KiON S after drying.

From 13C NMR analysis it is clear that the dried KiON S still contains solvent traces, as attested
by the peaks due to aromatic compounds (150-100 ppm). The 29Si NMR DEPT shows a single
peak at -23.5 ppm, indicating the presence of a single environment for the silicon, i.e. that
illustrated by the chemical structure in Figure 76.
Due to the presence of solvent in KiON S, this polymer is not relevant for the analysis on siliconbased luminescent polymers. Therefore, solid state NMR analysis was not performed, because of
the time consuming character of the measurement.

6.2.3.8. Discussion
Although the structure of KiON S is quite similar to the previously analyzed polymers,
the polymer shows different properties, mostly related to its availability in solution. Compared to
the previously analyzed polymers, KiON S displays photoluminescence emission in the visible
range at lower treatment temperatures and even in the untreated polymer (Figure 77). This is an
advantage for LED applications, where visible emission is desired after annealing temperatures
inferior or equal to 300 °C. Moreover, the calculated quantum efficiency of the sample annealed
at 400 °C is the highest found until this point of the thesis for visible emissions (Table 20).
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Nevertheless, this polymer was not further analyzed for two main reasons. First of all, since the
polymer is available only in solution, it is unpractical for the purpose that we are studying. It
must be dried, resulting in solid particles which are not meltable and moldable. In the case of
Ceraset and VL20, the liquid polymers could be poured in the mould and heated until they
crosslink and form a shaped solid. In the case of MK, the solid polymer melts upon heating in the
mold and subsequently crosslinks. Direct molding is for KiON S impossible. Its application could
be solution molding, i.e. molding of the polymer in solution and subsequent slow evaporation of
the solvent. The dry KiON S, reduced to 1/10 of its initial volume could be shaped and
afterwards heat-treated to the suitable temperature for the required emission properties.
The second reason why KiON S was not further analyzed is the contamination of the polymer by
the solvent, as proven by liquid state NMR, Raman and MS analyses, which affects the
photoluminescence properties and is probably the origin of them (Figures 90, 86 and 88). The
aromatic compounds present in the solvent, for example naphthalene, are luminescent and stable
up to high temperatures [Bolbit2000, Eremenko1969]. Although the solvent was evaporated from
the polymer and a heat-treatment was performed, some residues remain inside after the heating,
as proven by MS analysis and Raman spectra, and could be responsible for the
photoluminescence properties even at relatively high annealing temperatures. Therefore, the
analysis of the luminescence mechanisms of the KiON S is not straightforward and it is not
possible to exclude the activity of the aromatic solvent as source of luminescence. For this
reason, in the study of the source of the photoluminescence properties in silicon-based polymers,
KiON S was not considered.
Nevertheless, the interesting fluorescence properties of this polymer were presented here, which
could derive both from the effect of the solvent or from the polymer itself and its heat-treatment.
The KiON S possesses potential for solution molding applications, which are slightly different
from those of the remaining silicon-based polymers.
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6.3. Polysilylcarbodiimides
6.3.1. Phenyl-Containing
Polysilylcarbodiimides
Four polyphenylsilylcarbodiimide derivatives, namely –[PhRSi-NCN]n– (S1-S4), were
synthesized
by
the
reaction
of
phenyl-containing
dichlorosilanes
with
bistrimethylsilylcarbodiimide, in the presence of pyridine as catalyst, as pointed out in the
experimental part. The first substituent on the silicon is phenyl in all polymers, while the second
substituent is varied between hydrogen, methyl, vinyl and phenyl [Mera2009b, Morcos2008b].
Phenyl containing polymers have been shown to provide luminescence properties [Suzuki1997,
Salom1987, Dias2000].
The four polysilylcarbodiimide derivatives were heat-treated in argon at different temperatures,
from 200 up to 500 °C for 2 h under Ar flow, with a heating rate of 50 °C/h and free cooling.
After low temperature treatments the polymers showed distinctive luminescence properties,
which could be interesting for applications such as LEDs. Furthermore, the polymers S1-S4 are
soluble in all common solvents and therefore easy to shape either as synthesized or after heattreatment up to 400 °C.
The molecular structures of the four phenyl-containing polysilylcarbodiimides investigated in this
study are illustrated in Figure 91. The polysilylcarbodiimides with the second substituents being
phenyl, methyl, hydrogen and vinyl are denoted as S1 (polydiphenylsilylcarbodiimide), S2
(polyphenylmethylsilylcarbodiimide),
S3
(polyphenylsilylcarbodiimide)
and
S4
(polyphenylvinylsilylcarbodiimide), respectively. Although the air sensitivity decreases if bulky
aromatic substituents are present at the silicon, they are still slightly air and moisture sensitive.
Therefore, the polymers and the heat-treated samples were consequently stored in argon.

Figure 91: Molecular structural units of the four polysilylcarbodiimides S1, S2, S3 and S4.

Although not displayed in the graphs, end groups are present in the polymers: -SiMe3 in all
polymers, -SiPh2Cl in S1, -SiPhMeCl in S2, -SiPhHCl in S3 and -SiPhViCl in S3, as published
by Mera et al. [Mera2009a].
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These polymers are not commercially available and are not extensively used and known as the
MK, Ceraset or VL20. Nevertheless, they have been largely studied in our group, and the
availability of several investigations on low temperature treated samples, besides the capability of
controlling the synthesis, renders them suitable candidates for our purpose. While in commercial
polymers the chemical structure and possible contaminating compounds cannot be controlled, the
synthesis of these polymers is controlled. Moreover, the phenyl groups on the silicon element of
the chain are luminescent substituents, which offer a specific emission that can be monitored after
heat-treatment.

6.3.1.1. Photoluminescence measurements
6.3.1.1.1. Fluorescence measurements
6.3.1.1.1.1. Photoluminescence properties of the polymers
In Figure 92, the normalized excitation and emission spectra of the four polymers are
shown (normalization at 272 nm). The spectra were obtained with the excitation and emission
wavelengths relative to the maximum emission and excitation intensities (Table 23).

Figure 92: Fluorescence emission (bottom right) and excitation (top left) spectra of the polysilylcarbodiimides S1-S4.
The spectra are vertically shifted for clarity.
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Table 23: Excitation and emission wavelengths used for the polysilylcarbodiimides. They are the maximum
excitation and emission peaks.
Sample
S1
S2
S3
S4

Excitation wavelength (nm)
290
272
272
270

Emission wavelength (nm)
343
328
335
329

The polymers with hydrogen, methyl and vinyl as the second substituent show similar excitation
and emission spectra. They all present three excitation peaks at 245 nm, 259 nm and 275 nm.
Their emission spectra are composed by a single peak centered at 329 nm, 334 nm and 328 nm
for S2, S3 and S4 respectively. Thus, S2, S3 and S4 are characterized by a single fluorescence
emitting species that emits at around 330 nm and by three excitation maxima. The exact emission
wavelength is slightly shifted in the different polymers. The excitation spectra of the four
polymers were normalized at 272 nm, so that the contribution of the three common excitation
peaks results the same for all polymers. The same normalization was applied also to the emission
spectra.
Besides the mentioned peaks, the polymer S1 shows a new and more intense excitation peak at
294 nm. The emission spectrum of S1 is composed of two contributions: the first is the same
emission peak present in the other polymers at 328 nm, which is excited by the three common
excitation peaks; the second is an emission with vibrational structure centered in the range
between 328 and 342 nm, excited by the excitation band at 294 nm.
A comparison with the literature shows that the emission peak located at 328 nm corresponds to
the excimer transitions of phenyl groups. Accordingly, polymethylphenylsiloxane excimer
emission was detected at 328 nm [Suzuki1997], 325 nm [Salom1987] and 320 nm [Dias2000].
No reports were found on the luminescence properties of polyphenylsiloxane and
polyphenylvinylsiloxane. Also polystyrene with phenyl pendant groups shows
photoluminescence emission at around 328 nm [Salom1987].
To prove the inactivity of the carbodiimide group as part of the backbone of the Si-polymer in the
photoluminescence, the phenyl-free polydimethylsilylcarbodiimide was also characterized and
did not show photoluminescence properties at room temperature. Therefore, the common
emission peak present in all polysilylcarbodiimides is assigned to the excimer transition of the
phenyl groups. The N=C=N backbone units of the polymers do not contribute to the measured
luminescence emission and do not interact with the luminescence mechanism of phenyl groups.
The emission wavelength is blue-shifted for larger second substituents on the silicon atom, from
hydrogen to methyl to vinyl groups, due to steric reasons.
In polymethylphenylsiloxane, excimers are formed by neighboring phenyl rings, whose distance
is high enough that the interaction between contiguous phenyl rings in their ground states is
attractive. This attraction between neighboring rings favors the excimer emission [Salom1987].
In the case of the polysilylcarbodiimides, the neighboring phenyl groups are separated by a rigid
N=C=N unit. No phenyl monomer emission was detected. The large distance between contiguous
chromophores could favor the excimer emission. Nevertheless, the rigid N=C=N unit could also
hinder the formation of excimers from neighboring phenyl groups, because of a deficient πoverlapping, and thus the excimers could be formed by phenyl rings which are far away in the
same chain or come from another chain, thanks to the polymer flexibility. Thus, since the
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polymer is not diluted, the transition could be intramolecular as well as intermolecular. In S2, S3
and S4 the only observable transition is the excimer emission of the phenyl groups.
In polydiphenylsilylcarbodiimide, the second substituent at the silicon is another phenyl group,
influencing the fluorescence emission. In addition to the peak relative to the phenyl excimer
emission and its three excitation peaks, a new emission with vibrational structure in the range
328-348 nm and a new excitation peak at 294 nm are detected. The new transitions should be
correlated to the simultaneous presence of two phenyl groups at the same silicon atom, and their
interaction, otherwise the excimer emission at 328 nm would be emphasized, but no new peaks
would be detected.
In Figure 93, the emission spectra of S1 obtained with different excitation wavelengths (250, 290,
300 and 360 nm) are shown.

Figure 93: Fluorescence emission spectra of the polydiphenylsilylcarbodiimide S1 obtained with different excitation
wavelengths (250, 290, 300 and 360 nm).

Considering Figure 93 and the simulations performed in Matlab, the emission spectrum results
composed of two emitters: a Gaussian peak, corresponding to the phenyl excimer emission, and
an emission with vibrational structure. With 250 nm as the excitation wavelength, the
contribution of the excimer emission prevails, but the contribution of a different center is
appreciable. With exciting wavelengths 290 and 300 nm, which correspond to the excitation
maximum (294 nm), the second center with vibrational structure is dominant.
The peak with the vibrational structure, present only in S1, is assigned to the monomer emission
of the delocalized unit Ph-SiX2-Ph (X=NCN). The p orbitals related to the two phenyl units
interact as a π-conjugated system through the silicon atom [Suzuki1998, Rathore2009].
In order to observe the emission of the single unit Ph-SiX2-Ph, diphenyldimethylsilane was used
as model compound in hexane solution (X=methyl). In Figure 94, the comparison of the
normalized emission spectra of S1 and diphenyldimethylsilane is shown at two different
excitation wavelengths, 250 nm (a) and 290 nm (b).
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Figure 94: Comparison between the normalized fluorescence emissions of S1 and diphenyldimethylsilane at 250 nm
(a) and 290 nm (b) as excitation wavelengths.

In Figure 95, the emission spectra of diphenyldimethylsilane at different excitation wavelengths
are shown.

Figure 95: Fluorescence emission spectra of diphenyldimethylsilane at different excitation wavelengths.

As expected, the emission with vibrational structure present in S1 was detected also in
diphenyldimethylsilane, but blue-shifted by 0.09 eV. In the case of diphenyldimethylsilane, the
Ph-SiX2-Ph monomer emission is highest for an excitation at 250-270 nm, while in S1 it is found
at 294 nm. The slightly different absorption and emission energies are related to the degree of
interaction between the two phenyl groups, which in turn depends on the nature of the X-group of
the Ph-SiX2-Ph unit and on the geometry of the molecules, i.e. the angle between the phenyl
planes. In the polymer, more hindrance between substituents is present and thus the angle
between the phenyl groups is maximized (180°). However, in the monomer, the angle results
below 180° because of the absence of hindrance. As the wavelength emission depends on the
conjugation, a red-shift is expected in the case of the polymer since the planar geometry is more
favorable for the conjugation [Kim1997, Kim1998].
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Diphenylmethane, as a model compound with methylene as the interconnecting unit between two
phenyl groups, also shows a vibrational structure due to the presence of two phenyl groups,
although without the interposition of a silicon atom [Cooke2003, Salimgaareeva2003]. Therefore,
we can attest that the vibrationally structured peak of S1 is related to the simultaneous presence
of two phenyl rings attached to the silicon atom, i.e. it coincides with the emission from the unit
Ph-SiX2-Ph. Only polymer S1 possesses this chromophore; S2, S3 and S4 do not, thus they do
not show this vibrationally structured emission. The Ph-SiX2-Ph chromophore is also present in
polydiphenylsiloxane, where the same vibrational structure is detected in the emission spectra. In
this case, the emission range is red-shifted compared to that of our
polydiphenylsilylcarbodiimide, due to the different backbone unit X of the Ph-SiX2-Ph group
[Suzuki1997].

6.3.1.1.1.2. Photoluminescence properties of the heat-treated polymers
As for other silicon-based polymers in previous chapters, the four phenyl-containing
polysilylcarbodiimides were heat-treated at relatively low thermolysis temperatures. Their
photoluminescence behavior was studied after annealing of the polymers between 200 and 500
°C. The heat-treated polymers showed different physical properties. Polymer S1 behaves rubberlike after temperature treatments up to 400 °C. Polymer S2 remains liquid after heat-treatment up
to 300 °C and exhibits a rubber-like texture at 400 ° C. Polymer S3 forms a powder at room
temperature and remains in powder form also after heat-treatment up to 500 °C. Polymer S4 is
rubber-like after heating at 200 °C and starts to become glass-like via heat-treatment at 300 °C.
All polymers turn black glassy materials after treatment at 500 °C.
In Figure 96, the luminescence properties of the four thermally treated polymers, S1 (a), S2 (b),
S3 (c) and S4 (d), are shown. The spectra were obtained with the excitation and emission
wavelengths corresponding to the maximum emission and excitation intensities (Table 24).
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Figure 96: Fluorescence emission (bottom right) and excitation (top left) spectra of S1 (a), S2 (b), S3 (c) and S4 (d)
heat-treated at different temperatures with emission and excitation wavelengths as follows from Table 24. The
intensities are not comparable.
Table 24: Excitation and emission wavelengths used for the polysilylcarbodiimides samples, corresponding to the
maximum excitation and emission peaks.
S1
Room T
200 °C
300 °C
400 °C
500 °C

Exc.
290
288
276
290
333

S2
Em.
343
326
326
345
645

Exc.
272
270
281
265
-

S3
Em.
328
327
391
327
-

Exc.
272
360
420
390
482

S4
Em.
335
438
495
472
574

Exc.
270
370
360
364
300

Em.
329
441
425
443
540

Figure 96 shows how it is possible to obtain a variety of emission ranges by simple heattreatment. It is possible to individuate two general trends: S1 and S2 essentially show the same
emission maximum after heat-treatment up to 400 °C, while S3 and S4 display a red-shift of the
emission spectra at increasing temperatures, as previously observed in MK, Ceraset and VL20.
The analysis of the spectra will be discussed later, in view of the structural analyses. The sample
S2 annealed at 500 °C did not exhibit any fluorescence properties.
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The spectral emissions obtained with 360 nm excitation of the polysilylcarbodiimides samples
heat-treated at 200-500 °C are represented on the CIE chromaticity diagram 1931 (Figure 97 (a)
(b) (c) and (d) for S1, S2, S3 and S4, respectively).

Figure 97: CIE chromaticity diagrams 1931 of the S1 (a), S3 (c) and S4 (d) samples annealed at 200-500 °C and of
the S2 (b) samples annealed at 200-400 °C.

The color coordinates are in agreement with the colors of the samples under UV light.
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6.3.1.2. Absorption measurements
Additional information about the electronic transitions occurring in the
polysilylcarbodiimides samples and their variation after temperature treatment can be obtained
with absorption measurements.

6.3.1.2.1. UV-Vis-NIR Spectroscopy
UV-Visible spectroscopy was applied to the polymers and to the heat-treated samples,
using tetrahydrofuran (THF) as solvent. In Figure 98, the normalized absorption spectra of the
four polysilylcarbodiimides are illustrated.

Figure 98: Normalized absorption spectra of the four polysilylcarbodiimides in THF.

All the absorption spectra show vibrational structure and similar shape. The absorption edge of
S1 is at about 280 nm (4.43 eV), for S2 at 286 nm (4.34 eV), for S3 is at 285 nm (4.35 eV) and
for S4 at 293 nm (4.23 eV). S4 is slightly different from the other spectra, presenting a new
shoulder at lower energies. The common absorption peak is due to the phenyl groups. Similar
absorption spectra were found for the polydiphenylsiloxane [Bothelho do Rego2001].
As already observed in other heat-treated silicon-based polymers, the solubility of the samples
decreases as the treatment temperature increases. The solubility of the different polymers is
related to the presence of crosslinking. In Figure 99, the UV-Vis absorption spectra of S1 (a), S2
(b), S3 (c) and S4 (d) heat-treated at different temperatures are presented. Only the spectra of the
soluble samples are shown.
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Figure 99: UV-Vis spectra of the S1 (a), S2 (b), S3 (c) and S4 (d) heat-treated at different temperatures. The
intensities are not comparable.

The UV-Vis spectra of the heat-treated samples roughly present the same features as the starting
polymers. In S1, a new red-shifted peak at 303 nm is detectable at 400 °C, and it could be
attributed to the absorption from aromatic agglomerations, which are supposed to develop at that
temperature.
Reflection measurements were not performed on polysilylcarbodiimide samples, because of the
too low sample amount available.

6.3.1.3. FT-IR spectroscopy
The polysilylcarbodiimides S1 (a), S2 (b), S3 (c) and S4 (d) and the heat-treated samples
were investigated with the FT-IR structural analysis using the ATR device (Figure 100). In Table
25 the vibration bands and respective bonds are listed.
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Figure 100: FT-IR spectra of the polysilylcarbodiimides S1 (a), S2 (b), S3(c) and S4 (d) and the heat-treated samples.
Table 25: Vibration bands and respective bonds detected by means of FT-IR analysis of the polysilylcarbodiimides
samples.
Vibration bands (cm-1) for
S1/S2/S3/S4
3071/3068/3058/3069
2924/2956/2959/2948
2124/2128/2128/2128
1590/1590/1592/1595
1428/1429/1429/1429
1258
1112/1121/1121/1120
1067/1063/1065/1064
998/999/999/1000
853/847/826/846
760/773/773/766
736/736/729/738
692/695/691/697
581/573/573/579

Bond assignment
ν(Carom-H)
ν(C-H)
νas(NCN)+v(Si-H)in S3
ν s(NCN)+ν(C=C)
ν(C=C)
δs(Si-CH3) in S2
νs(Si-Ph)
δ(C-H)
δ(Carom-H)
δ(Si-C)
δ(NCN)
γ(NCN)
ν(Si-C)
ν(Si(NCN))

The FT-IR bands relative to S1 samples remain almost unvaried up to 400 °C and after heattreatment at 500 °C the signals are significantly reduced. Accordingly, the polymer does not
crosslink up to 400 °C and degrades at around 500 °C, turning black and causing a reduced
transmission signal. Also in polymer S2, few changes are detectable up to 400 °C and the
intensity of the signals at 500 °C is reduced. Remarkable is the presence of the Si-CH3 peak
(1258 cm-1) up to 500 °C. In polymer S3, at 500 °C the signals are significantly reduced, due to
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the reduced transmission of the black ceramic sample. The Si-H band overlaps the NCN band;
therefore it is not possible to monitor the crosslinking of the polymer through Si-H groups by
means of FT-IR. In the FT-IR spectra of polymer S4, as the annealing temperature increases, the
C=C bonds relative to vinyl groups decrease. Thus, the polymer S4 crosslinks through its vinyl
groups. As no other crosslinking possibilities are present, vinyl polymerization is the crosslinking
mode.
In all polymers, Si-CH3 bonds are detected, relative to the end groups. The N=C=N bonds are
still detectable in all polymers at 500 °C.

6.3.1.4. Raman spectroscopy
The polysilylcarbodiimide samples S1 (a), S2 (b), S3 (c), S4 (d) and the heat-treated
samples were investigated by means of IR/Raman spectrometer Bruker IFS 55 - FRA 106, with
laser wavelength 1064 nm (Figure 101 and Table 26).

Figure 101: Raman spectra of the polysilylcarbodiimides S1 (a), S2 (b), S3(c) and S4 (d) and heat-treated samples
using 1064 nm as laser wavelength.
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Table 26: Vibration bands and respective bonds detected by means of Raman analysis of the polysilylcarbodiimides
samples.
Raman shift (cm-1)
3051
2901/2905
2883
2136, 2154
1593/1587
994/998
614

Bond assignment
v(Ph-H)
νs(CH3) in S2
νs (-CH2-) in S4
ν(Si-H) in S3
νs(NCN)
δip(Ph-H)
ν as(Si(NCN))+ γ(NCN))

In S1 and S2 no relevant structural changes were detected up to 400 °C by means of Raman
measurements, due to the absence of crosslinking. In polymer S3, the band relative to Si-H bonds
is significantly reduced after heating up to 400 °C, indicating the occurrence of crosslinking
reactions via Si-H groups. Nevertheless, not all Si-H groups were involved in the reaction, as the
Si-H peak is still present at 400 °C. In S4, the peaks at 1402 and 1272 cm-1, present up to 200 °C
and denoting unsaturated C-H groups and C=C bonds, disappear at higher treatment
temperatures, indicating the reaction of vinyl substituents. A new peak appears at 2883 cm-1 from
300 °C, denoting -CH2- formed by the crosslinking reactions of vinyl groups.
The samples heat-treated at 500 °C presented interference because of the heating of carbon
clusters and are not reported here.

6.3.1.5. TGA/DTG/MS
Simultaneous thermal analysis was carried out on the four polysilylcarbodiimides and the
TGA and DTG curves are illustrated in Figure 102. The thermal transformation of the polymers
S1-S4 to carbon rich SiCN ceramics at 1100 °C was previously reported [Mera2009b].
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Figure 102: TGA and DTG curves of S1 (a), S2 (b), S3 (c) and S4 (d).

In Figure 103 the TGA curves of the four polysilylcarbodiimides are compared in a single graph.

Figure 103: TGA curves of the four polysilylcarbodiimides analyzed.

From both Figure 102 and 103 it is immediately clear that the S1 and S2 present different
behavior than S3 and S4. The first two polymers show mass losses lower than 10 % up to 400500 °C, but after the “transition temperature” the weight loss increases. At 600 °C, their mass
loss is between 50 and 70 %. The polymers S3 and S4, on the contrary, start to lose weight at
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temperatures below 200 °C. At 300 °C, they lost around 25 % of the initial mass. The polymer S3
shows a plateau between 300 and 450 °C, before starting to lose weight again. At 600 °C, its
mass loss is around 45 %. Also the polymer S4 shows a plateau, between 350 and 430 °C, before
showing a mass loss more abrupt than that of S3 and at 600 °C its weight loss is 50 %.
The two different behaviors, relative to S1 and S2 on one side and to S3 and S4 on the other side,
are explained considering that in S1 and S2 no crosslinking takes place up to 500 °C, while the
polymers S3 and S4 thermoset through hydrogen and vinyl groups, respectively. Nevertheless,
vinyl polymerization does not cause weight loss, and the higher mass loss of S4 compared to S1
and S2 is attributed to a higher end groups content, which leave the material. The mass loss of S3
is instead related to possible dehydrocoupling reactions, besides the end groups elimination
[Morcos2008]. The strong mass losses of samples S3 and S4 at low temperatures could indicate
the crosslinking of the polymers through end groups, besides the crosslinking through hydrogen
and vinyl groups.
In Figure 104, selected MS spectra of gaseous byproducts relative to the thermal transformation
of the polymers S1 (a), S2 (b), S3 (c) and S4 (d) are illustrated.

Figure 104: Selected TG/MS analysis of the gaseous byproducts of the thermal decomposition of S1 (a), S2 (b), S3
(c) and S4 (d). The numbers in the graphs refer to m/z.
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Except for the elimination of end groups in small amounts (Me3SiCl), S1 and S2 do not lose any
compounds up to 400 °C. In accordance with the TGA, the degradation of the polymers start at
500 °C, with loss of H2, phenyl derivatives, chlorine derivatives and C2N2, and the polymers are
converted into a ceramic. Furthermore in S2, crosslinking reactions between methyl groups start
at about 500 °C, with release of methane.
In the case of S3 and S4, the first mass loss at around 200 °C is associated with the elimination of
end groups (Me3SiCl and mainly phenyl derivatives). The additional hydrogen loss in S3
indicates the occurrence of possible dehydrocoupling reactions [Morcos2008]. In the case of S4,
the crosslinking reactions between vinyl groups do not cause mass losses. At temperatures higher
than 400 °C degradation reactions occur for both polymers.

6.3.1.6. XRD measurements
The X-ray diffractograms of the polysilylcarbodiimide samples heat-treated at different
temperatures are displayed in Figure 105.

Figure 105: X-ray diffraction patterns of S1 (a), S2 (b), S3 (c) and S4 (d) heat-treated at different temperatures.

Since no crystalline phase is detected with XRD measurements in any of the samples, all the
polysilylcarbodiimide polymers remain amorphous after heat-treatment up to 500 °C.
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6.3.1.7. Discussion
The photoluminescence features of S1-S4 are analyzed after heat-treatment of the
polymers right below the temperature at which conversion into the ceramic material takes place
(Figure 96). For polysilylcarbodiimides, this transformation can be formally described by the
temperature limit above which elimination of gaseous C2N2 is analyzed (TS1 = 557 °C, TS2 = 545
°C, TS3 = 573 °C, TS4 = 526 °C), as quantitatively detected by means of TGA, according to the
reaction in Figure 106 [Riedel1998].

Figure 106: Thermal transformation of a polysilylcarbodiimide during the polymer-to-ceramic conversion.

In the present work, all polymers turned black glassy materials after heat-treatment at 500 °C.
Therefore, at 500 °C the conversion into ceramic as well as the development of free carbon
already started. The lower temperature of the transformation should be due to the lower heating
rate and the presence of dwelling applied during annealing in comparison to the TGA.
Nevertheless, the transformation is not completed and N=C=N groups are still present in all
samples after annealing at 500 °C.
The interpretation of the fluorescence spectra of heat-treated polysilylcarbodiimides is not easy,
since it is not possible to know the exact structure of the polymers evolved during the heattreatment process. However, some considerations can be extrapolated from Figure 96,
considering the different thermal behavior of the polymers. The four polysilylcarbodiimides
analyzed can be distinguished in two categories: the polymers which crosslink during the
temperature treatment up to 400 °C and those which do not. The polymers S1 and S2, possessing
only methyl and phenyl substituents, are unable to crosslink during heating at temperatures lower
than 400 °C. As attested by FT-IR and Raman analyses, no relevant changes were detected in the
heat-treated polymers up to 400 °C (Figures 100 and 101). Thermal analysis and optical
observations of the samples indicate the occurrence of the degradation of these polymers at 500
°C and no relevant weight losses are detected at lower temperatures (Figure 103). The
crosslinking of S2 starts to occur at about 500 °C, when the methyl groups react and CH4 is
released. In S1 no crosslinking takes place even at higher temperatures. On the contrary, the
polymers S3 and S4 start to crosslink at temperatures as low as 200 °C, due to the presence of
Si-H bonds and vinyl groups, respectively, as attested by FT-IR and Raman analyses (Figures
100 and 101). As the TGA shows, S3 and S4 display more intense mass losses up to 400 °C than
those of S1 and S2 (Figure 103). In S3, the weight loss is due to the hydrogen elimination
correlated with the possible dehydrocoupling reactions, besides the end groups evolution
[Morcos2008b]. In S4, the vinyl polymerization does not lead to mass loss, and the relatively
high weight loss should be related to a higher extent of end groups evolution. In all polymers, the
mass losses detected from 500 °C are due to the loss of H2, phenyl derivatives, chlorine
derivatives and C2N2, related to the polymer-ceramic transformation.
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Considering the thermal behavior of the four polysilylcarbodiimides, we observe once again the
fluorescence spectra. The polymers that crosslink during annealing (S3 and S4) are characterized
by bathochromic shift of the maximum emission spectra as the treatment temperature increases,
visible in Figure 96 (c) and (d). A red-shift of the maximum emission spectra with increasing
annealing temperature was also detected in the silicon-based polymers examined in the previous
chapters, where both the polysiloxane and the polysilazanes were able to crosslink.
In the case of the non-crosslinkable polymers S1 and S2, no bathochromic shift was found
(Figure 96 (a) and (b)). The emission spectra of S1 remain unvaried up to 400 °C. Moreover, at
this temperature the phenyl emission still prevails but a second luminescent center arises at 465
nm. In S2, except for the sample heat-treated at 300 °C, the maximum emission and excitation
peaks correspond to the phenyl excimer emission up to 400 °C. After heat-treatment at 300 °C,
the mentioned peak is only a shoulder and another luminescence center develops, which
disappears after annealing at 400 °C. At 400 °C, a new weak peak develops at around 453 nm.
The photoluminescence analysis of the four annealed polysilylcarbodiimides is useful in order to
better understand the luminescence mechanisms going on during heat-treatment of silicon-based
polymers. In previous chapters, we deduced that the mechanisms responsible for the development
of the luminescence properties of the polymers during heat-treatment, i.e. the rise of new redshifted peaks, were mainly due to two reasons: the increased polymer-crosslinking and the
development of free carbon. The presence of dangling bonds was initially also considered as
source of luminescence, but EPR measurements on MK and Ceraset demonstrated that they do
not have an appreciable influence on the development of the luminescence properties.
In this chapter, the role of the crosslinking was clearly envisaged. The presence of the phenyl
groups provides a defined fluorescence emission in the polymers, which can be monitored with
temperature. In polymer S1, no significant changes in the phenyl emission were detected after
annealing up to 400 °C. In polymer S2, the maximum emission and excitation peaks correspond
to the phenyl excimer transition at room temperature and after annealing at 200 °C. After heattreatment at 300 °C, the mentioned peak is only a shoulder and other red-shifted emission peaks
are detectable, which disappear after annealing at 400 °C. The luminescent centers that originate
the red-shifted peaks are still under investigation and could be related to new π-π interactions of
phenyl groups, which were identified by means of 1H liquid state NMR and were not present in
the starting polymers. In polymers S3 and S4, crosslinking is obviously responsible for the redshift of the maximum intensity fluorescence spectra. In S3, crosslinking reactions through the
Si-H bonds are assumed to be responsible for the observed red-shift in the fluorescence spectra.
The interaction between two phenyl groups through the silicon atoms could lead to the formation
of the new luminescent centers. In S4, the vinyl polymerization forms carbon containing bridges
between silicon atoms, which can improve the π-π interactions of phenyl groups, causing redshifted emission spectra as the annealing temperature increases.
However, the explanations supplied in the present chapter still cannot clarify the fluorescence
mechanisms related to the crosslinking observed in previously analyzed polymers, where no
phenyl groups were present as source of luminescence, and the mere crosslinking reactions
developed new luminescence centers.
The role of free carbon on the luminescence properties starts to be detectable at higher
temperatures, as in previously analyzed polymers. After heat-treatment at 500 °C, the
fluorescence emission is quenched and red-shifted for all polysilylcarbodiimides. In S1, at 500 °C
the luminescence is quenched to a weak emission with maximum peak at 645 nm, in S3 the
maximum emission peak is at 574 nm, in S4 at 540 nm, while in S2 the fluorescence emission is
completely quenched and no spectrum was collected. Thus, as previously found for the
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polysiloxane and polysilazane, the development of free carbon in higher amounts acts as a
luminescence quencher.
13
C solid state MAS NMR spectra of the samples S1 and S2 annealed at 400 °C with heating rate
100 °C/h did not show the presence of free carbon, while after heat-treatment at 600 °C free
carbon is detectable [Mera2009b]. For S3 and S4, solid state NMR is not yet available. In the
samples annealed at 500 °C, Raman measurements show interference due to the heating of
carbon clusters, which means that the free carbon should be present in high amounts. Moreover,
from fluorescence analysis, optical observations (black color) and thermal analysis, we can attest
that free carbon is developed in significant amounts in all polymers at a temperature as low as
500 °C.
Below that temperature, we assume the formation of small aromatic agglomerations that cannot
be detected by means of NMR, which are the precursors of the free carbon sp2 phase. As
previously explained for MK, Ceraset and VL20, small aromatic agglomerations could be the
origin of the luminescence emission mainly for annealing starting from 500 °C. Here, the
structural changes occur at lower temperatures in respect to the previously analyzed polymers, as
attested by the luminescence quenching at 500 °C. Therefore, free carbon could be present in low
amounts after annealing of the polysilylcarbodiimides at 400 °C, although undetectable using
solid state NMR and Raman analyses [Mera2009b]. Accordingly, in the case of MK at 500 and
600 °C and Ceraset at 500 °C, free carbon was not detected in solid state MAS NMR; however,
sp2 carbon radicals were detected in EPR measurements and C=C bonds in Raman for Ceraset at
500 °C. Therefore, the temperature of sp2 carbon formation is lower than that detected by means
of MAS NMR. Moreover, in the polysilylcarbodiimides the presence of phenyl groups could
favor the formation of aromatic agglomerations at even lower temperatures. In MK and Ceraset,
the formation of a low amount of sp2 free carbon was concomitant with the yellow coloration of
the samples and the visible photoluminescence. Here, the optical observations are not so useful,
since the polysilylcarbodiimides are yellowish from lower treatment temperatures. Nevertheless,
the samples assume a darker yellow coloration after treatment at 400 °C.
In order to differentiate between free carbon and crosslinking as the responsible features
contributing to the analyzed luminescence, the photoluminescence spectra of polymers S1 and S2
must be taken into account first. After annealing at 400 °C, a shoulder at 465 nm arises in the
maximum emission spectrum relative to S1 and a weak peak at 473 nm in S2. These peaks should
be related to newly developed luminescent centers. As at 500 °C free carbon is present in
significant amounts, it is plausible that at 400 °C some traces of free carbon, in form of small
aromatic agglomerations, already started to form, which could be responsible for the observed
peaks. Also in S3 and S4 the emission from aromatic agglomerations could cause new red-shifted
peaks at heat-treatments from 400 °C, as in S1 and S2, but for these two polymers the analysis is
complicated by the effect of crosslinking and it is difficult to distinguish among the different
mechanisms, as previously for MK, Ceraset and VL20.
Anyhow, due to the systematical comparison between two polymers that crosslink and two that
do not crosslink during annealing, it was possible to prove the role of the crosslinking on the
fluorescence emission range. Moreover, the role of free carbon is evident in samples where
crosslinking does not occur. Therefore, the control of the extent of crosslinking and amount of
aromatic carbon agglomerations via the annealing temperature could be a useful tool to tune the
emission range of the Si-based polymers for applications such as LEDs.
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6.4. Copolymers
6.4.1. Polydiphenylsilylcarbodiimide +
Polysilazane VL20
A new copolymer, GV, generated from the reaction of the polydiphenylsilylcarbodiimide
(S1) with the polysilazane VL20 is presented in this chapter. The two starting polymers were
mixed in equal weight proportions under stirring for one day at room temperature. It was not
possible to mix the polymers in equal molar proportion because the molar weight of the
polydiphenylsilylcarbodiimide is not known. The polymer was initially synthesized to attest the
miscibility between the two different systems, but was analyzed in this work because of its
fascinating fluorescence properties. In this study, we could show that the reaction of S1 with
VL20 results in a copolymer. The first part of this section is focused on the investigation of the
molecular structure of the newly synthesized GV polymer. Afterwards, the exceptional
photoluminescence properties of the heat-treated GV samples will be presented, and the origin of
the fluorescence will be studied by analyzing the structural changes during annealing.

6.4.1.1. Molecular structure
6.4.1.1.1. FT-IR spectroscopy
In Figure 107 the FT-IR structural analysis of the GV polymer is compared to the FT-IR
of its precursors, S1 and VL20. All samples were measured using the ATR device. In Table 27
the vibration bands and respective bonds are listed.
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Figure 107: FT-IR analysis of the VL20, S1 and GV polymers.
Table 27: Vibration bands and respective bonds detected by means of FT-IR analysis of the GV samples.
Vibration band (cm-1)
3370
3151
3050
2948
2158
1591
1429
1410
1256
1170
1121
894
739
698

Bond assignment
ν(N-H)
ν(OH)
ν(C-H sp2, Ph-H)
νas(-CH3)
ν(Si-H)+νas(NCN)
ν s(NCN)+ν(C=C)
ν(C=C)
δas(C-H)
δs(Si-CH3)
v(Si-N-Si)
νs(Si-Ph)
νas(N-Si-N)+ν(Si-N)
δs(Si-C)+γ(NCN)
ν(Si-C)

The GV copolymer shows all the features of both starting polymers, by means of FT-IR. The
band denoting OH bonds is also detectable.
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6.4.1.1.2. Raman spectroscopy
The GV polymer was characterized by means of confocal micro-Raman spectrometer,
with excitation laser of 488 nm. In Figure 108, the Raman spectrum of GV was plotted together
with those relative to VL20 and S1, for comparison. In Table 28 the vibration bands and
respective bonds are listed.

Figure 108: Raman spectra of VL20, S1 and GV polymers.
Table 28: Vibration bands and respective bonds detected by means of Raman analysis of the GV samples.
Raman shift (cm-1)
3379
3051
2968
2901/2905
2136/2154
1593/1587
1406
1190
1158
1026/1028
994/998
614
470

Bond assignment
ν(N-H)
v(Ph-H)
νas(-CH3)
νs(CH2)
ν(Si-H)
νs(NCN)+ν(C=C)
δas(C-H)
δwagg(CH2)
ρrock(CH2)
δip(Ph-H)
δip(Ph-H)
νas(Si(NCN))+γ(NCN))
ν(Si-N)

In the Raman spectrum of the copolymer it is possible to individuate all the bands of the starting
polymers. The N-H band is significantly decreased in intensity in GV relatively to VL20.
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6.4.1.1.3. XRD measurements
In Figure 109, the XRD diffractogram of the GV polymer is shown plotted together with
those relative to VL20 and S1, for comparison.

Figure 109: XRD spectra of the VL20, S1 and GV polymers.

Unlike the reacting polymers VL20 and S1, the copolymer GV shows a crystalline phase. This
was identified as NH4Cl having CsCl type structure with cubic lattice parameter 3.88 Å, which
was confirmed by the Rietveld structure refinement of the XRD data (program Fullprof). The
crystalline NH4Cl can be highlighted under polarized microscope, which reveals small crystallites
surrounded by the amorphous polymeric matrix.

6.4.1.1.4. Liquid State NMR spectroscopy (1H, 13C and 29Si)
The reaction between the polydiphenylsilylcarbodiimide S1 and the polysilazane VL20
produced a new copolymer. FT-IR and Raman analyses demonstrated that GV is characterized by
features of both the starting polymers, but they could not attest that a reaction occurred. X-ray
diffraction highlighted the formation of a new crystalline phase, the NH4Cl. In Figure 110, the
29
Si DEPT (a), the 13C{1H} (b) and the 1H (c) NMR spectra obtained in C6D6 of GV, S1 and
VL20 are presented.
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Figure 110: 29Si DEPT (a), 13C{1H} (b), 1H (c) NMR spectra of the VL20, S1 and GV polymers in C6D6.

The 29Si DEPT NMR spectrum of the GV copolymer is generally defined by the sum of the
chemical shifts present in the NMR spectra of the reacting polymers.
In the 29Si DEPT NMR (C6D6), the Si(NH)2Methyl(H) and Si(NH)2VinylMethyl signals at -22.7
ppm from the VL20 are present also in the copolymer, although significantly broadened. Also the
SiPh2(NCN)2 at -43.7 ppm, typical of the S1 chain, and the end group SiMethyl3(NCN) at 1.2
ppm are found in GV. Nevertheless, the signal relative to the end group SiPh2Cl(NCN), present in
S1 at -20.8 ppm, is not detectable in GV.
Besides the peaks previously present in S1 and VL20, it is possible to identify two additional
signals at -9.9 ppm and at -14.9 ppm, present only in the final polymer. Since the NCN group
shows in NMR the same chemical shift of oxygen [Riedel1998, Mera2009b], and the O-Si-NH
chemical shift is well-matched with -15 ppm [Imbenotte1979], the new peaks at -9.9 and -14.9
ppm could indicate the presence of Si bonded both to the amine and the carbodiimide groups, the
NCN-Si-NH group. Besides the NCN-Si-N(H) groups, relative to the linear chains (see
discussion, Figure 114 (c)), the peaks can also be assigned to NCN-Si-N(Si), relative to the
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ramified structure (Figure 114 (b)), both formed by the reaction. The reaction route and the
structures formed will be explained in the discussion section. Furthermore, the broadening of the
peak at -22.7 ppm, better explained with the formation of additional peaks in the region -16.8 to
-22.2 ppm, could be due to the ramification of the polysilazane through the transamination
reaction (see discussion, Figure 114 (a)).
In 13C{1H} and 1H NMR the spectra relative to the GV consist of the sum of the signals present
in the starting polymers and no additional peaks were detected.
In 13C NMR (C6D6), the GV polymer shows the methyl groups (at -4 to 2 ppm) from both VL20
and S1 (end groups), vinyl groups (at 126-131 ppm) from the VL20 and the NCN (at 122 ppm)
and phenyl (at 127-133 ppm) groups from the S1.
In 1H NMR (C6D6), the methyl groups (at 0-2 ppm) from both VL20 and S1, the vinyl (at 5-7
ppm), Si-H (at 4-5 ppm) and N-H (at 0.8-1.2 ppm) groups from the VL20, as well as the phenyl
groups (at 7-8 ppm) from the S1 are detectable in the GV polymer.
Therefore, liquid state NMR analysis of GV demonstrates that a reaction occurred between VL20
and S1 and a copolymer was generated. Furthermore, the chlorine from the end groups of S1 took
part to the reaction, as attested by the disappearance in GV of the signal relative to SiPh2Cl(NCN)
at -20.8 ppm in 29Si NMR.

6.4.1.1.5. Discussion on the molecular structure
In this section, we will discuss the possible reactions between the polymers VL20 and S1
and propose a molecular structure for the GV polymer on the basis of the spectroscopic
characterizations performed.
The reaction between VL20 and S1 generates a crystalline by-product, namely NH4Cl, identified
by means of XRD (Figure 109). The ammonia present in the ammonium chloride derives from
the NH groups of the polysilazane chains and the Cl from the end groups of the
polydiphenylsilylcarbodiimide. Ammonia is formed from the polysilazane via transamination
reactions, as illustrated in Figure 111 [Birot1995].

Figure 111: Transamination reaction.

The effect of the transamination reaction is, besides the development of ammonia, also the
formation of ramified polysilazane chains, with nitrogen bonded to three silicon atoms (Figure
114 (a)).
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The chlorine from the polydiphenylsilylcarbodiimide end groups, in proximity of ammonia and
the NH group from a polysilazane chain, reacts to generate NH4Cl (Figure 112). The reaction
occurs via formation of HCl, which subsequently reacts with the NH3.

Figure 112: Reaction between the polydiphenylsilylcarbodiimide end group and the polysilazane chain.

The silicon atom can bond to the nitrogen from the polysilazane chain, forming a hybrid ramified
structure, composed by two polysilazane chains and a polydiphenylsilylcarbodiimide chain
(Figure 114 (b)).
Moreover, the polydiphenylsilylcarbodiimide end groups can also react with the ≡Si-NH2 end
groups formed by transamination reactions (Figure 111): HCl is released, which can react with
the ammonia and form NH4Cl, and a linear hybrid polymer is obtained (Figure 114 (c)).

Figure 113: Reaction between the polydiphenylsilylcarbodiimide end group and the ≡Si-NH2 end group formed by
the transamination reaction.

Through the last two reactions, the N(Si)-Si-NCN and N(H)-Si-NCN species (silicon bonded
both to the nitrogen and to the carbodiimide group) are formed, as attested by liquid state 29Si
NMR analysis (Figure 110). In Figure 114, the possible structures present in the GV polymer,
formed by the previously explained reactions, are shown.
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Figure 114: Possible structural units present in the GV polymer.

The reaction between the chlorine from the end groups of the polydiphenylsilylcarbodiimide and
the polysilazane chain, with formation of HCl, is probably the first step of the total reaction and it
is the cause of the transamination reaction, which otherwise would not occur in the polysilazane.
Other reactions possibilities were not confirmed by spectroscopic analyses. For example, the
Si-H groups of the VL20 are present after the reaction of the polymers, as attested from Raman,
FT-IR and 1H NMR spectroscopy (Figure 108, 107 and 110). In Raman, the N-H band is
significantly decreased in intensity in the GV polymer in comparison to VL20 and this is due to
the formation of the crystalline structure NH4Cl. Liquid state NMR, FT-IR and Raman analyses
show that the structures of the starting polymers are preserved after the reaction and GV is a
copolymer composed by the combination of the building blocks of the starting polymers.
The polymer GV possesses the crosslinkable substituents of the VL20, the vinyl, Si-H and N-H
groups, which can react through hydrosilylation, vinyl polymerization, dehydrocoupling and
transamination reactions. As the VL20 is composed by a mixture of low molecular weight
oligomers and high molecular weight polymeric chains, the polymer GV should also have this
feature.
The GV polymer was heat-treated at 200, 300, 400, 500 and 600 °C for 2 h under Ar flow, with
heating rate 50 °C/h and free cooling. Crosslinked porous samples were obtained, which were
subsequently powdered.
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6.4.1.2. Photoluminescence measurements
6.4.1.2.1. Fluorescence measurements
The fluorescence emission and excitation spectra of GV and the heat-treated samples,
relative to the maximum intensity excitation and emission wavelengths (Table 29), are displayed
in Figure 115.

Figure 115: Fluorescence emission (bottom right) and excitation (top left) spectra of GV annealed at different
temperatures, obtained with excitation and emission wavelengths according to Table 29.
Table 29: Excitation and emission wavelengths used for the GV samples.
Sample
GV
GV 200 °C
GV 300 °C
GV 400 °C
GV 500 °C
GV 600 °C

Excitation wavelength (nm)
285
369
394
393
360
446

Emission wavelength (nm)
313
435
454
461
445
547

As in the case of its precursor VL20, blue and blue-greenish emission was obtained for heattreated GV samples up to 500 °C. After heat-treatment at 200 °C, the maximum fluorescence
emission is considerably red-shifted in respect to that of the untreated polymer. A slight red-shift
of the emission maxima with increasing temperature could be detected in the spectra of samples
heat-treated between 200 and 400 °C. The sample annealed at 500 °C shows quenched and not
red-shifted emission. After heat-treatment at 600 °C, a weak green emission is detectable, which
denotes a considerable decrease in emission intensity and the red-shift of the emission peak.
The GV polymer displays maximum emission at 313 nm after excitation at 285 nm.
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After heat-treatment at 200 °C, maximum emission with the main peak at around 443 nm and two
additional smaller peaks at 397 nm and 528 nm is detected with an excitation wavelength of 369
nm.
The sample heat-treated at 300 °C shows maximum emission after excitation at 394 nm, and the
emission peaks are at 457 nm and 544 nm.
After heat-treatment at 400 °C, with excitation at 393 nm, emission peaks at 464 nm and 544 nm
were detected.
After heat-treatment at 500 °C, the whole emission intensity is decreased and the maximum
emission is obtained for excitation at 360 nm with emission peaks at 400 nm, 451 nm and 532
nm.
Finally, after heat-treatment at 600 °C, a large emission band with maximum at 579 nm is
obtained with excitation at 446 nm.
The maximum excitation spectra of the heat-treated GV samples show two main bands. The main
excitation peak for all samples is between 360 and 380 nm and a second peak at 250 nm is
detectable.
In Figure 116, optical pictures of the polymer GV after annealing at different temperatures are
shown under white (a) and UV (360-400 nm) (b) light, respectively.

Figure 116: Photographs representing GV samples under white (a) and UV (360-400 nm) (b) light.

Since the excitation wavelengths to obtain maximum emission are in the range 360-400 nm for
all samples, GV is an interesting candidate for LED applications. In addition, the emission
intensities are much higher in comparison to those detected in previously analyzed samples, as
shown by the high intensity values in Figure 115 and by the optical pictures in Figure 116. In
Figure 117, the emission spectra of the GV samples obtained with excitation wavelength of 360
nm are illustrated.
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Figure 117: Fluorescence emission spectra of GV annealed at different temperatures obtained with 360 nm as
excitation wavelength.

The emission curves of the different samples obtained with excitation wavelength of 360 nm
show the presence of three common peaks, two main peaks at 395-400 nm and 443-451 nm and a
smaller band at 525-561 nm. The GV polymer, after excitation at 360 nm presents an emission
peak at 438 nm. After heat-treatment at 200 °C, the main peak is at around 443 nm, with two
additional smaller bands at 400 nm and 528 nm. Following annealing at 300 °C, the maximum
peak is at 451 nm, with less intense peaks at 395 nm and 544 nm. After heat-treatment at 400 °C,
the same emission peaks at 448, 395 and 525 nm are present, with decreased intensity. After heattreatment at 500 °C the whole emission intensity is decreased and three peaks are detectable at
400 nm, 451 nm and 561 nm. Finally, after heat-treatment at 600 °C, a large and weak emission
band composed of two peaks at 561 nm and 458 nm is obtained.
The emission spectra of the GV samples obtained with excitation wavelength of 250 nm are
shown in Figure 118.

Figure 118: Fluorescence emission spectra of GV annealed at different temperatures obtained with 250 nm as
excitation wavelength.
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With 360 nm as the excitation wavelength, the emission ranges and intensities appear similar for
the samples annealed at 200, 300 and 400 °C. With 250 nm as the excitation wavelength, it is
possible to observe a consistent transformation of the emission spectra with the annealing
temperature. Emission peaks at 314 nm, 368-379 nm, 450 nm and 544 nm are detected in all
heat-treated samples, having different relative intensity ratios, which changes as the heating
temperature increases. The polymer GV shows one emission peak, at 314 nm. After annealing at
200 °C, the more intense emission band is still at 316 nm, but other two less intense peaks are
detectable at 375 nm and 450 nm. After annealing at 300 °C, the whole emission intensity is
reduced and the peaks present at 316 nm, 375 nm and 450 nm have more or less the same
intensity. After heat-treatment at 400 °C, the peak at 316 nm becomes a shoulder, while the
maximum emission peak is at 368 nm; the peak at 450 nm increases in intensity and a new peak
at 544 nm forms a shoulder. After heat-treatment at 500 °C, the emission intensity with excitation
at 250 nm increases further; the main peak is at 379 nm, the shoulder at 316 nm disappears, while
the shoulders at 451 nm and 544 nm are still present. After annealing at 600 °C, two peaks are
detectable at 375 nm and 544 nm.
As general observation, the emission intensity with excitation at 250 nm is considerably reduced
compared to that obtained with excitation at 360 nm. The maximum emission intensity with
excitation at 250 nm is found after annealing at 500 °C. Increasing the annealing temperature of
the precursor causes an increased relative intensity of the longer-wavelength peaks and a
decreased intensity of the shorter-wavelength peaks. Following annealing at 600 °C the emission
is drastically reduced.
In order to explain the fluorescence spectra obtained with excitation wavelengths 250 and 360
nm, the maximum excitation spectra of the GV samples of Figure 115 must be considered. The
excitation peaks are relative to the different emission maxima of every sample; however, some
common considerations can be extrapolated. The main excitation peak for all samples is between
360 and 400 nm and a second peak at 250 nm is present. Therefore, with 360 nm as excitation
wavelength, more intense spectra were obtained. The band at 250 nm shows low intensity in all
samples up to 300 °C. Accordingly, after excitation at 250 nm, weak emissions were obtained at
around 450 nm (the excitation spectra were obtained in average in relation to this emission
wavelength). After treatment from 400 °C, the excitation peak at 250 nm gains relative
importance in comparison to the peak at 360-400 nm. Accordingly, after excitation at 250 nm,
red-shifted emission spectra are obtained in respect to lower temperatures, which contribute to
the maximum emission spectra at around 450 nm.
With 250 nm as the excitation wavelength, the phenyl groups are excited. Emission at 313 nm is
obtained for the GV precursor. As the treatment temperature increases, new red-shifted emission
peaks are detectable. They are related to new luminescence centers, probably due to π-π
interactions between phenyl groups, caused by the increasing crosslinking of the polymer. With
increasing annealing temperature, the red-shifted peaks due to the π-π interactions acquire
importance in respect to the original peak.
On the contrary, the excitation peak at 360 nm, with emission in the range 443-451 nm, should be
related to a new luminescence center, created by the crosslinking reactions, and probably not
associated to the phenyl emission.
The spectral emissions obtained with 360 nm excitation of the GV samples heat-treated at 200600 °C are represented on the CIE chromaticity diagram 1931 (Figure 119).
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Figure 119: CIE chromaticity diagrams 1931 of the GV samples annealed at 200-600 °C.

The color coordinates are perfectly in agreement with the colors of the samples under UV light
(Figure 116).

6.4.1.2.2. Stability of the fluorescence during storage
In order to monitor the change in fluorescence properties of the GV samples following
storage in air, the fluorescence emission obtained with 250 nm excitation wavelength was
measured during the first week after the heat-treatment and about one year later (Figure 120).

Figure 120: Fluorescence spectra of the GV samples obtained during the first week after heat-treatment and about 1
year later (at 250 nm excitation).
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After heat-treatment at 200, 300, 400 and 500 °C the changes are mainly in the emission
intensity, remaining the peaks unvaried. For the samples heat-treated up to 400 °C, the emission
intensity decreases after 1 year in air, while the sample heat-treated at 500 °C shows an intensity
increase. The sample heat-treated at 600 °C does not show intensity changes, but the peak at 375
nm disappears and the only detectable peak after 1 year in air is at 544 nm.

6.4.1.2.3. Quantum efficiency
The quantum efficiency of the sample GV 300 °C was measured with the integrating
sphere and resulted to be 22%. This is the highest value found among the heat-treated siliconbased polymers analyzed in the present thesis. It is an encouraging result, because it is much
higher than the values found for the starting materials, and attests that the fluorescence properties
of the silicon-based polymers can be enhanced.
The quantum efficiencies of the remaining GV samples were estimated by comparing the integral
of their emission spectra (in energy scale) with the integral of the emission spectra of samples of
known quantum efficiency with emission in the same range (Table 30).
Table 30: Quantum efficiencies of the GV samples.
Sample
GV
GV 200 °C
GV 300 °C
GV 400 °C
GV 500 °C
GV 600 °C

Quantum efficiency (%)
6.3*
29.5
22.0
21.1
16.2
1.0

The samples designed with * emit in the UV range, for which no measurement was successful.
Thus the values were calculated by comparison with a sample with emission maximum at 394
nm. Since the emission range of GV 200 °C was intermediate between those of Ceraset 500 °C
and GV 300 °C, its quantum efficiency was calculated considering both samples. A very high
value was obtained for this sample, higher than that of GV 300 °C, in accordance with the larger
integral of its spectrum.

6.4.1.3. Absorption measurements
Additional information about the electronic transitions occurring in the GV samples and
their variation after temperature treatment can be obtained with absorption measurements.

6.4.1.3.1. UV-Vis-NIR spectroscopy
In Figure 121, the absorption spectrum of the GV polymer obtained with UV-Vis
spectroscopy is compared to those relative to the two starting polymers S1 and VL20.
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Figure 121: UV-Vis absorption spectra of GV, VL20 and S1.

The absorption edge of GV at around 280 nm (4.43 eV) is similar to those of S1 (around 280 nm
(4.43 eV)) and VL20 (around 285 nm (4.35 eV)).
As previously attested for other silicon-based polymers, the solubility of GV decreases as the
treatment temperature increases. However, standard UV-Vis measurements could be performed
on the GV samples heat-treated up to 400 °C, in THF solution, as previously for the S1 samples
(Figure 122).

Figure 122: UV-Vis absorption spectra of GV samples.

The absorption edge is at around 280 nm up to 400 °C. Vibrational structure is present in all
spectra, as in the polydiphenylsilylcarbodiimide, and denotes the absorption from phenyl groups.
A new red-shifted weak peak is detectable at 294 nm in the sample heat-treated at 400 °C, which
could be attributed to the absorption from aromatic agglomerations.
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6.4.1.3.2. Reflection measurements
The reflection spectra were obtained using synchronous excitation and detection
wavelengths with the Cary Eclipse Varian. The absorption/scattering spectra obtained from the
reflection data relative to the GV samples (using the Kubelka-Munk function) are presented in
Figure 123. The spectra were smoothed for representative reasons. The intensities of GV 200 °C
and especially GV 500 °C were significantly higher than those of the remaining samples,
therefore they were also normalized.

Figure 123: Absorption/scattering spectra relative to the GV samples obtained with reflection measurements.

The absorption range of the GV samples increases toward less energetic wavelength as the
treatment temperature increases, as in the previously analyzed samples. The sample annealed at
200 °C absorbs radiation up to about 400 nm (3.10 eV), after heat-treatment at 300 and 400 °C up
to about 450 nm (2.76 eV), after heat-treatment at 500 °C the absorption edge is at about 480 nm
(2.58 eV), while at 600 °C the sample absorbs in the whole visible range. The absorption edges
are in accordance with the colors of the samples and with the excitation spectra of Figure 115. In
GV samples, the red-shift of the absorption edge is not so marked as in previously analyzed
samples, and this is in accordance with photoluminescence measurements.
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6.4.1.4. FT-IR spectroscopy
The GV and the powdered samples heat-treated at 200, 300, 400, 500 and 600 °C were
studied with FT-IR structural analysis (Figure 124). All samples were measured using the ATR
device.

Figure 124: FT-IR analysis of the GV samples.

The assignment of the bands was already performed for the untreated copolymer (Table 27).
The C=C band decreases in temperature and demonstrates that crosslinking occurs also through
vinyl groups. The N-H and C-H bands, as well as the Si-H/N=C=N band, decrease in intensity
with increasing annealing temperature, suggesting the occurrence of dehydrocoupling and
hydrosilylation reactions. At 600 °C, N=C=N and C=N bonds are not detectable anymore. The
Si-N and the Si-C bonds broaden as the annealing temperature increases, demonstrating the
ceramization of the polymer.
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6.4.1.4. Raman spectroscopy
The heat-treated GV samples were investigated with micro-Raman spectrometer with
excitation laser of 488 nm, but high fluorescence interferences were detected. Therefore, they
were also analyzed with the IR/Raman spectrometer Bruker IFS 55 - FRA 106, with laser
wavelength 1064 nm. The spectra are reported in Figure 125.

Figure 125: Raman spectra of the GV samples heat-treated at different temperatures using 1064 nm as laser
wavelength.

The assignment of the bands was already performed for the untreated copolymer (Table 28).
The sample heat-treated at 600 °C shows interference, attributed to the heating of the carbon
clusters. The Ph-H, C-H, C=C/NCN and Si-NCN bonds appear unvaried up to 500 °C. The Si-H
peak is visible up to 300 °C, but it disappears at higher treatment temperatures, indicating the
occurrence of crosslinking reactions through Si-H groups. The N-H peak is only slightly
detectable. The peaks at 1285 and 1460 cm-1, indicating unsaturated C-H groups and C=C bonds,
are detectable at 200 °C and considerably increase in intensity at 500 °C, due to the formation of
free carbon.
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6.4.1.5. TGA/DTG/MS
Thermal analysis (TGA/DTG/MS) was useful to monitor the thermal behavior of the GV
polymer (Figure 126).

Figure 126: TGA and DTG of the GV polymer.

Selected MS spectra of gaseous byproducts relative to the thermal transformation of GV are
shown in Figure 127.

Figure 127: Selected TG/MS analysis of the gaseous byproducts of the thermal decomposition of GV. The numbers
in the graphs refer to m/z.
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The TGA of GV shows three main mass losses, the first between 200 and 300 °C, due to the loss
of NH3, H2 and oligomers (not clearly detectable by MS analysis) from the VL20 and phenyl
derivatives from the S1 polymer. The NH4Cl, individuated in the polymer by XRD analysis,
degrades upon heating in NH3 and HCl, which also leave the polymer below 300 °C. The second
and third mass losses, between 350 and 800 °C, are due to the elimination of H2, CH4, NH3, C2N2
and phenyl derivatives.
The TGA/DTG graphs relative to the starting polymers (VL20 (a) and S1 (b)) and to GV (c) are
displayed in Figure 128 for comparison.

Figure 128: Thermal analyses (TGA and DTG) of the VL20 (a), polydiphenylsilylcarbodiimide (b) and GV (c).

In the TGA/DTG curve of VL20 four mass losses could be identified: up to 220 °C, due to
oligomers losses; between 220 and 450 °C, relative to the elimination of NH3, and between 500
and 600 °C, relative to the elimination of CH4 and H2 (Figure 128 (a)), as reported in chapter
5.2.2.5. The TGA curve of polydiphenylsilylcarbodiimide shows two mass losses, between 200
and 300 °C, relative to the elimination of end groups (Me3SiCl), and between 500 and 600 °C,
due to the removal of phenyl derivatives, C2N2 and H2 (Figure 128 (b)), as reported in chapter
5.3.1.5. The thermal analysis relative to the GV polymer (Figure 128 (c)) shows that the species
removed generally correspond to the sum of the species eliminated in the separate starting
polymers. One difference is that during thermolysis of the GV polymer, HCl is eliminated during
the first mass loss step, due to the degradation of the crystalline phase NH4Cl, while in the
TG/MS of S1 Me3SiCl species were detected.
157

6. Results and discussion

6.4.1.6. XRD measurements
In Figure 129, the X-ray diffractograms of the GV polymer and of the annealed samples
are shown.

Figure 129: X-ray diffraction patterns of the GV samples.

The crystalline phase, identified as NH4Cl and present in the GV copolymer, disappears after
heat-treatment. Its decomposition compounds are NH3 and HCl, detected by means of TG/MS.
After heat-treatment at 200 °C the most intensive reflex is still visible.

6.4.1.7. Multinuclear Solid State MAS NMR
spectroscopy (1H, 13C and 29Si)
1

H, 13C CP and 29Si MAS NMR spectra of GV heat-treated at 200, 300, 400, 500 and 600
°C are shown in Figure 130 and their chemical shifts and bonds attribution is listed in Table 31.
The spinning side bands are labeled with * and were not taken into account in the simulations.
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Figure 130: a) 1H, b) 13C CP and c) 29Si MAS NMR spectra of GV heat-treated at different temperatures.
Table 31: Chemical shifts and relative bonds detected in MAS NMR spectra for GV samples heat-treated at different
temperatures.
GV 200 °C

GV 300 °C
GV 400 °C

1
H MAS NMR
0.0 ppm (CH3, CH2);
6.5, 7.6 ppm (protonated
sp2 carbon (-HCarom))

0.5 ppm (CH3, CH2);
7.9 ppm (protonated sp2
carbon (-HCarom))
0.3 ppm (CH3, CH2);
7.2 ppm (protonated sp2
carbon (-HCarom))

GV 500 °C

0.3 ppm (CH3, CH2);
6.9 ppm (protonated sp2
carbon (-HCarom))

GV 600 °C

0.2 ppm (CH3, CH2);
4.2 ppm (adsorbed
water, unsaturated
CH2);7.5 ppm
(protonated sp2 carbon
(-HCarom))

13
C CP MAS NMR
-9.3 ppm (C-Si-NCN);
-2.2, 2.0, 5.3 ppm
(SiCH3,
Si-CH2-CH2-Si); 127.9,
134.4 ppm (aromatic C)
-2.2, 5.1 ppm (SiCH3,
Si-CH2-CH2-Si); 128.6,
135.4 ppm (aromatic C)
-2.6, 4.5, 8.6 ppm
(SiCH3,
Si-CH2-CH2-Si); 128.7,
135.6 ppm (aromatic C)
-2.0, 4.3, 8.4 ppm
(SiCH3,
Si-CH2-CH2-Si); 121.7
ppm (N=C=N); 128.9
and 134.6 ppm
(aromatic C); 146.6 ppm
(Csp2, Csp2-N)
5.0 ppm (SiCH3,
Si-CH2-CH2-Si ); 27.3
ppm (C-C ); 121.2 ppm
(N=C=N); 131.2 ppm
(aromatic C); 143.0 ppm
(Csp2, Csp2-N )
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29
Si MAS NMR
-60.0 ppm (Si-O); -47.6
ppm ((Ph)2Si(NCN)2,
Si-O); -35.1 ppm
(SiCN3, Si-O); -23.1
ppm (SiHCN2, SiC2N2)
-21.6 ppm (SiC2N2);
-33.6 ppm (SiCN3)

-21.8 ppm (SiC2N2);
-32.7 ppm (SiCN3);
-42.5 ppm
((Ph)2Si(NCN)2, SiN4)
-21.3 ppm (SiC2N2);
-30.3 ppm (SiCN3);
-59.6 ppm (SiN4,
(Ph)2Si(NCN)2)

-22.0 ppm (SiC2N2);
-36.5 ppm (SiCN3,
(Ph)2Si(NCN)2); -54.6
ppm (SiN4,
(Ph)2Si(NCN)2)
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6.4.1.7.1. 1H MAS NMR
The 1H MAS NMR spectra of GV heat-treated from 200 to 600 °C (Figure 130 (a)) show
the presence of CH3 and CH2 bonds at around 0 ppm and of protonated carbon sp2 (-HCarom) at
around 6-8 ppm. At 600 °C, a signal at 4-5 ppm indicates adsorbed water or unsaturated CH2.

6.4.1.7.2. 13C CP MAS NMR
The 13C MAS NMR spectrum of GV heat-treated at 200 °C (Figure 130 (b)) shows carbon
bonded to silicon that is bonded to a NCN unit (C-Si-NCN) at -9.3 ppm, Si-CH3 or
Si-CH2-CH2-Si bonds at -2.2, 2.0, 5.3 ppm and aromatic carbon at 127.9 and 134.4 ppm. From
300 to 600 °C, SiCH3 or Si-CH2-CH2-Si signals are detected at -3 to 9 ppm with broadening of
the signal with increasing temperature and aromatic carbon is detected at around 128 and 135
ppm. At 500 and 600 °C, a new signal denoting free carbon (partially as carbon sp2 bonded to
nitrogen, Csp2-N) is visible at around 145 ppm. At 600 °C, a peak denoting C-C bonds is
detectable at 27.3 ppm. The signal at around 121 ppm indicates N=C=N groups and is detectable
in the samples annealed at 500 and 600 °C.

6.4.1.7.3. 29Si MAS NMR
The 29Si MAS NMR spectrum of GV after heat-treatment at 200 °C (Figure 130 (c))
shows the presence of [SiC2N2] or [SiHCN2] units at -23.1 ppm; the peak at -35.1 ppm is
attributed to [SiCN3] or to Si-O due to oxidation, the peak at -47.6 ppm to [(Ph)2Si(NCN)2] or to
Si-O due to oxidation, and the peak at -60 ppm indicates the Si-O bonds due to oxidation related
to the long storage in air before the NMR measurements. After treatment at 300 °C, the oxidation
is not discernible anymore. The peak at -21.6 ppm indicates [SiC2N2], while the one at -33.6 ppm
[SiCN3] units. No peak can be related to (Ph)2Si(NCN)2. From 400 to 600 °C, the [SiC2N2] unit is
observable at around -22 ppm, the [SiCN3] unit from -30 to -36 ppm, the [SiN4] from -42 to -59
ppm. The peaks at -42.5 for GV 400 °C, at -59.6 ppm for GV 500 °C and at -36.5 and -54.6 ppm
for GV 600 °C are also partially due to [(Ph)2Si(NCN)2]. The peaks in the range -10 to -15 ppm,
corresponding to silicon bonded to both NCN and NH or N(Si) groups and detected in liquid state
29
Si NMR, were not identified by simulation of the solid state NMR spectra, due to their
proximity and low intensity compared to the main peak.

6.4.1.7.4. Discussion of the Solid State MAS NMR results
From 1H and 13C MAS NMR, the free carbon starts to be detected in GV at a temperature
as low as 500 °C. GV polymer heat-treated at 200 °C seems to be completely crosslinked, but it is
not easy to discern in 1H and 13C NMR the peaks relative to N-H, Si-H and vinyl groups, because
they are hidden by the signal relative to -HCarom from phenyl groups. From 29Si NMR, up to 300
°C, the [SiC2N2] (at 200 °C it could also be [SiHCN2]) and [SiCN3] units are visible, while after
160

6. Results and discussion

heat-treatments from 400 °C also the [SiN4] unit is appreciable. Air contamination due to the long
storage in air before the measurements is clearly visible in the sample annealed at 200 °C, but not
in the samples heat-treated at higher temperatures.

6.4.1.8. Discussion
The GV polymer is interesting because of the intense fluorescence emission shown after
heat-treatment. Both the starting polymers show photoluminescence properties after heattreatment, but the copolymer obtained from their reaction, after heat-treatment, presents enhanced
fluorescence intensities. The photoluminescence and q.e. measurements of the GV samples
revealed the highest fluorescence intensity among all previously characterized silicon-based
polymers (Figure 115 and Table 30).
As in the case of the previously discussed silicon-based polymers, it is necessary to take into
account several mechanisms in order to explain the development of the luminescence properties
of the copolymer GV after heat-treatment. With increasing temperature, the separation of free sp2
carbon and the luminescence centers generated by the crosslinking reactions have an influence on
the formation of new red-shifted fluorescence peaks. The formation of radicals was observed not
to have an appreciable effect on the development of the photoluminescence properties. Moreover,
phenyl groups are present in GV.
In the synthesized GV copolymer, the fluorescence should be exclusively caused by phenyl
emission (Figure 131).

Figure 131: Fluorescence excitation and emission spectra obtained with emission wavelength of 313 nm and
excitation wavelength of 285 nm, respectively.

The maximum emission of the GV polymer is at 313 nm and is less intense than the S1 emission
band in the range 328-348 nm (Figure 92). The maximum excitation spectrum presents for both
polymers maximum at 285-300 nm and some less intense peaks at higher energies. Nevertheless,
the emission spectrum of GV does not present the vibrational structure detected in S1. The
absence of vibrational structure and the blue-shift of the emission compared to S1 indicate the
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modification of the delocalized unit Ph-SiX2-Ph. In S1, this unit is characterized by an angle
between the phenyl groups that is maximized (180°), while in GV it probably modifies into a less
planar system, due to the constraint of a ramified polymer and to the presence of the VL20.
The GV polymer shows emission intensity comparable to those of the VL20 and S1 precursors.
Nevertheless, the heat-treated GV samples display emission intensities much higher than those of
the starting polymers, heat-treated or not. Therefore, during annealing of the GV polymer, a new
luminescence center with intense fluorescence properties must develop. The improved intensity
and the red-shift of the fluorescence excitation and emission peaks of the heat-treated GV
samples in comparison to the GV polymer should be correlated to a luminescence center that
develops through the crosslinking reactions. The formation of sp2 free carbon, which starts at
relatively higher temperatures, could create further red-shifted excitation and emission peaks.
As previously mentioned, the excitation peak at 250 nm in Figure 115 is related to the phenyl
transition. The emission spectra obtained with 250 nm as excitation wavelength change after
heat-treatment, showing the formation of new red-shifted peaks (Figure 118). They are to
attribute to new π-π interactions between the phenyl groups, which form due to the crosslinking
of the polymer. With increasing treatment temperature, the more red-shifted peaks acquire
importance. The emission due to phenyl groups does not show intensity improvements after heattreatment.
The excitation peak at 360 nm in Figure 115, corresponding to the emission in the range 443-451
nm, is not related to the fluorescence from phenyl groups, but it should be related to a new
luminescent center that develops by means of crosslinking. This luminescence center is slightly
detectable also in the precursor, with excitation at 360 nm, but after annealing its emission
intensity is significantly enhanced. Thus, the improved emission of the annealed samples should
be correlated to the crosslinking of the GV polymer. After annealing at 200 °C, when the
crosslinking starts, the maximum emission is red-shifted and much more efficient in comparison
to the phenyl emission of the GV polymer. After treatment of the GV at 300 and 400 °C, the
crosslinking continues and further small red-shifts are observable. As in the case of MK, Ceraset
and VL20, the luminescence center created through the crosslinking has not been yet identified.
Future studies will be focused on this issue.
From 1H and 13C MAS NMR, the free carbon starts to be detected in GV at 500 °C (Figure 130).
As previously explained, it is plausible that the formation of free carbon starts at lower
temperatures than that detected by means of NMR, in the case of GV at 400 °C. The decreased
temperature of free carbon formation in GV compared to VL20 is related to the presence of
polydiphenylsilylcarbodiimide, which is rich in carbon and contains phenyl groups, and for
which free carbon is also assumed to start forming at 400 °C. At this temperature, small aromatic
agglomerations could generate new red-shifted emission peaks. Nevertheless, at 400 °C this
emission is probably too weak in comparison with the emission from the luminescent center
generated by crosslinking reactions and it is in the same wavelength range. From the
photoluminescence spectra of Figure 115, the free carbon formation at heat-treatment
temperatures from 400 °C seems to counteract the excitation band at 360-400 nm. At 500 and
600 °C, the further development of free carbon (detectable in MAS NMR) leads to a decrease of
the emission intensities. After annealing at 500 °C, no red-shift of the maximum emission
spectrum is observable, as the detected emission is still due to the luminescence center generated
by the crosslinking, although decreased in intensity. At 600 °C, the photoluminescence is
quenched because of the occurrence of mineralization reactions and further free carbon
development: a weak red-shifted emission is observed, which is to attribute to the free carbon.
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In summary, GV shows intriguing visible fluorescence when thermally treated. The quantum
efficiency measured for the sample heat-treated at 300 °C was equal to 22±5%. The possibility of
q.e. improvement renders this polymer, and the silicon-based polymers in general, very
interesting for luminescence application, where high efficiency is required.
Besides the high emission intensity, also the emission and excitation ranges have interesting
features. The maximum excitation peaks of the GV copolymer heat-treated between 200 and 500
°C correspond to the range 360-400 nm, which is the required excitation range in LED
applications. The maximum emission bands are characterized by broad spectra, completely in the
visible range.
As mentioned before, the maximum emission intensities are obtained for annealing at 200, 300
and 400 °C. Such low treatment temperatures permit the direct molding and subsequent annealing
of the polymer in LED devices.
Nevertheless, as the photographs in Figure 116 show, in the specific case of the GV copolymer
the application for LEDs could be hindered by the release of gases during annealing which
remain trapped in the polymer, with creation of macroscopic porosity. Heat-treatment under
vacuum does not solve the problem. The trapping of gases was not observed at the same extent
for the heat-treated starting polymers. TGA analysis shows that at 300 °C the weight loss in S1 is
10%, in VL20 about 22%, while in GV about 16%. At 500 °C the weight loss in S1 is 20%, in
VL20 30%, in GV 28%. Thus, in the GV copolymer, the high mass loss due to the release of
species from the VL20 combined with an increased viscosity from the S1, due to the presence of
longer chains and steric phenyl groups, and a ramified structure, lead to the production of gases
whose release from the material is hindered during annealing.
Moreover, from the viewpoint of LED applications, the fluorescence stability in air is also an
issue, as in the other silicon-based polymers; however, application in protective atmosphere could
be a suitable alternative solution.
In conclusion, the copolymer composed of a polysilazane and a polysilylcarbodiimide offers an
important step forward in the novel field of luminescent heat-treated silicon based polymers,
because it demonstrates the possibility of creation of new luminescent centers by means of
annealing through crosslinking reactions, which offer high quantum efficiency and emission in
the visible range, obtained with low annealing temperatures.
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7. Conclusion
In the present thesis, a brand new class of photoluminescent materials was investigated.
The work originated from the industrial need for new phosphors with innovating properties with
respect to commercial ones. Homogeneous materials, moldable at low temperatures and
thermally stable up to 150 °C are required. In this study we could demonstrate that the heattreated silicon-based materials are suitable candidates, as they provide all these properties. They
are homogeneous, thermally stable and can be crosslinked at low temperatures. However, the
photoluminescent properties of heat-treated silicon-based polymers have not been investigated
before. Four classes of Si-polymers were analyzed in this thesis, which are generally used as
precursors for polymer derived ceramics (PDCs): polysiloxanes, polysilazanes,
polysilylcarbodiimides and a copolymer composed of a polysilazane and a polysilylcarbodiimide.
Intrinsic fluorescence properties were detected in the materials. The different precursors
investigated presented several affinities after heat-treatment, indicating that the degradation
process that converts them to the pyrolyzed state is similar for all systems. The
photoluminescence properties were investigated after heat-treatment at different temperatures, as
well as the structural properties, via several characterization methods. In the polymers that do not
contain aromatic substituents, such as the polysiloxane MK and the polysilazanes Ceraset and
VL20, two main structural changes were correlated with the development of photoluminescence
properties: crosslinking of the polymers and formation of sp2 carbon. The presence of dangling
bonds was initially considered a likely origin of the luminescence, as it occurs for similar
materials, for example sol-gel glasses. EPR measurements demonstrated that carbon radicals are
present in heat-treated silicon-based polymers but comparison with photoluminescence spectra
indicated that they do not have an appreciable influence on the development of the fluorescence.
Therefore, the discussion was focused on the relationship between the photoluminescence
properties and the amount of crosslinking and free carbon, respectively. Although the effect of
crosslinking on photoluminescence was demonstrated, the explanation of the nature of the
luminescent centers formed by means of crosslinking is still an open issue. On the contrary, the
influence of the formation of sp2 carbon, in the form of small aromatic agglomerations, on the
photoluminescence and absorption spectra could be clarified. The fluorescence properties of the
annealed precursors containing various amounts of sp2 carbon were compared with the known
emission of carbon nanotubes in different concentrations and analogies were ascertained.
An interesting polysilazane from the luminescence point of view is the KiON S, which shows
visible emission obtained after annealing at a temperature as low as 300 °C, but the aromatic
solvent, which contained the KiON S in the commercial package, is still present after drying and
after annealing, and influences the fluorescence properties. Therefore, the polymer was not
considered in the photoluminescence analysis.
The further two systems analyzed, namely the polysilylcarbodiimides (S1, S2, S3 and S4) and the
copolymer GV, obtained from the reaction of VL20 and S1, are characterized by the presence of
phenyl groups as substituents on the silicon atoms, and its known emission was monitored after
heat-treatment. By comparison of the photoluminescence spectra after annealing of the four
polysilylcarbodiimides, the effect of crosslinking on the emission ranges was attested.
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Furthermore, also in this system the role of small aromatic agglomerations was confirmed. The
annealed copolymer GV demonstrated photoluminescence improvements with respect to its
individual precursors, which open the possibility of further optimizations in order to obtain even
higher quantum efficiencies. In this case, many luminescence centers are active at the same time.
The emission bands due to the phenyl groups were monitored after heat-treatment and the effect
of crosslinking on the phenyl groups emission was confirmed. Moreover, a new efficient
luminescence center develops by means of crosslinking. As in the other systems, the effect of free
carbon is detectable at higher annealing temperatures.
Nevertheless, it was demonstrated that most of the samples reveal a change in the fluorescence
emission after storage in air for 1-2 years. Relatively stable fluorescence emission was detected
mainly in the samples heat-treated from 500-600 °C. In view of the application in LEDs, the
fluorescence emission should not change with time: application in protective atmosphere is also
an option. On the contrary, features such as thermal stability, mouldability and homogeneity were
proven to characterize the heat-treated polymers.
This study is relevant also for the analysis of the polymer derived ceramics, as it deeply
investigates the processes involved in the thermal transformation of the polymer to the ceramic
state, i.e. crosslinking and formation of free carbon, in a range of treatment temperatures not
extensively investigated so far.
In summary, the present thesis contains a fundamental work on the innovative class of
photoluminescent heat-treated silicon-based polymers and demonstrates the achievement of
thermally stable photoluminescent polymers showing efficient visible emission after heattreatment at low temperatures, suitable for LED applications.
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In the present thesis, several photoluminescent heat-treated silicon-based polymers were
investigated and common features were highlighted. Some photoluminescence mechanisms were
discerned and correlated to structural changes on the molecular scale. Due to our recent
discovery, further detailed investigations are required in order to complete the photoluminescence
analysis of the heat-treated silicon-based polymers.
The effect of free carbon formation on photoluminescence properties was elucidated in this work.
However, the structure of the freshly formed free carbon and its development processes has to be
further analyzed. The development of new fluorescence centers by means of crosslinking
reactions was revealed; however, their origin is still unclear and needs further investigations.
Moreover, the improvement of the quantum efficiency is essential for the industrial application of
the novel materials. The clarification of the new luminescence center formed by means of
crosslinking of the GV polymer could suggest how to proceed to obtain high emission intensities.
One of the goals of the thesis was to produce materials insensitive to air. Only the samples heattreated at higher temperatures turned out to be insensitive in this respect. Nevertheless, use in
protective atmospheres could be the solution for the application of these materials.
Polymers with fully known structure should be investigated in the future. Therefore, model
compounds should be synthesized. In this way, the fluorescence centers formed could be better
understood and studied. Functional groups that provide crosslinking, for example vinyl groups,
and photoluminescence properties, i.e. phenyl groups, should be grafted to the polymer chain.
First steps performed in this direction were presented in chapters 5.1.2. and 5.1.3. Polysiloxanes
were chosen because of their air stability and commercial availability. The goal is the production
of air and thermally stable, moldable and efficiently fluorescent materials for applications in
LEDs.
The thermal stability of the heat-treated samples and of their fluorescence properties has to be
accurately investigated. Long term thermal analysis or a long term annealing should be
performed on the heat-treated samples at the maximum temperature reached by the LED device
(150 °C), in order to simulate the working conditions of the LED. Additionally, the working
atmosphere can vary. In order to have a good thermal stability for LED applications, the
fluorescence properties of the samples should not be influenced by the treatment.
Heat-treated samples in film and bulk form could also be produced and their fluorescence
properties measured. Furthermore, other silicon-based polymers could be investigated by means
of photoluminescence measurements. Further similarities or differences could help to analyse the
photoluminescence mechanisms. Moreover, the influence of the annealing atmosphere,
temperature and substituents should be also systematically verified.
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