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Abstract

Commonly applied phosphors in LEDs are made of oxides doped with rare-earth ions that are
incorporated into polysiloxane encapsulation materials. Due to the uncertain supply of rare-earth
compounds and the high prices of those materials, alternative rare-earth free organic hybrid-LEDs are
an object of recent research projects. Within this thesis, the influence of different substituted platinum-
containing and thermally curable polysiloxane to the properties of covalent and non-covalent
incorporated perylene dyes has been investigated. New liquid perylene polysiloxanes by hydrosilylation,
leading to a significant increase of the dye concentration incorporable into a polysiloxane without
precipitation and enhance stabilities. Platinum-free curable, gel-like and partially cross-linked
phenylmethylsiloxane encapsulation materials with tunable properties could be synthesized able to be
thermally cured to elastomeric materials without the use of any catalyst. Using these materials as host
for organic fluorescence dyes leads to a significantly increased photostability of the dye and therefore
to a sustainable and reliable combination. Spherical, completely condensed and thermally stable
fluorescent microparticles has also been synthesized in a newly developed surfactant mediated
emulsion technique. The subsequent integration of these particles to a thermally curable polysiloxane

has been performed to prove the possibility of an implementation to a Hybrid-LED encapsulation.
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Zusammenfassung

Konversionsleuchtstoffe werden in den meisten kommerziell nutzbaren LEDs aus selten-erddotierten,
anorganischen Verbindungen hergestellt und mit Polysiloxanen verkapselt. Aus ékonomischen und
Okologischen Griinden sind seltenerd-freien organischen Hybrid-LEDs ein &ullerst attraktiver
Gegenstand aktueller Forschung. Im Rahmen dieser Dissertation wurde zuerst der Einfluss von
verschieden substituierten platinhaltigen Polysiloxanmatrices auf die Eigenschaften kovalent und nicht-
kovalent eingebrachten Perylenfarbstoffe untersucht. Phenylhaltige polysiloxane erhéhen die
Loslichkeit der Farbstoffe, deren Quantenausbeute und thermische sowie fotophysikalische Stabilitat
stark. Neuartige Perylenpolysiloxane wurden hergestellt, die eine signifikante Erhéhung der
einbringbaren Farbstoffkonzentration in Polysiloxanen ermdglichen. Der Einbau dieser flissigen
Polymere in ein thermisch aushartbares zwei-komponenten Polysiloxan flihrte zur Darstellung von stark
fluoreszierenden festen Probenkoérpern, mit hohen Quantenausbeuten, hohen Stabilitaiten und
einstellbaren Harten. Neue gelartige, teilvernetzte und katalysator-frei thermisch aushartbare
polysilsesquioxane wurden hergestellt. Integrierte Perylenfarbstoffe zeigen eine signifikant erhéhte
Lebensdauer bei Bestrahlung im Vergleich zu den platin-haltigen kommerziellen Systemen. Durch ein
neu entwickeltes tensidunterstitztes Verfahren wurden vollstdndig kondensierte und thermisch stabile,
fluoreszierendem Hybrid-Glas Mikropartikel hergestellt.
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Introduction and Research Objective

1. Introduction and Research Objective

1.1. Motivation

White light-emitting diodes have been investigated and offered for sale for the first time in the
1990s." A high luminance, low production prices, low energy consumption and the possibility
of a massive reduction of the dimension of the device makes the LED irreplaceable for today’s
in and outdoor illumination and the electronic and automotive industries.?* It became the most
promising technology for every possible application in which lightning is essential. Despite the
circumstance that LED technology gets along without the use of toxic components, like the
formerly used mercury lamps, and without a considerable energy loss by heat generation, it is
still not sustainable with regards to its raw materials. The device segmented in different parts
made from completely diverse materials. The main component responsible for an appropriate
white light impression is an inorganic phosphor that is applied on top of a semiconductor chip.®
This phosphor is consists of rare-earth-containing host lattice, which converts blue light emitted
from the semiconductor chips’ surface into light with wavelengths from the less energetic
visible spectrum. The sum spectrum of the emitted light from the chip and the phosphor
material covers the visible spectrum entirely and results in a white light LED. An encapsulation
primarily made of polysiloxanes, in general, called silicones, is used to protect this simple setup
from external expositions like dirt, water, oxygen, and other gases. This encapsulation is
commonly composed of two liquid silicon components that can be hardened by platinum-
catalyzed hydrosilylation.® After the hardening process, the platinum remains in the LED
encapsulation. Due to the massive geopolitical dependence of the supply of rare-earth

compounds, the high correlated prices of those materials, sustainable alternatives must be
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Figure 1. Globale rare-earh production and demand. Reprinted from Zhou, B., Li, Z. & Chen, C., Minerals 7, 203
(2017), licensed under CC-BY 4.0.”



Introduction and Research Objective

Since the 1960s rare-earth applications gradually expanded to electronics and the petroleum
industry.” Therefore, global rare-earth production and consumption started to increase
significantly in the next decades (Figure 1). When China began exporting rare-earth materials
in the 1970s, it was limited to crude minerals only.8 In the 1990s, China also started to isolate
and produce inorganic phosphors, magnets, and polishing powders leading to a significant
increase of rare-earth output worldwide. Nowadays, China is not just producing resources; it
is also researching, developing, and launching finished products containing rare-earth
materials like electric motors, batteries, LCDs, LEDs, mobile phones, and so on.®

The primary producer for rare-earth materials in 2015 was China itself with 84 % (Figure 2).
One reason for that is the distribution of the global amount of rare-earth resources, mainly
located in China with 35 %. Major demands in the same year were magnets (23 %) and
catalysts (24%).” Next, to the production values strong restrictions for export, mining, trading
as well as high export taxes up to 27 were set by the Chinese government in 2015, impacting
the prices and accessibility of these materials culminated in involvement to the trade war of
China and the United States of America in 2019.%°

If new supplies or alternatives do not come up within the next decade, a global shortage will
affect science and industries, especially in the electric vehicle and electronics productions.® A
regaining procedure has been evaluated for neodymium, dysprosium, terbium, and erbium
used in different magnetic applications, but there is no practicable recycling method known for
rare-earth materials in optoelectronic devices like LCD, LED where rare-earth phosphors are

implemented steadily."
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(2017), licensed under CC-BY 4.0.7
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The reduction or even the substitution of rare-earth-containing components for LED
applications and the associated development of new siloxane-based host materials for the new
components are the main objects of the research presented in this thesis. The most promising
candidates for this purpose on the one side are organic perylene based fluorescence dyes.'?
They can be synthesized by classical organic chemistry on a ton scale, are non-toxic, not
harmful for any environment, and their efficiency is equal to most of the inorganic rare-earth
counterparts. However, their limited chemical and physical stability in optoelectronic
applications must be enhanced significantly, especially for the use in LED applications. On the
other side, siloxane-based host materials must be found which can solve the organic dyes and
protect it against degradation by photophysical and thermal expositions. Especially in high
power applications, the conditions are rough, and the continuous treatment with short-
wavelength excitation light and high temperatures lead to a decreased stability of a pure
organic LED device. The organic dye and its siloxane-based encapsulation need to withstand
thousands of operating hours without losing performance relevant properties like quantum
efficiency, transparency, brightness, and color.’ A suitable and longtime stable dye-polymer
combination can also enhance the efficiency of other optoelectronic devices for renewable

energy applications like the luminescent solar collectors.
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Theoretical Backgrounds

2. Theoretical Backgrounds
21. Light Emitting Diode

Common Solid-State LEDs

The white light impression of a commercially available LED is generated by multiple concerted
physical processes of different materials. The main parts of a LED are placed in a polymeric
and high reflective titania filled polyphtalamide package attached to a silver-coated baseplate
called lead frame (Figure 3). The main component is made from one or more semiconductor
chips emitting narrowband light of specific wavelength by recombination of electrons and holes
in the material's structure. The most common semiconductors are based on p- and n-doped
In1.«GaxN. It is doped with Mg?* to create p-semiconducting properties, whereas the n-
semiconducting properties are caused by doping with Si**.> The chip is attached to high
conductive noble metal bond wire transferring electric current from the baseplates’ point of
contact to the chip's surface. By applying a potential in the forward direction, the p-n junction
is biased, and the electrons can move from the p- to the n-junction generating positively
charged holes. Recombination of electrons and holes leads to the emittance of photons. The
photons energy is directly correlated to the bandgap of the semiconducting material, which
allows partly an adjustment of the wavelength emitted by the semiconductor. In In1xGaxN, for
example, the wavelength can be adjusted between 370 and 580 nm with increasing Indium

concentration.?

Housing material: Polyphtalamide
(PPA, 40 Mass-% TiO,, Fiberglas)

Silicone Layer with Silicone capsule material
rare earth based phosphor . .
Adhesive silicone

Y 4
A
/ / \ Gold wire
Conductive epoxy
Silver coated copper adhesive In,Ga,N
Chip

Figure 3. General LED device with the main parts assigned.

The efficiency of these materials is categorized in an internal and an external part. The internal
efficiency is defined by the number of photons emitted from the chip per second divided by the
number of electrons injected per second. The external efficiency is defined by the number of
photons emitted to the free space per second divided by the number of photons emitted from
the chip per second. A higher external efficiency results an increased light output at the same

amount of input.”™ The highest external efficiency of In1xGaxN is observed at a wavelength of
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450 nm. This is the main reason why this wavelength is used for most white light LED devices
known. The chip is typically covered or layered with an inorganic phosphor encapsulated in a
polymeric material like silicone. These phosphors consist of inorganic metal oxide
microparticles doped with divalent or trivalent rare-earth ions called the activator. The
integration of an activator ion leads to the addition of optical-electronic states to the lattice. The
rare-earth ions show optical transitions and luminescence, respectively. Typical examples for
such phosphors are Y3Als012:Ce®*, LuzAlsO12:Ce®**, CaAlSiN;s:Eu?*, (Ba,SrCa).SisNs:Eu?* and
B-sialon:Eu?*.2%1214-17 Most of the integrated divalent rare-earth metal ions like Eu?*, Sm?"
and Tm?" and the trivalent Ce®*" show optical allowed f-d-transitions, which cause a high-
efficiency light output and a broadband emission.

When the semiconductor InixGaxN chip emits light, it is partially transmitted through the
phosphor layer and partially absorbed by the phosphor leading to additional light emission of
a wavelength with lower frequency. Y3AlsO1.:Ce3*, for example, shows a very broad f-d
emission from 500 to 750 nm."® The sum of the emitted light from the chip and the phosphor
results in a cold white light impression (Figure 5). The high efficiency, the broadband emission
and the fact that the excitation maximum of the rare-earth-doped oxides is located at the
semiconductor chips emitted a wavelength of 450 nm, are the reasons for the general use of
this material combination in white light LEDs. Nevertheless, the use of rare-earth materials is
still challenging. The commonly used Y3AlsO1,:Ce®* for example, shows a strong dependence
of the color rendering on the working conditions of the LED.® The reason for this is the missing
red part of the spectrum leading to a more pleasant warm white impression, which is nowadays
compensated by mixtures of different rare-earth phosphors.

Next, to the white light LEDs, there have been many monochromatic LEDs investigated in the
last decades, which are used especially in scientific applications and devices where

monochromatic light is needed.-2'

—— White light LED emission

Relative intensity

N |
\/\- 400 500 600 700 800

i Wavelength / nm

Figure 4. Golden Dragon high power white light LED. Figure 5. The emission spectrum of white light LED
Copyright ©2019, OSRAM Opto Semiconductors with an InixGaxN chip covered with a YAG:Ce®*
GmbH.?? phosphor
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Organic Hybrid LED

Organic light-emitting diodes (OLEDs) and quantum dot light-emitting diodes (QLED) are
recently the most suitable alternatives for the replacement of classical LEDs in low-
performance applications like display illumination.?>2* Their low external quantum efficiencies,
their limited lifetime and the use of toxic cadmium compounds (QLED only) confine their use
in a lot of ambient lightning or high power application.?> Whereas OLED technology is based
on semiconducting dyes that are directly excited by a current leading to electroluminescence,
QLED technology is based on a classical rare- earth-containing white light LED backlight that
excites quantum dot-containing layers. A more sustainable variation are hybrid LEDs
consisting of the classical LED setup using a blue light emitting semiconductor chip and an
organic phosphor substituting the inorganic rare-earth containing one.?® This organic dye is
also able to be excited by the chips emitted wavelength of 450 nm. Due to the fact, that it is
not able to emit light in the solid-state it has to be solved completely in a host material protecting
it from expositions and pollutions and preserving an optimized emission behavior. Therefore,
these dyes are often directly solved in the encapsulation material. It can be cast and cured in

the LEDs package leading to an on-chip configuration of a hybrid LED (Figure 6a).

(a) (b)

Organic dye containing encapsulant

Encapsulant

In,_,Ga,N chip
A =450 nm

Figure 6. Organic hybrid LED design scheme with an on-chip configuration (A) and a remote configuration (B).

In this configuration, the stress for the dye is maximized due to the direct contact to the
semiconductor chips surface. The local heat generation of the chip up to 200 °C and the high
radiation exposure up to 1000 mW/cm? is directly affecting the dyes and the devices lifetime,
respectively. This stress is massively reduced by an increased distance between the solved
dye molecules and the excitation source. A first low power approach with organic converters
in epoxy resins has already been realized earlier, forming red and green organic hybrid LEDs."?
The so-called remote phosphor configuration considers these circumstances by separating the

dye molecules from the chip (Figure 6b). The pure encapsulants are cast and cured in the
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LED package first. Afterward, the second layer of a dye-containing encapsulants is cast on the
encapsulated package.?-?° The excitation light produced from the chip is transmitted through
the package to the dye molecules leading to excitation and fluorescence respectively. This
remote phosphor configuration is also known for classical inorganic solid-state LEDs.3%-%2
Another type of remote phosphor configuration of an organic hybrid LED is made of a blue
light-emitting LED covered with an organic dye-containing polymer dome. This configuration
of is already used in commercially available LED light bulb from Wellypower™ and The BASF
SE (Figure 7a).2"-%°

d) ——Organic Hybrid LED emission
T In, GaN Organic phosphor

2 | eadt

= Y,0,:Ce’

c

2

£ 4

[

2

=]

s

[]

14

T T T T T
400 500 600 700 800
Wavelength / nm

Figure 7. Commercially available remote phosphor hybrid LED bulb (A), with a dye-containing polymer dome (B)
in which the dye is excited by the blue part of a white reqular white light, LED board (C) leading to a warm white
light expression shown by the emission spectrum of the bulb.

The main emission is based on classical rare-earth-containing cold white LEDs mounted on a
baseplate with the classic rare-earth-containing cold white light LED arrangement. The
polymer dome is made from polystyrene or polycarbonate containing organic dyes able to emit
green and red light by excitation with the LEDs. By covering the baseplate with this polymer
dome, the red and green light is added to the emission spectrum and a warm white light
impression is obtained. Due to this configuration, no additional red light-emitting rare-earth-
containing components are required leading to a more sustainable device for ambient lighting.
Additionally, the lifetime of the organic dye is enhanced significantly by the separation from the
LED package. A comparison of perylene dyes in polycarbonate, for example, shows an
extinguished fluorescence after 1000 h within an on-chip configuration, whereas a remote

setup with 3 cm distance to the excitation source leads to a loss of only 15 % after 2870 h.33
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Reliability

The lifetime of a LED can vary massively depending on the type and the application it is used
for. The LEDs performance like the light output and the light color should not change
significantly within 2000 — 70000 h."™ It is quantified by the measurement of the light intensity
and color over time. Therefore, the color rendering index (CRI) and the efficiency in lumen/watt
are measured under different working conditions. The main features of a common LED are an
initial CRI of >80 and external efficiency of 87 Im/W.?2 For the display industry, the lifetime is
defined by the time the light output is decreased by 50 % of the initial intensity (L50). For the
lightening industry, it is defined by 20 — 30 % (L70/L80). The individual devices lifetime is
strongly affected by intrinsic and extrinsic causes. The semiconductor, the interconnects and
the package, including polymeric encapsulations and lenses, are subject to thermal,
mechanical, electrical and photophysical stress leading to several possible failure and
degradation mechanisms respectively.' External expositions like high humidity, temperatures
and pollutants like hydrogen sulfide can also cause a lifetime decrease.?*-*® Internal failures
can also reduce the devices lifetime significantly. The sedimentation of the inorganic phosphor
particles on and around the semiconductor chips, for example, is always linked to a formation
of a composite with the encapsulation material. After the curing procedure, the phosphor
particles are fixed to this encapsulation resulting in an increased Young’s modulus, reduced
strength, and elongation of the encapsulation material.®” At the same time, delamination and
cracks are nucleated around the settled particles promoting failure by external expositions
penetration into the package. The right choice of an appropriate encapsulation material and
the implementation of a highly efficient thermal management can lead to a significant reduction
of failure.®® Materials with low thermal expansion and high thermal conductivity are therefore
needed and subject to recent research projects.®*®*** Due to these requirements, the
manufacturer has to perform a variety of tests before market launching a new type of LED.
Therefore more than twenty different methods are established. The LEDs are always tested a
two sequence procedure with defined working conditions like the forward voltage, reverse
current and luminous flux. In the environmental and the operational sequence up to 100
temperature cycles and temperature shock cycles as well as longtime high and low-
temperature storage experiments between -40 and 100 °C and relative humidity of 90 % are

performed.



Theoretical Backgrounds

2.2. Siloxane Chemistry

Synthesis of Siloxanes and their Monomers

Polysiloxanes (silicones) and polysilsesquioxanes are linear or cross-linked polymers with a
Si-O-Si backbone and pendant functionalities. The polysiloxane structure is based on
repeating difunctionalized Si-O-Si units, whereas polysilsesquioxanes consist of
trifunctionalized cross-linked units Both siloxane type polymers have organic pendant groups
R like methyl, ethyl, vinyl or phenyl, etc. or other functional groups like hydrides, giving the

materials their hybrid character (Scheme 1).

A) B)
3
Fli R—O—-Slai—O R
R—O Sli—O R (ID
R R—O—Si—O1T—R
n | n
R
Polysiloxane Polysilsesquioxane
SiO SiOq 5

Scheme 1. (A) Structure of a polysiloxane, (B).structure of a polysilsesquioxane.

The polymer structure and properties can be varied with the choice of monomers and the
applied subsequent synthetic procedure. In an industrial scale, the monomers for the siloxane
production are synthesized by a two-step process. First elemental silicon is reacted with
methylchlorosilane (Mduller-Rochov reaction) applying a copper catalyst to produce mainly
dichlorodimethylsilane and other chlorosilane derivatives.** The chlorosilanes can be
subsequently functionalized by Grignard reactions or by addition reactions. Hydrolysis or
alcoholysis leads to the silanol or alkoxysilane derivatives. Afterward, these derivatives can be
functionalized by platinum catalyzed hydrosilylation, a palladium catalyzed heck reaction, a
Barbier reaction or with organolithium compounds.***® Cyclic side products of the
condensation reaction of difunctionalized siloxane monomers like hexaalkyltrisiloxanes (D3) or
octaalkyltetrasiloxanes (D*) can be separated from the main condensation products and used
for ring opening polymerizations, for example.*®-52 Their hydride (Ds4") and vinyl (Dza)
derivatives can also be used for hydrosilylations.53

The most often used method for the preparation of functionalized polysiloxanes and
polysilsesquioxane in laboratory scale is the polycondensation or sol-gel reaction (Scheme 2).
These reaction types are segmented in a two-step procedure. First organoalkoxysilane

monomers are hydrolyzed in an acid or base-catalyzed reaction forming the corresponding
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silanol species. Second these reactive species condensate with other alkoxysilane monomers
by alcohol elimination or with another silanol by water elimination. The structures and
properties of the obtaining reaction products can be varied and tuned by several parameters

like the alkoxysilane type, the pH and the organic substituents.>

a) ?
; + +, X OHY

mSi—OX + H =  ~Si—0

"”Sgi—OY *  OHX

b)© j;s',iO_ © ]

.M»Ssi_ox + _OY =

Hydrolysis reaction: X = Me, Y =H
Condensation reation: X = Me or H, Y = PhSi(OR)3

Scheme 2. Reaction mechanism of the condensation of a phenyltrialkoxysilane or a polyphenylsilsesquioxane
under acidic and basic conditions.

A condensation of diorganodialkoxysilanes, for example, leads to linear or cyclic structures
resulting in polysiloxane oils or gels, whereas organotrialkoxysilanes can be condensed to
completely and partially cross-linked polysilsesquioxanes with the general composition
RSiO15. Using tetraalkoxysilanes a complete condensation leads to the formation of SiO.. With
mixtures of different alkoxysilanes, the proportion of organic groups as well as the structures
and properties of the obtained materials can be adjusted.

In the acid-catalyzed reaction, oxygen atoms are rapidly protonated, forming a good leaving
group. The connected silicon atom is donating electrons to the oxygen atom, increasing its
own electrophilicity and making it vulnerable for water or silanol groups (Scheme 2a). The
positively charged transition state is stabilized when the electron density of the silicon atom is
increased. Chain-like networks are formed due to an increased electron density on terminal
alkoxy or silanol containing silicon atoms. Under basic conditions, an Sn2-type nucleophilic
attack of hydroxides or deprotonated silanols takes place (Scheme 2b). The less electrophilic
central silicon atoms are favored for such a reaction resulting in more branched structures.
Hydrolysis and condensation are competing with each other resulting in different intermediates
and products. At pH <5 hydrolyses is favored, and condensation is the rate-determining step
at pH >5 hydrolyzed species are immediately involved in a condensation reaction.>* Under
highly basic conditions mainly anionic species are formed causing Si-O-Si bond cleavage or

redissolution of already cross-linked species and structures.
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The rate of hydrolysis is also related to the steric situation of the alkoxy and the organic
groups.%® A longer or more branched alkoxy group is less reactive than a shorter one.
Methoxysilanes, for example, hydrolyzes up to 10 times faster than comparable ethoxysilanes.
And an increased number of organic substituents enhances the hydrolysis also alkoxysilanes
> dialkoxysilanes > trialkoxysilanes. The type of organic substituent (methyl, phenyl) is slightly
affecting the reactivity of the monomers.

The strong dependence of the pH and the monomers to the network forming process during
the condensation is used to prepare different kinds of siloxane-based materials.

In basic media, often particle shaped materials are observed. Tetraalkoxysilanes, for example,
are used to prepare nanostructured silica by the so-called Stober reaction.®®®” Linearly
functionalized oligosiloxanes and polysiloxanes can be prepared by an acid-catalyzed
polycondensation.®® Whereas partially cross-linked polysiloxanes are often prepared under
basic conditions.**¢ A sequence of pH is also often used for the synthesis of silsesquioxane
nano and microparticles, hydrolyzing the monomers first under acidic conditions and

performing a condensation under basic conditions.®

12



Theoretical Backgrounds

29Si NMR Spectroscopy

For the investigation of the siloxane structure, the most used method is the 2°Si NMR
spectroscopy. The resonance of functionalized silicon atoms inside silica, polysilsesquioxane
or polysiloxane based materials generate separated chemical shifts in the 2°Si NMR spectrum,
which can be used for qualitative and quantitative investigations of different units and groups.
With a higher occupation of the Si(3p)-orbitals, which are part of the s-bonding system the 2°Si-
nucleus shielding increases leading to decreased §(?°Si) values.®?3 Therefore, minor changes
in the total charge density lead to distinct shifts of the NMR signals. The 5(?°Si) value decreases
with the number of oxygen bridged bonds to the silicon atom in the order of mono- (M), di- (D),
tri- (T) und tetra- (Q) functionalized silicon. Every Si-O-Si bond formed further decreases
chemical shift. The number of Si-O-Si bonds can be assigned to the type of group by a
superscript number (Figure 8.). When a trialkoxysilane reacts in an acid-catalyzed
condensation, for example, the signal intensity of the chemical shifts of the T° monomer starts
to decrease whereas the T' for an end group, the T2 for a linearly linked unit, and the T° for a
cross-linked unit increase. By integrating the respective chemical shift signals the degree of
cross-linking can be calculated and related to the condensation products properties.

Also, changes in organic substituents lead to distinct shifts of the NMR signals. The substitution
of a methyl group by a phenyl group leads to a high field shift of 10 — 12 ppm due to the higher

p-orbital interactions with the phenyl ring and have to be considered for the NMR spectra

interpretation.
"]
I I\O
- 8
R
™ DTN R P
R\O/SI\O/R R\O/SI\ /SI"‘«, N"SI\O/SI\O/SI""L p!"ssl""u
T° T! T? T
e
\/ \/ § § \/ §
| RS R R\O/Si\O/Sii sic Sl S
Sil RN Ee ,
S Sivg S, DO D! D
Mm° Mm* I
I :
R: CnHZn+1
T T T T T T T T T T T T T T T T T
0 -5 -10 -15 =20 -25 -30 -35 -40 -45 50 55 -60 -65 -70 -75 -80
ppm

Figure 8. Range of chemical shifts for Mono- (M), di- (D), tri- (T) und tetra (Q) functionalized silicon.
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2.3. LED Encapsulations

Common Materials and Requirements

The polymeric encapsulation protecting all parts of the LED from external expositions is at the
same time, the most claimed material. It covers the semiconductor chip, which is producing
high temperatures up to 200 °C locally and it is exposed to the high-intensity light output at the
same time (Figure 3 and Figure 6).%45" The fluctuation of temperature by turning the device
on and off, additionally causes stress to the encapsulation. Epoxy resins are the most
commonly used thermosetting polymers for low-power LED applications due to their low cost,
ease of processing, and good thermal, electrical, mechanical, and moisture-barrier

properties.®’
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Scheme 3. The curing procedure of a DGEBA with an MHHPA hardener and an alcohol accelerator.

I0—0

cured epoxy

The diglycidyl ether of bisphenol-A (DGEBA) is the most often used epoxy resin due to its
tunable molecular weight and viscosity.%®%° It is combined with a curing agent like methyl
hexahydrophthalic anhydride (MHHPA) to form a polymeric structure. The anhydride is not
reacting directly with the epoxy group. Therefore it has to be opened in a first step by

accelerators like Lewis acids, alcohols, metal salts or tertiary amines (Scheme 3).70-"2
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However, the cured epoxy resins are usually hard and brittle and start to degenerate under the
exposure of high radiation and temperatures as they are present in high-power applications.
The caused thermo-oxidative cross-linking leads to discoloration and yellowing of the
material.’®®7%® The wuse of antioxidants can reduce these discoloration -effects.”
Thermoplastics like bisphenol-A polycarbonate show similar degradation phenomena at LED

working conditions but are also widely used for encapsulation purposes (Scheme 4).7

CH3 ﬁ
CHj,
n

Scheme 4. Structure of bisphenol-A polycarbonate

Polysiloxanes (silicones) are the most suitable material for the replacement of the known
polymeric systems. They reveal much better heat stability, high transparency, and tunable
refractive indices.”"® Because of the combination of organic groups like methyl or phenyl with
an inorganic Si-O-Si backbone, polysiloxanes exhibit additional unique properties such as
stronger stress absorbing, better high and low-temperature stabilities and more excellent
biocompatibility than other polymers.®” Most of the silicone resins used for encapsulation
purposes are supplied as two-component polysiloxane copolymers, which are able to be cured

by a thermal initiated and platinum-catalyzed hydrosilylation reaction (Scheme 5).

R4
R R4 l
\ I Pt cat. R SI—R;
R—Si + H—S~R;{ — > _\S._/— I
/ \\ | R ; i R,
R R4 R

R, R4 = siloxan, alkyl, aryl, alkenyl, alkoxy
Scheme 5. Hydrosilylation reaction of a vinyl-containing and hydride-containing siloxane component.

One component consists of a mixture of a polysiloxane copolymer containing pendant and
terminated vinyl or allyl functional groups and a platinum catalyst. The other component
consists of a polysiloxane copolymer containing pendant and terminated hydride groups. The
catalysts used are chosen by the given purpose and can initiate the cross-linking reaction at
different temperatures. The concentration of the catalyst used is affecting the reaction time
and the properties of the materials. An excessive concentration can lead to the formation of
platinum (nano)particles and thus to discoloration of the complete silicone.”” The platin
carbonyl cyclovinylmethylsiloxan catalyst (Ossko), is most often used for a curing procedure
offset at temperatures >60 °C. The platin-divinyltetramethyldisiloxan catalyst (Karstedt),

initiates the curing procedure already at room temperature (Scheme 6). The number of vinyl
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and hydride groups also influences the cross-linking degree and the final thermal and

mechanical properties of the cured resin.
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Scheme 6. (a) Platin carbonyl cyclovinylmethylsiloxan (Ossko), (b) platin-divinyltetramethyldisiloxan (Karstedt) (c)
chloroplatinic acid (Speyer’s catalyst).

More important for the optical properties are the organic groups of the polysiloxane. Especially
in optoelectronic applications, high transparency and a high refractive index (RI) of the
encapsulation and lenses are required. High transparency is particularly required for
wavelengths that must be passed through the encapsulation material, whereas a high
refractive index is required to reduce total internal reflection phenomena at the interfaces of
the encapsulation materials to chip and/or phosphor. The light emitted by the semiconductor
chip or the phosphor, for example, is incident on the encapsulation interfaces. The incident
angle of the light must be larger than the critical angle that can be calculated by Snell's law

where n1 is the RI of the light-emitting materials, and n is the RI of the encapsulation
0 = sin™! (E)
n

Otherwise, the emitted light is partially or totally reflected back in the light-emitting medium.®
Therefore, the RI of the encapsulation must be maximized to reduce the amount of reflected
light and ensure an increases light decoupling and efficiency, respectively. The refractive index
of the LED chip is between 2.5 and 3.5.° The refractive index of commercially available
silicones is between 1.38 and 1.57, depending on the organic groups attached to the silicon
atoms.’®8 Methyl groups lead to a Rl of <1.41. The commercially available
polydimethylsiloxanes (PDMS) for example, are therefore called low refractive index
encapsulants (LRI). The introduction of phenyl groups increases the electron density in the
silicon structure and the refractive index respectively leading to high refractive index
encapsulants with a Rl >1.50.8%8" Thermally curable two-component silicone HRI resins with
a high amount of phenyl groups are the most often used encapsulation materials for high
performance LED applications. For the stated reasons, the material developed within this
thesis needed to have a refractive index of >1.48 to enhance the efficiency of the organic

hybrid LED. Therefore, phenyl groups have to be part of the materials to be developed.
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Dye Compatibility

The requirements for the incorporation of organic dyes solved in the encapsulation material
are different from the requirements for the common inorganic phosphors. They are versatile
and can be divided into the requirements of the polymer and those of the phosphor. The
polymer requirements are the same as for the classical LED encapsulation materials, but
additionally, it must be able to dissolve the incorporating organic substances completely
without any negative influence on its properties. Some matrix materials promote stacking
effects or even precipitation of the dye, leading to scattering effects and a significant loss of
efficiency.®2 A high solubility is therefore also very important for other optoelectronic
applications using polymer encapsulations like luminescent solar collectors (LSC). Here, the
incorporated dye is excited by sunlight, and its emitted light is channeled by its polymeric host
material to solar cells producing an electric current. Increased dye concentration can enhance
LSCs efficiency significantly.8># Other polysiloxanes promote dye degradation just by their
composition. Some perylenes, for example, solved in polysiloxanes start to bleach without any
further exposition, even if stored in dark environment.*® This can happen when the dye reacts
with commonly used additives like adhesion agents.

Therefore the influence of the polymer matrix structure to the solubility and the degradation of
the dyes used for the given purpose must be tested and evaluated to prevent concentration

induced quenching effects, precipitation, or bleaching.

2.4. Encapsulants — Research and Development

Siloxanes

The major objective of the research and development of siloxane-based encapsulations for
optoelectronic applications is the increase of lifetime, refractive index, and external efficiency,
respectively, as explained before by the stated reasons.
The most common and easy way to increase the refractive index of a polymeric matrix is the
increase in the amount of phenyl containing units.®> Therefore precursor polymers were
synthesized by a polycondensation reaction using phenyl- or diphenyl alkoxysilanes. Adding
vinyl or hydride containing alkoxysilanes to the reaction leads to polymer precursors that can
be cross-linked by hydrosilylation afterward. A phenyl containing encapsulation, for example,
was synthesized by the group of Kim et al., preparing a phenylvinyloligosiloxane precursor by
a base-catalyzed polycondensation using vinylrtrimethoxysilane and diphenylsilandiol
monomers.®® A subsequent hydrosilylation with phenyltris(dimethylsiloxy)silane leads to a
transparent and flexible elastomer with a Rl of 1.5597 and hardness of 70 Shore-D (Scheme
7). After a thermally aging process at 200 °C for 1152 hours, the material was discolored,

resulting in a decreased transparency.
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A more densely crosslinked polysiloxane could be synthesized by a similar synthesis
procedure preparing one vinyl and one hydride containing precursor oligomer made of
phenyltrialkoxysilanes and diphenyldialkoxysilanes followed by a hydrosilylation. This
procedure results in a maximized Rl of 1.532.%86 Because the amount of phenyl groups

incorporable to such cross-linked polysiloxanes is limited the increase of the refractive is limited

as well.
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Scheme 7. (a) Synthesis of Phenyl-vinyl-oligosiloxane (PVQO) by sol-gel condensation of vinnyltrimethoxysilane
(VTMS) and diphenylsilanediol (DPSD) and (b) fabrication of a phenyl hybrimer (PH) by a hydrosilylation reaction
of PVO and phenyltris(dimethylsiloxy)silane (PTDMSS). Reprinted with permission from Kim, J. S., Yang, S. & Bae,
B. S., Chem. Mater. 22, 3549-3555 (2010). Copyright ©2010 American Chemical Society.5°

Other possibilities were investigated like the incorporation of sulfur or polyaromatic groups.
Mercaptoalkylalkoxysilanes, for example, can be used to introduce sulfur with an allylic spacer
to a linear hydride and phenyl-containing siloxane polymer backbone leading to an increased
RI1.8%87 The resulting precursor polymer can be modified by click chemistry to introduce
additional RI increasing groups like biphenyl allyl derivatives before hydrosilylation with a
second vinyl-containing component. The combination of sulfur and biphenyl unit results in a
high RI with a maximum of 1.65.8” The procedure can also be turned over by introducing thiol
derivatives by click chemistry to allyl or vinyl functionalized polysiloxanes.®® Anyway, sulfur-
containing compounds are not able to be implemented to most of the commercially available
light-emitting diodes. The reaction with silver-coated components is leading to degradation
caused by the precipitation of silver sulfide.8-°" Therefore, the devices lifetime would be
decreased for the benefit of a high refractive index encapsulation. HRI polysiloxanes with
polyaromatic side groups have also been synthesized sulfur-free with Rls up to 1.627 but have

not been tested for LED applications yet.%?
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Polymer hybrids

Hybrid materials are also attractive to LED research due to their possible combination of
materials advantages. Epoxy-containing alkoxysilanes, for example, can be integrated into
polycondensation or sol-gel processes (Scheme 8).°% The obtained epoxy-silicone polymer
can be subsequently used to be cross-linked by a chemical or photoinitiated reaction.”>* They
show enhanced properties concerning their thermal and photophysical stability compared to

pure epoxy encapsulants.
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Scheme 8. Synthesis of a silicone-epoxy resin by polycondensation.
Another approach is the integration of pendant alkoxysilane groups into epoxy-based materials
for the preparation of an epoxy composite partially cross-linked by a polycondensation
reaction.®® Due to its low transparency in the UV/Vis region and a strong discoloration, these
materials are also not suitable for optoelectronic applications. Another known option for
enhancing the refractive index and the external efficiencies are composites containing high
refractive index components. Particles or structural units of titania (TiO2) and zirconia (ZrO>)
for example can be integrated into PMMA, epoxy, and silicones to enhance the RI to a
maximum of 1.630.42%-%8 TiO, was also be integrated by adding a titanium alkoxide to the

finished polycondensation of alkoxysilanes.*
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Scheme 9. Fabrication of zirconium-phenyl siloxane LED encapsulant: (a) chemical structures of the precursors
used for synthesizing VZPO and HZPO resin; (b) schematic illustration of the synthesis of VZPO and HZPO resin;
VZPO and HZPO are multifunctional oligosiloxanes containing Zr-O-Si heterometallic phase that are functionalized
with vinyl and hydride groups, respectively; (c) hydrosilylation-derived curing of VZPO/HZPO resin blend to fabricate
the ZPH encapsulant; Inset photographs are the VZPO/HZPO resin blend (left) and the ZPH-encapsulated LED
Chip (right). Reprinted with permission from Kim, Y. H., Bae, J. Y., Jin, J. & Bae, B. S., ACS Appl. Mater. Interfaces
6, 3115-3121 (2014). Copyright ©2014 American Chemical Society.%
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Curing and Hybrid Glasses

Whether a siloxane-based polymeric material is liquid or solid at room temperature depends
on the chain length and the value of linearly or cross-linked sections inside its structure.
Polydimethylsiloxanes, for example, are liquid or gel-like materials not able to be cured to a
solid cross-linked sample by any chemical or physical treatment. By mixing hydride and vinyl
functionalized polydimethylsiloxane copolymers and adding a platinum catalyst, a thermally
curable gel is generated, leading to transparent and elastomeric materials with low glass
transition temperatures by hydrosilylation usable for several applications.?*° By introducing
thiol or epoxy functionalities to the polysiloxanes, also photo or UV-curable materials can be
synthesized. Epoxy materials made by polycondensation of di-, tri- or tetraalkoxysilanes with
already cross-linked structures and alkoxy or hydroxy groups left can also be solid at room
temperature without any further curing process. The material's flexibility is decreased by the
already existing siloxane network leading to solid samples or particles, for example.®’

Another possible curing process can be initiated by thermal treatment of partially cross-linked
polysilsesquioxanes, synthesized by acid-catalyzed condensation of trialkoxysilanes.
Remaining hydroxy and alkoxy groups are still able to be hydrolyzed and condensed by a
thermal treatment, leading to a solid material. One example of these materials are hybrid
glasses (Figure 9). They can be prepared by an acid catalyzed polycondensation reaction of
trialkoxysilanes followed by the removal of reaction products and solvents. Their properties,
like the consolidation temperature, can be adjusted by adding dialkoxysilanes in a second
condensation step.'-1% The obtained materials are solid, transparent, and rigid. Due to their
partially cross-linked structure they can be softened or even melted at temperatures >80 °C
reversibly. An additional heat treatment >150 °C leads to further hydrolysis of remaining alkoxy

groups by air moisture followed by condensation and irreversible consolidation.

Figure 9. Consolidated coatings of melting gels on glass: (left) undoped and (right) with 2 ml of 10 nM Au-
nanospheres solution added during the purification step. Gel composition is 65 mol% Methyltriethoxysilane —35
mol% Dimethyldiethoxysilane. Reprinted with permission from Klein, L. C. et al., J. Sol-Gel Sci. Technol. 89, 6677
(2018), Copyright ©2018 Springer.'%?
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Many different methyl and phenyl containing hybrid glasses have been synthesized already.
The structure of the materials was studied by 2D solid-state NMR spectroscopy, for example,
showing a partially cross-linked polysilsesquioxane structure by the presence of T3, T? and D?
units only.'® The T2 and T2 units are connected, forming highly cross-linked domains. These
domains are interconnected by D? units. This structural feature is caused by the synthesis
route in which the trialkoxysilanes are hydrolyzed first before the dialkoxysilanes are added.
Interestingly, these materials can also be synthesized by phenyltrimethoxysilane only, having
the same properties with T' and T2 units only.’® The high cross-linking degree of this

polyphenylsilsesquioxane leads to the formation of cracks of a consolidated coating.

2.5. Organic Fluorescence Dyes for Optoelectronics

Selection and Requirements

The phosphors used in organic white light hybrid LEDs are based on organic fluorescence
dyes. The most important requirement for the selection of the dye is the absorption maximum,
the emission spectrum, and the quantum yield. The quantum yield is measured in a integration

sphere setup and is defined by the ratio of emission and excitation spectra values E

Emg — Emy

Qv =

Ex, — Exp

where En and Ex are the areas of the emission and excitation spectra values. A represents the
values of the empty sphere B for a sample in the sphere.'”'% E is calculated from the sum of

the product of the photon count rate and the wavelength E respectively

E= Z E(1)AA

The quantum yield of the dye used in LED applications is therefore directly correlated to the
efficiency of the device. As explained before the excitation wavelength of the commonly used
excitation light source, the In1.xGaxN semiconductor chip is at 450 nm, based on its increased
external efficiency.®>'® As a result, an organic dye for LED purpose needs to show at least a
local absorption or excitation maximum around this wavelength. At the same time, it needs to
show broadband emission over the visible spectrum of light, from 500 — 800 nm and a high
photophysical and thermal stability. Due to the small Stokes shift of organic fluorescence
compounds and the intense prevailed expositions, only a few molecules are suitable to meet

these requirements. Perylene diimides are the most common, highly photostable organic dyes
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with a tunable excitation and emission behavior by substitution.'®® Substituents can be mainly

introduced in the shoulder (R1), bay (R2) and imide (R3) position (Scheme 10).

R1 R2 R2 R1

Ri R,R, Ry

Scheme 10. Perylene diimide core with substitution pattern, showing the shoulder (R1), bay (Rz2) and imide (R3)
positions.

Most of the common perylene diimide derivatives were synthesized by a three-step procedure.
The imide is often introduced by a condensation reaction of perylene-3,4,9,10-
tetracarboxylicadic (PTCDA) with primary amines or anilines catalyzed by molten imidazole or
quinolone, leading to symmetrically N,N’-perylene-3,4,9,10-tetracarboxylic diimides.'® A
subsequent acid-catalyzed halogenation of the perylene diimides with bromide or chloride
results in a mixture of all possible shoulder and bay derivatives with a yield of around 20 % for
the 1,6,7,12- tetrabrominated product.'® Nucleophilic substitutions and metal-catalyzed

reactions can be used for further functionalization (Scheme 11).70-1""
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Scheme 11. Synthesis of dialkyl perylene diimide from PTCDA with amines.

By introducing different organic substituents to the imide position of the perylene core without
other substituents, an excitation maximum is located at around 525, 490 and 460 nm and
emission from 510 to 650 nm is observed in solution. The absorption maximum can be
assigned to the S,>S; transition described as a HOMO—->LUMO excitation caused by the -

conjugated perylene diimide core structure.'2 Other energy allowed electronic transitions
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had been theoretically predicted a HOMO-1, HOMO-2 and HOMO-3 transition to the LUMO by
DFT calculations.’? The imide substituents have negligible influence to the absorption and
emission properties because of nodes of the HOMO and LUMO orbitals at the imide nitrogen

atoms (Scheme 12).""®

HOMO

Scheme 12. Frontier orbitals of N,N’-dimethyl perylene diimide, according to DFT calculations. Reprinted with
permission from Huang, C., Barlow, S. & Marder, S. R., J. Org. Chem. 76, 2386—2407 (2011). Copyright ©2011
American Chemical Society.'%®

The S1-So remains unaltered by the imide substituent. Introducing electron donating groups
like phenoxy substituents at the bay position by of the molecule the 1T-conjugation is enhanced
leading to an energy decrease of the 1 - m* transition and to a bathochromic shift of the
excitation and emission respectively (Scheme 13)."'* An increase of phenoxy groups to the
core increases the shift. Simultaneously a new local absorption maximum is measurable in
hypochromic position to the absolute absorption maximum caused by this substitution.'® An
introduction of polyaromatic groups like pyrenes to the bay position can also generate a new
absorption maximum, which is not affecting the perylene core fluorescence due to separated
T-conjugated systems.'®
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Scheme 13. Absorption and emission maxima of different substituted perylene diimides."®®
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The perylene diimide Lumogen®F Red 305 (LG305, BASF SE) is an N,N-2,6-
diisopropylphenyl perylene diimide with phenoxy groups at all four bay positions (Scheme 14).

It is commercially available and is therefore produced in ton scale for many different purposes.
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Scheme 14. Structure of Lumogen®F 305 Red

Its absorption maxima in toluene are located around 575, 531, 491, and 445 nm with emission
from 550 to 725 nm caused by the four phenoxy groups (Figure 10). The bulky
diisopropylphenyl groups attached to the imides of the perylene additionally enhance the
absolute quantum efficiency and photostability of LG305. The bulky isopropyl rests on the
phenyl groups inhibit a non-radiative deactivation pathway by a rotational or torsional vibration
around the C-N bond.""” Furthermore, T-1r interactions of two or more molecules and resulting
quenching effects are less probable by this sterically hindering additionally increases the
quantum yield even at higher concentrations respectively.’'® A further advantage of LG305 is
its high solubility in organic solvents and polymeric materials like PMMA and PC.'9.120
Nevertheless, positive solvatochromism of perylene dyes leads to a red shift of the absorption
and emission maxima with increasing solvent polarity.''®21.122 |ts properties, especially its
locations of the excitation and emission maxima, makes LG305 highly suitable for the

integration in organic hybrid LEDs for the stated reasons and a lot of other applications.

| A, = 450 nm (22222 cm) ——LG305 in Toluene emission
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Figure 10. Emission and excitation spectra of diluted solutions (5 mmol L") of Lumogen® F Red 305 (LG305)

and FC546 in toluene with an emission wavelength of 630 nm (15 873 cm’?) and with an excitation wavelength
of 450 nm (22 222 cm™).
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Quenching and Spectral Shifts

Due to their distinct conjugated Tt-system core, some molecules can promote dye-dye
aggregation by 11- T stacking interactions among these molecules.'?>'?* This interaction can
lead to specific quenching effects, like decreased quantum vyields caused by changes in the
absorption and emission mechanism. The aggregation can mainly be characterized and
distinguished by a spectral shift of the absorption bands as compared to the monomeric
species, measurable with UV/Vis and fluorescence spectroscopy. The molecules can form
sandwich-like H-aggregates generating to a bathochromic shift of the absorption maximum,
whereas a head to tail-like J-aggregation of the molecules leads to a hypsochromic shift. Due
to the interaction of the dyes transition dipoles the excited state S, of the aggregate splits into
to levels Si* and Sy (Figure 11). For parallel transition dipoles of a molecular dimer, a
transition from the ground state Sy to the excited state S1* is allowed, whereas the transition
from the ground state Sy to the excited state S+ is forbidden, thus generating a blue-shifted
absorption band in H-aggregated molecules.'® In case of J-aggregated molecules the Sy to

S+ transition is allowed, leading to a red-shifted absorption band.
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Figure 11. Model of the change of excited states caused by dye-dye interactions and the resulting interactions of
the transition dipoles excited states for the H-Aggregate and the J-Aggregate. Adapted with permission from Mishra,
A., Behera, R. K., Behera, P. K., Mishra, B. K. & Behera, G. B., Chem. Rev. 100, 1973-2011 (2000). Copyright
©2000 American Chemical Society."?*

Another kind of dye-dye interaction is the formation of excited dimers (excimers). The excited
state of a molecule and the ground state of another molecule can interact due to an attractive
potential caused by the interaction between resonance and excited states.'”® The excimer
formation leads to unstructured and bathocromically shifted fluorescence emission maxima as
compared to the monomeric species. It also causes an increased excited state lifetime and a
decreased quantum yield depending on the dyes structure, concentration, and solvent,

respectively.'?® The quantum yield for the monomeric emission of perylene based dyes is often
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high with >90 %.'%° Whereas the quantum yield decreases significantly to <20% for excimer
emission phenomena.'?® As described before, the main reason for aggregation and a
decreased quantum vyield is the dyes structure. Bulky substituents can promote a dye
separation and prevent an excimer induced fluorescence quenching. Perylene diimides with
different sized substituents introduced to the dyes imide position, for example, were integrated
into a PMMA matrix with a concentration of 10 to 120 mM. The unsubstituted perylene diimide
show a strong blue shift of the absorption maxima caused by the formation of H-aggregates
and a strong redshift of the fluorescence emission caused by excimer formation. The highest
quantum yield at the lowest dye concentration was 20 %. The perylene diimide dyes with bulky
substituents show high quantum yields of >90 % and almost no shift of the absorption and
emission maxima.''® Another reason for decreased quantum yields or shifted spectra are self-
absorption, non-radiative deactivation, and reflection phenomena.’”® When the emission
maximum of a molecule is only slightly shifted from the absorption, which is often the case for
singlet excitation in organic semiconductors, reabsorption can occur.'®” The reabsorption also
leads to a red-shifted emission. The probability of reabsorption increases with the dye
concentration and the sample thickness, due to an increased path length of the emitted light
through a sample. This is also the reason for an angular dependent redshift of the emission
for unsymmetrical samples.'® The concentration and angular dependent redshifts can be
illustrated by a simple concentration series of a dye in a solvent and by fluorescence
measurement at different angles (Figure 12). A redshift of emission is therefore, not always
correlated with an aggregate or excimer formation only. Reabsorption has to be considered

and evaluated.
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Figure 12. (A) Concentration dependence of the emission spectra of Lumogen®F 305 Red in toluene measured
with an excitation wavelength of 500 nm. The spectrum is red shifted with increased concentration. (B) Angular
dependence of the emission spectra of 1000 ppm Lumogen®F 305 Red in a cured polysiloxane resin measured
with an excitation wavelength of 500 nm. A redshift occurs when the sample is turned.
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Applications

Due to their high accessibility and solubility in polymeric materials, substituted perylenes have
already been used and tested for several optoelectronic applications. As mentioned before, a
first low power approach has been prepared with perylene based Lumogen® dyes. Solved in
an epoxy resin and excited by an InGaN chip, green (LG083) and red (LG300) colored organic
hybrid LEDs has been prepared called luminescence conversion LEDs (LUCO)."? Low
quantum/power conversion efficiencies have been found for both dyes with 0.57/0.46 for the
green (LG083) and 0.80/0.57 for the red (LG300) version of the LED."?” Other similar low power
LEDs prepared with other dyes like 1,8-naphthalimide derivative converters showed significant
degradation of the dyes in epoxy resins and PMMA."?® The initial light output of the epoxy-
based LED decreased rapidly by 80 % after 3.5 h of operation time at 200 mA.

Figure 13. Blue LED and three LUCOLEDs emitting green, red, and white light. Reprinted with permission from
Schlotter, P., Schmidt, R. & Schneider, J., Appl. Phys. A Mater. Sci. Process. A 64, 417-418 (1997). Copyright
©1997 Springer.1?

This degradation was slightly reduced by using PMMA, leading to a decreased light output of
33 % after 19 d under the same conditions. A proposed reason for that is the more properly
protection from the environment. Another approach for the integration of a perylene based dye
into a LED device was the functionalization by styrene and subsequent synthesis of
polystyrene with N-(10-nonadecyl)-perylene-3,4,9,10-tetra-carboxylic diimide pendant groups

attached (Scheme 15).26'2°
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Scheme 15. Polystyrene with pendant perylene diimide groups attached to the polymer chains.
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The obtained material was transformed by different methods to microparticles and fibers that
could be implemented into a polydimethylsiloxane host material. With a quantum efficiency of
0.57 and an intensity loss of 10 % after 220 minutes under working conditions, optimization is
still required for suitable reliability. One more setup mentioned before, were yellow, green and
red perylene dyes were incorporated in a polycarbonate matrix show a significant
photodegradation of the dyes using an on-chip configuration of a hybrid LED after 1000 h.
Remote setup of this material combination increases the lifetime but is still not reliable enough
for an application with a 15 % loss of fluorescence intensity after 2870 h of illumination.33

In other optoelectronic applications using polymer encapsulations like the luminescent solar
collectors (LSC) perylenes are the most often used organic dyes for the stated reasons like
high solubility, high quantum yield, high photostability and excitation maxima around 575, 531,
491 and 445 nm with emission from 550 to 725 nm."® The LSC setup was developed to
increase the efficiency of photovoltaic cells by a down-conversion of the incoming sunlight
before channeling it to the cell by a high refractive index polymer. Therefore an organic
fluorescence dye has to be dissolved completely in a polymeric host material to prevent
quenching effects, which is afterward cured and framed by solar cells (Figure 14). The incident
solar light is absorbed by the fluorescence dye which emits bathochromic shifted light
isotopically. Up to 80 % of this emitted light is trapped in the LSC due to total internal reflection
(@RI=1.51) resulting in the theoretical photovoltaic conversion efficiency of 24 %."' The
emitted wavelength photons equal the bandgap and the sensitivity of the attached solar cell to

ensure high quantum yields and power conversion efficiencies (Figure 15).1°
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Figure 14. (a) Schematic representation of an LSC Figure 15. Emission spectra of a number of dyes and
device under illumination. Reprinted with permission  sensitivity curves of several solar cells, as specified in
from Griffini, G., Brambilla, L., Levi, M., Del Zoppo, the figure. Reprinted with permission from Reisfeld, R.,
M. & Turri, S., Sol. Energy Mater. Sol. Cells 111, 41— Opt. Mater. (Amst). 32, 850-856 (2010).Copyright
48 (2013). Copyright ©2013 Elsevier.5 ©2010 Elsevier."3!
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For the performance and lifetime of the LSC, the same requirements are needed to be met as
for a LED device. In particular, the thermal and photophysical degradation of the polymeric
host material and the luminescent organic dyes are also the most common degradation
pathways and had to be optimized for enhanced performance of the LSC. The only difference
between the two mentioned applications are the irradiance conditions. While the irradiance in
LEDs can be larger than 500 mW/mm?, materials in photovoltaics and LSCs have only to
withstand 100 mW/cm? under standard testing conditions.'®2'3 Furthermore, the efficiency of
the LSC is increased with the dye concentration, whereas a stacking or even precipitation of
the dye decreases the efficiency significantly.®® The high solubility of the dye in the host
material has, therefore, be ensured for LSC and LED applications. As a result, the
development of a new dye-matrix combination for LEDs is suitable for LSC applications as
well. Other optoelectronics like organic photovoltaics, where perylenes are used as n-type
semiconductors and other physical properties are needed also common but not discussed

within this thesis. '3

Degradation

The most important property for an organic fluorescence dye in LED applications is outstanding
stability against the exposition of the excitation light under the environmental conditions of an
LED. Two different methods have been used yet for the quantification of the dye stability. In
both methods, the dye-containing samples are irradiated by a given excitation wavelength. In
the first method, the relative fluorescence intensity change is determined directly by
fluorescence spectroscopy.? The results obtained by this method are directly correlated to the

performance of a device under real conditions, but not correlated to the absolute dye

concentration.
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Figure 16. (b) Normalized UV/Vis subtraction spectra of OLSC thin films at increasing UV-exposure time (each
subtraction spectrum was obtained by subtracting the spectrum of the degraded sample from the spectrum of the
unexposed sample). Reprinted with permission from Griffini, G., Brambilla, L., Levi, M., Del Zoppo, M. & Turri, S.,
Sol. Energy Mater. Sol. Cells 111, 41-48 (2013). Copyright ©2013 Elsevier."%
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In the second method, the absorbance of the sample is periodically measured externally by
UV/Vis spectroscopy during the exposition to determine the relative change in absorbance.''®
Caused by the direct correlation of absorbance and dye concentration at low concentrations
the dye degradation can be quantified directly. Nevertheless, there is no general defined
mechanism for the degradation process of the dye molecules during light exposition yet. Even
with more detailed methods on the molecular scale-like ESR or NMR spectroscopy, there are
just a few proposals trying to understand what happens when organic fluorescence dyes in
polymer host materials start to degrade.'®

The photodegradation of Lumogen®F Red 305 under UV light (500W, Mercury vapor) has
been studied in more detail in a PMMA host material, originally prepared for LSC applications,
by UV/Vis, FTIR and fluorescence spectroscopy as well as GC-MS.""® After 1 h of light
exposition a strong decrease of 30 % and after 5 h a decrease of 99 % of the initial absorbance
was measurable. The normalized subtraction spectra indicate a strong dependence of the
different local absorption maxima to the degradation (Figure 16). The absorbance at 445 nm
caused by the phenoxy groups attached to the perylene core at the four-bay positions starts
to decrease earlier and more strongly than the rest of the absorbance maxima that are caused
by the perylene core only. Supported by the FTIR and GC-MS data, a two-phase degradation
mechanism is proposed. In the first phase, lateral phenyl ring substituents undergo abstraction
from the perylene core via homolytic cleavage of the oxygen-phenyl bond generating benzene.
In the second phase, an abstraction of the diisopropylphenyl groups by homolytic cleavage of

the nitrogen-phenyl bond was detected.
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Scheme 16. The first and second phase of the degradation mechanism of LG305 molecules in PMMA LSC thin
films. Adapted with permission from Griffini, G., Brambilla, L., Levi, M., Del Zoppo, M. & Turri, S., Sol. Energy Mater.
Sol. Cells 111, 41-48 (2013). Copyright ©2013 Elsevier."3
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This intrinsic degradation mechanism indicates that there are no other species involved in the
degradation process then the dye itself. Protection of the dye with a suitable encapsulation
material would not have any significant influence on the longtime photostability. On the other
hand, the conditions used in these experiments are not comparable to that in an LED

application, due to the use of high energy UV light.

Another conceivable process able to initiate degradation is the formation of triplet states
followed by an interaction with other species. The formation and interaction of triplet states
with oxygen and polymer substrates have been studied by ESR and time-resolved oxygen
infrared phosphorescence spectroscopy. Triarylmethane dyes, crystal violet, and malachite
green were incorporated and cured in a polydimethylsiloxane substrate and excited by an
Nd:YAG laser with 532 nm wavelength (3 kHz, 2 ns).'® Four of five dyes show a massive
concentration of triplet states caused by intersystem crossing (ISC) induced by the laser
excitation. The authors propose two possible types of electron transfer or photo-oxidation from
the triplet state to another species, besides the possibility of phosphorescence. Type |
assumes an electron transfer to the polymer host material, whereas in a type Il transfer the
electron is donated to oxygen. The resulting measurements indicate a direct correlated of the
formation of singlet oxygen and the triplet states, leading to the conclusion that a type Il energy

transfer process is more predominant over type |I.
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Figure 17. Jablonski diagram and accompanying photochemical processes subsequent to photoexcitation of a
photosensitizer. The ground state molecule (So) absorbs a photon of energy and is promoted to an excited singlet
state (S1). The excited singlet state molecule can release energy radiatively (fluorescence), via internal conversion
or can undergo ISC to the excited triplet state (T1) which has three sublevels: Tx, Ty, T.. D and E are the zero-field
splitting parameters, which describe the magnetic dipolar interaction between the two unpaired electrons. The triplet
state molecule can release energy as radiation (phosphorescence) or transfer its energy to surrounding molecules
by either Type | or Type Il photo processes and return to the ground state. A Type | photo process involves electron
transfer between the triplet state and a substrate, whereas a Type Il photo process involves the quenching of the
triplet state by molecular oxygen. Reprinted from Noimark, S. et al., Phys. Chem. Chem. Phys. 18, 28101-28109
(2016).Published by the PCCP Owner Societies under CC-BY-3.0."38
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Nevertheless, Malachite Green was the only dye without generating measurable triplet state
or singlet oxygen concentrations, which was explained by low ISC efficiencies or a more
isotropic ISC process.'38

A similar quenching effect of the triplet states by oxygen has been reported for perylene based
dyes in different media. N,N’-bis(dicarboximide) perylene diimides, for example, has been
investigated in solution, making it also a suitable photosensitizer for the generation of singlet
oxygen.® But compared to other dyes, a very low ISC efficiency is proposed. As a result, a
more appropriate polymer with oxygen barrier properties should be needed to protect the dye

from a photodegradation process initiated by a triplet state-oxygen interaction.

Lumogen®F Red 305 has also been studied in PMMA and polyester host materials under
vacuum and defined oxygen pressure conditions by ESR, fluorescence and time-resolved
oxygen infrared phosphorescence spectroscopy using an Nd:YAG laser with 532 nm
wavelength.' Due to the measurement under anaerobic conditions, other conclusions were
made regarding oxygen interferences then reported before. The samples measured under
vacuum showed a highly increased photo degradation of LG305 compared to the samples
exposed to air. Additionally, the samples show a recovery of the fluorescence after the
irradiation was stopped and oxygen was air was added to the samples. This phenomenon is
proposed to be caused by a reversible type Il photo-reduction of the perylene dye.
Nevertheless, a decreased photodegradation was also determined for increased oxygen
partial pressure. The presence of the high electron affinity oxygen suppresses the
photoreduction by reducing the excited state by a type Il photo-oxidation as reported before.
Two different mechanisms are proposed from the authors for the degradation of perylenes in
polymers. The oxygen-free device fabrication of organic dye-containing encapsulations for
optoelectronics is suggested to be not suitable since the exclusion of oxygen would facilitate
the photo-reduction mechanism.'#°

From another application-related point of view, most of the common OLEDs show enhanced
photostabilities by using polymer laminations, protecting the containing organic emitters from
oxygen and other pollutions.™1-143

As aresult, for the development of a new siloxane based host material for organic hybrid LEDs,
the influence of oxygen and the oxygen barrier properties of the encapsulation to the dyes

photostability had to be determined and evaluated for further optimization steps.
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Polymers

Introducing reactive substituents to the imide or bay positions of a perylene dye can possibly
lead to a product, which can be used as a monomer in polymerization reactions. Polymerized
perylenes or copolymers with an incorporated defined dye concentration can be used several
applications, and their properties can differ significantly from the molecular species. The
perylene molecules can, therefore, be integrated ladder-like, pendant or in the polymer
backbone. By reacting a 1,6,7,12-tetra-tert-butylphenoxyperylene diimide with an aminopropyl
alkoxysilane, a derivative was synthesized can be implemented into a subsequent acid-
catalyzed polycondensation reaction (Scheme 17)."** The ladder-like perylene polysiloxane
shows a good solubility, a wide absorption region, higher thermal stabilities and proper LUMO
energy levels in contrast to its precursor monomers, making it suitable as n-type
semiconducting material for photovoltaics for example. Due to its self-assembly properties by
hydrogen bonding and mr-1r-stacking a periodic crystal-like structure of the monomers has been
determined by XRD. Simultaneously the fluorescence is quenched by this phenomenon, why
this material is not suitable for other light-emitting applications.

The synthesis of a copolymer with pendant perylene units attached to the polymer backbone
was discussed before for polystyrene fibers, and particles for LED applications.?® The
synthesis of the monomer was carried out by a condensation reaction of an N-(10-nonadecyl)-
3,4,9,10-tetracarboxylic acid dianhydride with 4-aminostyrene. A subsequent nitrogen

mediated radical polymerization with styrene resulted in a polystyrene perylene co-polymer.'?°
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Scheme 17. Synthesis route of a perylene diimide ladder polysiloxane by polycondensation. (1) 1,6,7,12-Tetra-tert-
butylphenoxyperylene diimide, (M2) reaction product of the condensation with an aminopropyl! alkoxysilane, (M2)
hydrolyzed species of M1, (LS) proposed ladder like self-assembly by hydrogen bonding and -1 stacking, (PDI-
LPS) perylene polysiloxane product. Reprinted with permission from Fu, W. et al., Macromolecules 44, 203-207
(2011). Copyright ©2011 American Chemical Society.'*
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The main feature, which is needed to be realized in this case is the unsymmetrical substitution
of the perylene dye by a reactive group, making it suitable for polymerization. This
unsymmetrical substitution can be carried out by partial condensation of PTCDA with an amine
or by decarboxylation.'%-'® The implementation of this polystyrene perylene co-polymer into
an LED setup leads to a rather good CRI of 83, poor efficiency of 5 % or 28 Im/W and a cold
bluish light with a color correlation temperature of 6600K (Figure 18, left). A commercially
available inorganic warm white LED from OSRAM™ has 87 Im/W, a CRI of 80, and a color
correlation temperature of 2700 — 4500 K.?? Additionally, the light intensity of this organic hybrid
LED is decreasing significantly during the operation by 50 % of the initial value in 100 minutes
(Figure 18, right).'® The dye itself, the pendant integration of the dye and the choice of the
polymer host material did not improve the stability, and the performance of this organic hybrid
LED device, respectively.

Examples for a polymer where the perylene dyes were already successfully incorporated into
the polymers’ backbone are polystyrenes and polydimethylsiloxanes, synthesized for corrosion
protection or photo-functional devices.'**'®! Both polymer types have been synthesized by
condensation of aminopropyl terminated polystyrene or polydimethylsiloxane with PTCDA
respectively. The polydimethylsiloxane was isolated as a gel and was not curable to obtain a
solid sample. The fluorescence intensity is quenched due to aggregation. The perylene
containing polystyrene also show aggregation and a strong quenching of the fluorescence.
The characterization of the materials resulted in a higher solubility of the dyes with lower
probability of precipitation, but aggregation, quenching, and the liquid state of the

polydimethylsiloxane are not appropriate for an application or device.
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Figure 18. Left: (a) Spectrum of the LEDs. (b) CIE coordinates of the LEDs. (c) Fluorescence microscopy image of
W-blend film. (d) Schematic representation of the device. (e) Picture of the turned on device. (f) External quantum
efficiency and power efficiency of a blue LED and white hybrid device. Right: Integrated emission intensity of blue
LED (blue square) and W-blend (circles) under constant 2.6 V bias. Reprinted with permission from Kozma, E.,
Mroz, W. & Galeotti, F., Dye. Pigment. 114, 138—143 (2015). Copyright ©2015 Elsevier.'?°
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2.6. Siloxane-based Particles

In the last decades, the synthesis of polymeric micro- and nanoparticles have been
investigated and optimized for a variety of applications.'®? The synthesis of carbon-based
materials like epoxy, polyurethane, or polystyrene have been optimized and characterized
already extensively.'®?-'% The most commonly used method for preparing those carbon-based
microspheres is the emulsion polymerization with or without the use of emulsifiers. The
resulting particles can be used for example for sensing, medical or imaging applications. -
%8 The investigation of silicon-based particles of polysilsesugioxanes or polysiloxanes is also
in great demand due to the interesting combination of tunable properties and accessibility. Just
by hydrolyzing organotrialkoxysilanes with an acid, forming the respective silanols followed by
a base-catalyzed condensation uniform particles with tunable properties can be prepared.’*®-
162 The particle shape and properties can be adjusted by the organic groups of the monomers
used, the reaction conditions or even by assisted methods like an ultra-sonic treatment or the
use of continuous methods like the micro-jet approach.8"'83 The pure siloxane-based particles
can also be used for the preparation of polymer-derived ceramics or carbide-derived carbon,
for toughening of other polymers by integration into the polymer, or for drug delivery, for
example,'64-168

One example for the preparation of several different particles like methyl, ethyl, vinyl, and
phenylsilsesquioxane, and silica by the same sol-gel based method has been reported using
a micro-jet reactor (Figure 19).%' The different trialkoxysilanes monomers were hydrolyzed and
subsequently mixed with ammonia solution in a gas supported reactor leading to a very fast
condensation reaction, producing up to 23 g of particles per minute. All particles synthesized

show a narrow size distribution and particle sizes <2um.
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Figure 19. SEM images of (a) Methyl-, (b) Ethyl-, (c) Propyl-, (d) Vinyl-, (e) Phenyl-, (f) Meo.4Pho.s-, (9) Meo.25Pho.75-
, (h) Vio.25Pho.75- SiO1.5, and (i) SiO2 with size distribution curves, average particle diameters (davg.), standard
deviations (o), and polydispersities (100*c/davg.) of the prepared particles (250 ml min~", 20 °C). Reprinted with
permission from Odenwald, C. & Kickelbick, G., J. Sol-Gel Sci. Technol. 89, 343-353 (2019). Copyright ©2019
Springer.®
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The structure of the particles has also been studied by solid-state 2°SI NMR spectroscopy
showing the presence of partially condensed T2 and fully-condensed T2 units with a maximum
degree of cross-linking of 91 % for the polyvinylsilsesquioxane particles. The lowest cross-
linking degree was found for the polyphenylsilsesquioxane particles with 60 %, proposed to be
caused by the bulky substituents leading to a more polymer-like behavior. As a consequence,
the obtained particles dissolve in various organic solvents, e.g., toluene, tetrahydrofuran, and
dichloromethane. In addition, the particles typically melt, to form a dense film during a thermal
treatment. This behavior has also been reported for partially cross-linked polysilsesquioxane
hybrid glasses as described before. 00105

For a functionalization of those particles, trialkoxysilanes with functional groups are added to
the synthesis route. Thiol-functionalyzed polysilsesquioxane microspheres, for example, were
prepared by a surfactant-free  emulsion-based method by hydrolyzing 3-
mercaptopropyltrimethoxysilane followed by a base-catalyzed condensation.'® The obtained
particles show a narrow size distribution with a minimum average particle size of 3.04+0.89
pum. With the variation of the time of hydrolysis, the particle size could be varied from 2.5 -5
um. The structure of the particles has been studied by solid-state 2°Si NMR spectroscopy
showing the presence of partially condensed T2 and fully-condensed T2 units with a degree of
cross-linking of 83 %. There is no reason given for this incomplete cross-linking.

The siloxane based particles can also be synthesized by non-hydrolytic sol-gel methods using
different techniques. Phenyl-, ethyl- and methylsilsquioxane microspheres, for example, can
also been synthesized by a non-hydrolytic sol-gel reaction using the respective trichlorsilane
monomers and dimethylsulfoxide.'® The particles are less regularly shaped, exhibit a great
degree of aggregation with a particle size from 0.1 — 2 um. Different to most of the sol-gel
reactions in aqueous solutions, a high concentration of T' end groups was detected by NMR
spectroscopy, indicating a very low degree of cross-linking. The highest degree of cross-linking
was calculated for the phenyl modified particles. In another non-hydrolytic approach,
extraordinary bowl-shaped polysilsesquioxane particles of methyltriethoxysilane and
phenyltrimethoxysilane were made by an emulsion of the monomers in a toluene water
mixture.'”® The morphology of particles can be fine-tuned by judiciously adjusting the amount

of two organoalkoxysilane precursors.

Organic dyes can also be incorporated or labeled to the microparticles by adding them to
directly to the synthesis or by a post-synthetic reaction with the microparticles.'%%-162

Whereas ionic dyes can be easily integrated into polysilsesquioxane particles, the integration
of hydrophobic dyes like perylene diimides is difficult to realize. Due to their insolubility in
aqueous solutions, the integration of hydrophobic dyes is mostly performed by a previous

functionalization, making them accessible to be integrated into a condensation reaction.¢%:171-

36



Theoretical Backgrounds

' For a complete integration of Rhodamin(B) into a sol-gel like synthesis of poly(3-
mercaptopropylsilsesquioxane) particles for example, the dye can easily been added to a
trialkoxysilane solution during the hydrolization step (Figure 20).'® The dye is integrated to
the partially cross-linked particles structure, showing a slightly higher photostability compared

the pure dye solution.
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Figure 20. The mechanism for the formation process of Rhodamine B-doped poly(3-mercaptopropylsilsesquioxane)
fluorescent microspheres. Reprinted with permission from Lu, X., Hou, Y., Zha, J. & Xin, Z., Ind. Eng. Chem. Res.
52, 5880-5886 (2013). Copyright ©2013 American Chemical Society.®°

In another approach rhodamine(B)isothiocyanate has been labeled to the thiol groups after the
synthesis of poly(3-mercaptopropylsilsesquioxane) microparticles. Confocal microscopy
images show a complete distribution of the dye inside the particle structure and not just an
attachment to the surface of the particles, which indicates a high mobility of the dye molecules
through the partially cross-linked structure (Figure 21). No further characterizations regarding

the dyes properties have been made.
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Figure 21. (a) Confocal image of a rhodamine B isothiocyanate labeled organosilica microsphere and (b)
normalized fluorescence intensity profile through the center of the microsphere. Reprinted with permission from
Trau, M. et al., Langmuir 21, 9733-9740 (2005). Copyright ©2005 American Chemical Society."%®
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For the integration of hydrophobic perylenes into polymeric particles, they are mostly
functionalized by using polyhedral oligomeric silsesugioxanes (POSS). ''-'"* The POSS
functionalized perylenes can been prepared by reacting amino functionalized POSS with
PTCDA for example (Figure 22)."74
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Figure 22. POSS functionalized perylene diimide. Reprinted with permission from Chen, J. et al., RSC Adv. 8,
35534-35538 (2018), licensed under CC-BY-NC 3.0.173

By the preparation of polystyrene and poly(3-hydroxylbutyrate-co-3-hydroxyvalerate) micro
particles by an electrostatic spray method, POSS-perylene diimides have been used to
generate highly fluorescent particles.’” The emission spectra of the 8 — 25 ym sized particles
show bathochromic shifts compared to the pure POSS-perylene diimide in solution, caused by
dye aggregation. At the same time a massive decrease of quantum yield was detected for dye
to polymer rations >1/1000, also caused by the aggregation, which is more probable at high
dye concentrations. In all of the previously described methods the alkoxysilane precursor used
were in the monomeric state. The particles are formed during the condensation reaction of the
trialkoxysilane monomers under basic conditions. Additionally the structural investigations by
spectroscopic methods, most commonly resulting in partially cross-linked structures indicated
by the presents of T? units in the siloxane network. By using already partially cross-linked
polysiloxanes, reacted by hydrosilylation it is also possible to prepare microspheres.

A polyhydromethylsiloxane was reacted with a 1,3-divinyltetramethyldisiloxane in THF, using
a Karstedt catalyst. When the mixture started to get viscous it was transferred into a solution
of n-eicosane in iso-propanol, and water containing polyvinyl alcohol was added forming an
emulsion. After the isolation the microspheres with a diameter of 90 to 220 ym. Due to the
preparation a lot of the former Si-H groups from the olyhydromethylsiloxan units were
hydrolyzed by water, forming Si-OH groups, which were functionalized by (3-
aminopropyl)triethoxysilane, (3-glycidyloxypropyl)trimethoxysilane, and

dimethylvinylchlorosilane.
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3. Research Goals

This work aims to improve the solubility, quantum yield, as well as the thermal and
photophysical stability of perylene based fluorescence dyes by investigating and find new
siloxane-based host-materials, protecting the incorporated dye from precipitation, degradation,
and quenching effects. This dye-containing siloxane-based materials shall be compared to the
known polymer-dye combinations and meeting all requirements for implementation in an
organic hybrid LED application. That means, the preparation of liquid, workable and thermally
curable or/and solid and particle shaped cross-linked siloxanes with high thermal and
photophysical stabilities, high transparencies and significant protective properties for the

integrated dyes.

In detail, the following studies were carried out:

o Perylene dyes in Polysiloxane Matrices
A perylene based fluorescence dye and a vinyl functionalized derivative of this dye, both
with a local absorption maximum at the excitation wavelength of a classical LED (450 nm),
were incorporated in one commercially available and thermally curable
polydimethylsiloxane and one polyphenylmethylsiloxane. Due to the vinyl functionalization
of the perylene derivative, it can be involved in the curing procedure by hydrosilylation and
therefore covalently bonded to the structure of the polymers, whereas the other dye is only
physically integrated. By preparing concentration series of each dye in each polysiloxane
the influence of the different organic groups (phenyl, methyl) and the influence of the
covalent and non-covalent integration to the optical, thermal and chemical properties were
studied by performing fluorescence, FTIR and UV/Vis spectroscopy, absolute quantum
yield and microscopic measurements as well as leaching, swelling and longtime thermal

and photostability experiments (results published).

¢ Liquid Perylene polysiloxane Copolymers
The perylene based and vinyl functionalized fluorescence dye was used to be covalently
integrated into the backbone of linear polyphenylmethylsiloxane chains by hydrosilylation
forming a liquid perylene polyphenylmethylsiloxane. In a second approach, the dye was
used as a network agent between polyphenylmethylsiloxane chains forming a liquid but
partially cross-linked perylene polyphenylmethylsiloxane. Afterward, these liquid dye-
containing precursors were added to the previously used and cured subsequently to solid
and flexible materials. The influence of each polymer, the dye concentration, the chain
length, and the integrated precursor polymers concentration to the optical, thermal,
mechanical and chemical properties were studied by performing NMR, fluorescence, FTIR
41



Research Goals

and UV/Vis spectroscopy, absolute quantum yield, SEC, hardness, DSC and TG

measurements as well as longtime photostability experiments (results published).

Platinum free but curable Siloxanes

By performing an acid-catalyzed condensation reaction of different trialkoxysilanes,
dialkoxysilanes, and a methoxy terminated oligosiloxane platinum-free, but thermally
curable polysiloxanes were synthesized. The influence of the polymers compositions on
the optical, thermal, mechanical and chemical properties was studied by performing NMR,
FTIR and UV/Vis spectroscopy, rheology, hardness, DSC and TG measurements as well

as longtime thermal and photostability experiments (results published).

Fluorescent Polyphenylsilsesugioxane Microspheres

A perylene based fluorescence dye was integrated into the synthesis of a
polysilsesquioxane based hybrid glass material synthesized by an acid-catalyzed
condensation reaction. Used this fluorescent material as a precursor, fully-crosslinked
polyphenylsilsesquioxane microspheres were synthesized by a new surfactant assistant
hot emulsion procedure, which allows the integration of hydrophobic organic molecules like
the perylene dyes to polysilsesquioxane particles. This procedure was optimized regarding
to the particle size, and the influence of a subsequent thermal treatment to the
microspheres integrity, morphology and structure, their solubility and leaching behavior, as
well as their surface coating, were studied by performing NMR, CP-MAS-NMR,
fluorescence, FTIR and UV/Vis spectroscopy, absolute quantum vyield, TG-FTIR
measurements as well as longtime photostability experiments (results are part of the thesis

but unpublished yet).
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4. Results and Discussion

In this chapter, three already published publications on the topic of the thesis are presented.
An addition chapter named Fluorescent polyphenylsilsesuqgioxane Microspheres of
unpublished results is also included. These results have been formatted in a paper manuscript

style with a preceding short introduction to previous results.
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4.1. Effect of Polysiloxane Encapsulation Material Compositions on

Emission Behavior and Stabilities of Perylene Dyes

Published as an article:

Nils Steinbriick, Martin Kbnemann, and Guido Kickelbick, RSC Adv., 2018, 8, 18128-18138
https://doi.org/10.1039/c8ra01700j
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Contributions of the Authors to the Manuscript:

Nils Steinbrtick wrote the complete draft of this manuscript that was acknowledged by all
named authors. Nils Steinbriick performed the synthesis of the dye integrated polymer
resins as well as the FTIR, NMR, fluorescence, quantum yield, UV/Vis, hardness, and
microscopic measurements, the swelling behavior, heat and photostability experiments
and the calculation of the self-absorption coefficients. He also performed the key part of
the data and results interpretation.

Dr. Martin Kénemann synthesized the organic fluorescence dyes used for the sample
preparation.

Prof. Dr. Guido Kickelbick gave the input to this project, supervised and discussed it, and
optimized the manuscript to its final form.

Reproduced by permission of The Royal Society of Chemistry (RSC) and include a link to
the paper on the Royal Society of Chemistry’s website, Copyright © 2018.
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In the first part “Effect of polysiloxane encapsulation material compositions on
emission behavior and stabilities of perylene dyes” the chemical and physical
properties of a non-covalent and a covalent incorporable perylene based dye integrated
into curable polydimethylsiloxane and polyphenylmethylsiloxane resins were studied. Low
solubility and decreased efficiency of non-covalent bonded LG305 integrated into
polydimethylsiloxanes were already reported for LSC applications.® Using the pure methyl
containing polymer resin resulted in dye precipitation at concentrations >500 ppm causing
a significant decrease of the quantum yield. The covalent integration of an allyl
functionalized perylene dye (FC546) prevents this precipitation but did not prevent a
decrease of quantum yield. Due to a less sterically hindered structure, compared to LG305,
the affinity of the dye for dye-dye interactions is increased, causing quenching effects.
Furthermore, the pure methyl containing polymer resin enhances the degradation of the
dyes incorporated significantly. This degradation is even more enhanced by an additional
heat treatment at 200 °C, simulating the working conditions in LEDs.

A quiet positive influence of the covalent integration of the dye in the phenyl group
containing matrix to the dyes solubility and lifetime has been ascertained. LG305 and
FC546 were soluble up to 3000 ppm without precipitation and without a significant
decrease of the quantum yield. We consider a direct interaction of the phenyl groups with
the integrated dyes leading to a separation of the dye molecules and a decreased
probability of dye-dye interactions. The self-absorption coefficients of all samples were
calculated from the absolute quantum yield emission spectra showing that there is no
correlation between self-absorption phenomena and the quantum yield. To simulate real
LED irradiation conditions photostability experiments under an inert nitrogen atmosphere
and under air at 450 nm light exposure were performed, showing that the degradation of
the dye is significantly enhanced in polydimethylsiloxanes and in the presence of oxygen.
An increased radical formation in polydimethylsiloxanes as reported for LG305 in PMMA
or an increased probability of photo-oxidation is conceivable.''®'3® As a result of this first
study, phenyl substituents in the siloxane-based materials are required to increase the
perylene dyes solubility, quantum yield and thermal as well as photophysical stability.
Furthermore, a separation of the dye molecules by a covalent-integration increases the

amount of dye incorporable to the siloxane.
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The replacement of inorganic conversion dyes with their organic counterparts in LED application bears
a large potential for the reduction of rare earth elements in these devices. A major challenge of this
substitution is the emission and stability of organic dyes, which is more sensitive to the composition of
the polymer matrix they are embedded in than inorganic systems. In this study we systematically
investigated the influence of the composition and structure of a (LRI)
polydimethylsiloxane (PDMS) and a high refractive index (HRI) polymethylphenysiloxane (PMPS) based
encapsulation material on the optical properties of two different embedded perylene diimide dyes. Both
dyes show low solubility in the PDMS matrix, which also fosters the heat- or light-induced degradation
of the incorporated dyes. Contrary phenyl containing polysiloxane encapsulation materials enhance dye
solubility, improve quantum yields, and promote heat and radiation resistance. Bulky N-aryl substituents

low refractive index

at the dye structure decrease the probability of dye—dye interaction and increase the absolute quantum
yields additionally. Increased photostability and no leaching was observed when the dye was covalently
attached to the polymer matrix. Additionally covalent bonding to and improved solubility of the organic
dyes in the polysiloxanes allow for a solvent free processing of such dye-matrix combinations. In
conclusion a good matching between the matrix and the dye is crucial for a substitution of inorganic
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Introduction

Most of the commonly used phosphors in LED applications
consist of inorganic oxides doped with rare earth ions. Typical
examples are Y;Al;0;,:Ce®”, LuzAl;0;,:Ce®", CaAlSiN;:Eu*,
(Ba,SrCa),SisNg:Eu** and B-sialon:Eu>*."® Due to the geopolit-
ical dependence of the supply of rare earth compounds and the
high prices of those materials, alternative organic compounds
are an object of recent research projects.'**® The limited
chemical and physical stability in LED applications is a major
challenge of organic phosphors. High temperatures, oxygen,
moisture and the continuous exposure to short wavelength
visible light radiation promotes chemical and structural
changes in organic dyes.'*** Because of the low heat and pho-
tostability of most of the common dyes, the integration in high

power LEDs requires specific precautions.’™ Remote

“Saarland University, Inorganic Solid State Chemistry, Campus Building C4 1, 66123
Saarbriicken, Germany. E-mail: guido.kickelbick@uni-saarland.de

*BASF SE, 67056 Ludwigshafen, Germany

T Electronic supplementary information (ESI) available: Including measured and
corrected quantum yield, self-absorption coefficient calculations and fit
functions, infra-red spectroscopy data, UV/VIS spectra of the bleaching
experiments and the 'H NMR spectra of the Lumogen®F 305 Red and FC546
dyes. See DOI: 10.1039/c8ra01700j

18128 | RSC Aadv., 2018, 8, 18128-18138

conversion dyes by organic ones in LED devices.

applications, in which the dye is embedded in a polymer matrix
that is located in distance to the excitation light source and thus
decomposition processes are minimized, are already commer-
cially available.”® But a direct integration of the dye into the
encapsulation material is preferred due to light performance
and efficiency. The primary used epoxy based encapsulation
materials show a heat- or light-initiated change in optical
properties, which prevented their use in high power LEDs."***
Polysiloxane based encapsulation materials reveal a much
better heat stability, high transparency, and tunable refractive
indices by side group substitution.?®** The chemical inertness
of this polymer class in combination with the possibility for
a covalent incorporation of an organic fluorescence dye makes
them to an excellent material for an optimization focusing on
dye stability. Polysiloxane matrices for LED applications can be
categorized in two main groups: low (LRI) and high refractive
index polymers (HRI).?” The main difference in their chemical
composition is the quantity of phenylmethyl- or diphenylsilox-
ane units, which increase the refractive index due to the much
higher electron density.”*** The influence of the polysiloxane
structure on the fluorescence properties of a matrix incorpo-
rated dye system is not studied yet. One of the most commonly
used fluorescence dyes is the commercial available, perylene-
based Lumogen® F Red 305 dye by BASF SE.>*** This dye can
only be non-covalently embedded in the polysiloxane matrix. In

This journal is © The Royal Society of Chemistry 2018
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our study we present the synthesis of a new dye, which allows
a covalent attachment to the polymer matrix. We investigated
the influence of the matrix structure on quantum yields, heat-
and photostability, as well as the crosslinking behaviour of
polysiloxane matrices. The obtained results should lead to an
optimized dye incorporated emitting encapsulation system for
LED application.

Experimental
Materials

Two commercially available polysiloxane matrices were used in
our study: ShinEtsu KJR9022E [Shin(1)], which is a low refractive
index (LRI) polydimethylsiloxane (PDMS), and Dow Corning
OE6630 [Dow(1)], which is a high refractive index (HRI) poly-
methylphenylsiloxane (PMPS) (Scheme 1). They were used as
received. Both are two component polymers containing Si-H
and Si-vinyl groups, respectively. The curing process is based
on a platinum catalysed hydrosilylation reaction. After cross-
linking applying standard curing conditions the polymers
revealed high transparency and high temperature stability up to
temperatures above 200 °C. The main differences in the struc-
ture of the two systems are the phenyl groups, which are
responsible for the increased refractive index of the Dow(1)
polymer. In addition to the phenylmethylsiloxane units,
diphenylsiloxane groups are a structural motive in the Dow(1)
polymer. All components can additionally contain unknown
additives like catalyst inhibitors, coupling or crosslinking
agents.

BASF SE provided the two organic dyes that were used in our
studies Lumogen® F Red 305 (LG305) and FC546 (Scheme 2).*°

Shin(1) 0y N O

v O—8i—0—Si—0w O0”"N"~0

mrO—8i—0—8i—0—Si—0ww | H
mrO—Si—0—Si—0—Si—

Dow(1)
Dow(1)FC546

Scheme 1 Scheme of possible structures of the cured Dow(1) and
Shin(1) matrices and the covalent bonded FC546 dye in the Dow(1)
matrix.
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The synthesis of FC546 is reported in the ESI, Lumogen® F Red
305 (LG305) is a commercially available dye. Both dye structures
are based on a perylene-3,4,9,10-tetracarboxylic acid diimide
framework. LG305 contains four phenoxy units in bay position
and N,N'-2,6-diisopropylphenyl units that lead to an increased
solubility, a very high quantum yield of 1, and emission maxima
around 600 nm. The best known common solvent for this dye is
toluene.** Covalent integration of LG305 in polysiloxane
matrices can be excluded due to the lack of reactive groups. The
novel dye FC546 contains N,N’-diallyl units which allow a cova-
lent integration into the polysiloxane network via hydro-
silylation. Due to the missing N,N’-2,6-diisopropylphenyl units,
the solubility in toluene is decreased compared to LG305. Four
2,4,4-trimethylpentan-2-yl phenoxy units in bay position were
introduced to offset this decrease. It is known that addition of
bulky substituents to the imide position can change the inter-
molecular interactions by maintaining the perylene core's
photo physical properties and improving the absolute quantum
yield massively.*” Additionally a non-radiative deactivation
caused by a rotation vibration of the N-R-bond is prevented,**
which also enhances the quantum yield. The missing bulky
substituents on the FC546 molecule could lead to a decrease of
quantum yield due to the mentioned reasons. At the same time,
the covalent bonding of the dye to the polysiloxane structure
could reduce the m-stacking probability by molecular
separation.

Instrumentation

Fourier transformed infrared spectra (FTIR) were recorded in
total reflectance mode on a Vertex 70 spectrometer (Bruker,
USA) from 4500-400 cm ™' with a 4 nm increment and by aver-
aging 10 scans. The absolute photoluminescence quantum
yields and the emission spectra were measured in a Quantaurus
C11347-11 integration sphere setup (Hamamatsu Photonics,
Japan) with a xenon high-pressure lamp and a multichannel
analyzer at 450 nm excitation wavelength. UV-VIS transmission
and reflectance measurements were performed on a Lambda
750 instrument (Perkin Elmer Inc., USA) equipped with
a 100 mm integration sphere from 700-320 nm with a 2 nm
increment and 0.2 s integration time in transmission or
reflectance mode. Fluorescence spectroscopy was performed

RSC Adv., 2018, 8, 18128-18138 | 18129
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applying a FluoroMax 4 Spectrofluorometer (Horiba Scientific,
Japan) with an excitation wavelength of 450 nm and an emis-
sion wavelength of 630 nm. A fibre coupled, collimator equip-
ped UHP-T-LED 450 nm wavelength system with 780 mW was
used as irradiation source for photobleaching experiments
(Prizmatix Ltd., Israel). NMR spectra were recorded with an
Avance III 300 MHz spectrometer (Bruker, USA) applying
a frequency of 300.13 MHz for "H NMR-spectra. For the visu-
alization of sub millimetre structures an Axioskop 50 trans-
mitted light/fluorescence microscope with an AxioCam MRc
(1388 x 1040 pixel) was used. Sample thickness was determined
with a FMD12TB precision dial gauge (Kédfer Messuhrenfabrik
GmbH & Co. KG, Germany) with an accuracy of 1 pm.

Preparation and sample denotation

The two components of the different polysiloxane were pre-
mixed as specified by the respective manufacturer (Dow Corn-
ing OE6630: 4/1; ShinEtsu KJR9022E: 10/1). A stock solution was
used (0.1 wt%, CHCl;) to add a defined amount of dye to the
mixtures. Physical dissolved gases and solvent were removed
under reduced pressure (4 mbar, >30 min) before casting the
samples into PTFE molds (30 x 10 x 1 mm). The mixtures were
cured for 4 h at 150 °C. The resulting mean sample thickness is
1.11 + 0.09 mm. The samples are denoted by the polymer and
dye type abbreviations and the final dye concentration in ppm
by weight (Table 1). Sample concentrations of 100, 250, 500,
750, 1000, 1500, 2000, and 3000 ppm dye in the matrix were
prepared for each polymer.

Swelling and leaching behaviour

Investigations of the degree of crosslinking and dye mobility in
the cured polymers were performed in swelling experiments. If
there is any influence of the crosslinking behaviour due to the
dye molecules the swelling behaviour should be different
compared to the pristine matrix. In the swelling experiments,
a weighted, small sample was placed in toluene for 24 h at room
temperature. Excess of surface adsorbed solvent was removed
by a filter paper before mass determination. The degree of
swelling (SD) was calculated applying eqn (1).

SD = "5 =™ 100y, (1)
my

Table 1 Nomenclature and composition of the prepared samples®

Sample designation Polymer Dye

Dow(1)LG305-X Dow Corning Lumogen® F Rot

OE6630 305
Dow(1)FC546-X Dow Corning FC546
OE6630
Shin(1)LG305-X ShinEtsu KJR9022E Lumogen® F Rot
305
Shin(1)FC546-X ShinEtsu KJR9022E FC546

%X is the dye concentration by weight with 100, 250, 500, 750, 1000,
1500, 2000 and 3000 ppm.
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where mg and my are the masses of the swollen and the dry
sample.**** The experiment was repeated twice for standard
deviation determination. A higher crosslinking degree leads to
a lower uptake of solvent depending on the solvent type and its
polarity. Toluene was used because of the high solubility of the
perylene dyes in this solvent. Leaching behaviour was investi-
gated by UV-VIS measurements of the solvents after this
procedure. The measurement was performed for the pristine
matrices and for 100 ppm and 3000 ppm incorporated dye
sample, repectively.

Quantum yield (QE) measurement and self-absorption
coefficient (SA-coefficient) calculation

For a quantification of the dye stability and reabsorption
phenomena absolute quantum yield measurements were
implemented. An alteration in quantum yield due to a physical
treatment should be directly related to the dye concentration.
The self-absorption coefficient a can be calculated from the
emission spectra recorded with the photoluminescence
quantum yield measurement.*>*® It can be used for quantum
yield correction procedure and as a measure for self-absorption
effects. From raw spectral data the sum of the product of photon
count rate and the wavelength E are calculated applying eqn (2).

E = Y E()AL 2)

The quantum yield is calculated from eqn (3).

Emp — Emy
Y= —52_—"A
Q EXA — EXB (3)

where Em and Ex are the areas of the emission and excitation
spectra values. A represents the values of the empty sphere and
B for a sample in the sphere. The corrected quantum yield
QYcorr. can be calculated applying eqn (4).

QY

QYCorr. = m [4)

The self-absorption coefficient a is calculated by the ratio of
the areas of the emission spectra of a regular sample Fgampie and
a very low concentrated sample with virtually zero self-
absorption F, (15 ppm dye by weight) using eqn (5).

= ZFsarnple(A)d;k (5)
> Fy()da

The spectra Fgample are scaled to match the spectrum F, that is
not effected by self-absorption. The scaling is linked to a fitting of
the spectra at longer wavelength and leads to a normalization in
an area, which is not influenced by self-absorption (Fig. 1). The fit
quality was verified by Pearson's chi squared test.

Heat and photostability experiments

Long-time stability of and matrix influence to the different dyes
was examined after the main curing procedure by heat and

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Exemplarily shown scaled and matched emission spectra of
a low concentrated sample with LG305 integrated and two samples
with higher concentrations from quantum yield measurement. After
fitting the tales of the spectra at 675-775 nm wavelengths the emis-
sion spectra are scaled. The quotient of the scaled area integral of the
measured sample and the area integral of the zero self-absorption
sample spectra results in the self-absorption coefficient a.

irradiation exposure experiments to simulate the operation
conditions in high performance LED applications. The samples
were heat treated for 48 h and another 72 h at 200 °C (summed
up 120 h). After every heating step the absolute quantum yield
was measured. Despite the curing for 4 h at 150 °C a post-curing
process was initialized by the additional heat treatment.
Therefore, the samples got more rigid due to a higher cross-
linking density after the main curing procedure. For photo-
stability experiments a mask sample (5 x 7 mm) with a dye
concentration of 100 ppm was fixed to the UV-VIS sample holder
and light was exposed under air or nitrogen applying a 450 nm
LED with 800 W cm 2. Exposure was carried out for at least 60 h
or until a decrease of absorbance of at least 50% was observed.
The absorbance was determined by UV-VIS spectroscopy with
an integration sphere setup in transmission mode periodically.

Results and discussion

The two perylene dyes were incorporated in two different cured
polysiloxane matrices to investigate the influence of the matrix on
the stability and optical properties of the dyes. Dow(1) is a phenyl
containing HRI PMPS and Shin(1) is a non-phenyl containing LRI
PDMS type polymer, which are regularly used as encapsulation
materials of high performance LEDs. Both polymeric systems
were used as received. The two components containing Si-H and
Si-vinyl groups were mixed and thermally cured by platinum
catalysed hydrosilylation. LG305 is a commercially available per-
ylene based dye and not suitable for a covalent inclusion in the
matrix. FC546 was synthesized with N-allyl groups to force
a covalent attachment to the polymer structure by hydrosilylation
with Si-H groups in the polymer backbone.

Dye incorporation into the matrix was carried out by mixing
the polymer components according to the suppliers' specifica-
tions and addition of a stock solution of a chosen dye

This journal is © The Royal Society of Chemistry 2018
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—
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: cutting :

I heat treatment :

: light exposure I

Fig. 2 Schematic preparation process of dye incorporated poly-
siloxane samples from two components and a dye containing chlo-
roform stock solution.

concentration between 15 and 3000 ppm by weight. This covers
a range in which concentration quenching effects can occur.
Before curing at 150 °C for 4 h the mixtures were degassed, the
solvent was removed by reduced pressure, and the samples were
casted in Teflon molds. After the curing procedure, the samples
were cut into pieces for the different experiments and
measurements (Fig. 2).

Fluorescence spectroscopy of dilute solution

The fluorescence of the two pure dyes was determined in
toluene to obtain a qualitative comparison of excitation and
emission maxima. The emission as well as the excitation spectra
of LG305 and FC546 in toluene are similar referring to the

——LG305 in toluene emission

A= 450 nm (22222 cm') ——FC546 in toluene emission
Aen= 630 Nm (15873 cm™) - — LG305 in toluene excitation
— — FC546 in toluene excitation
>
=
a
c
[
2
£
o
2
s
Kl
[}
1™
T T T T 1 T T T T
350 400 450 500 550 600 650 700

Wavelength / nm

Fig.3 Emission and excitation spectra of diluted solutions (5 pmol LY
of Lumogen® F Red 305 (LG305) and FC546 in toluene with an
emission wavelength of 630 nm (15 873 cm™) and with an excitation
wavelength of 450 nm (22 222 cm™Y).
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location of the maxima (Fig. 3). The emission maximum is
located at 604 nm (16 556 cm™ ') with an excitation wavelength
of 450 nm (22 222 cm ™). The excitation maximum is located at
575 nm (17 391 cm ™) with an emission wavelength of 630 nm
(15 873 cm™ ). The third local excitation maximum is detected
at 444 nm (22522 cm™ ') which is the most important one con-
cerning LED applications, due to the 450 nm emission wave-
length of the blue LED chip. It is caused by the lateral
substituents on the perylene core and is not detectable in
molecules without bay substituents.*®

Solubility

The two dyes were incorporated into the matrices by adding
a chloroform stock solution to the premixed polymer compo-
nents. After removing the solvent from the prepared but still
liquid polymer mixtures, the dye precipitated in all samples
with a concentration =750 ppm of the Shin(1) series indepen-
dent of the used dye. The casted mixtures turned dark red and
opaque, while the Dow(1) mixtures remained transparent and
bright red without any visible precipitation (Fig. 4). Due to its
structures the perylene diimide based dyes were highly soluble
in the more phenyl groups containing Dow(1) mixture, most
likely due to the ability of w-m-stacking interactions. The solu-
bility in the non-phenyl containing Shin(1) matrix is very low.
After curing at 150 °C for 4 h the Shin(1) series of both dyes
showed a significant change in colour from dark red to bright
red for samples with a concentration =750 ppm. The colour of
the Dow(1) sample did not change (Fig. 5), which can be
explained by the high curing temperatures resulting in an
increased solubility of the dyes in the Shin(1) matrix.

Every sample was evaluated with light microscopy to inves-
tigate potential inhomogeneous distributions of the dye in the
matrix. Samples of the Shin(1)LG305 series showed crystalliza-
tion of the dye at concentrations =750 ppm after the curing
process. There was no crystallization detected for all Dow(1)
LG305 samples and for all samples with FC546 dye independent

Fig. 4 Image of the casted solvent free liquid mixtures of the Dow(1)
components (left) and the Shin(1) components (right) with a LG305
concentration of 1000 ppm. The Dow(1)LG305 1000 mixture is
transparent and bright red. The dye is solvated very well without any
precipitation. The Shin(1)LG305 1000 mixture is dark red and opaque.
The dye precipitated after solvent removal.
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Fig. 5 Image of cured solid samples of the Dow(1) components (left)
and the Shin(1) components (right) with a LG305 concentration of
1000 ppm. The Dow(1)LG305 1000 sample did not change its colour.
The Shin(1)LG305 1000 sample changed its colour from dark red to
bright red. A part of the precipitated dye resolved in the matrix due to
the high temperature curing process, but there are still crystallites
visible.

Fig. 6 Microscopic images of Shin(1)LG305 2000 ppm (100x optical
magnification). After the curing process (150 °C, 4 h) small crystallites
were detected (left). An additional heat treatment of the cured sample
(200 °C, 120 h) resulted in a crystal growth in the cured, solid matrix.

of the concentration. The LG305 dye was soluble in Dow(1) up to
4 wt% without any crystallization. The main reason for the
prevention of crystallization of the FC546 dye in the Shin(1)
matrix is most likely the covalent bonding between the mole-
cules and the matrix. Similar to LG305, precipitation occurs for
every sample with a concentration =750 ppm in the liquid
polymer mixture. After the curing process no crystallites were
detectable up to 3000 ppm. The high temperature curing
process leads to an increase of dye solubility and mobility in the
matrix. In addition the FC546 molecules can covalently attach
to the polymer matrix by hydrosilylation, which prevents
diffusion of the dye in the matrix and thus crystallization. This
leads to the result, that FC546 can be incorporated into non-
phenyl or phenyl containing polysiloxanes without any
solvent. The covalent bonding was also verified by FTIR spec-
troscopy (see ESIf). An indirect prove was obtained by the
leaching experiments described in the next paragraph.

A second heat treatment of the already cured samples
showed the high mobility of the non-bonded LG305 in the solid
matrix. The additional heat treatment at 200 °C for 120 h
benefits a crystal growth process, which could be detected by
light microscopy (Fig. 6). The crystallization of LG305 in the

This journal is © The Royal Society of Chemistry 2018
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Shin(1) matrix is supported by FTIR and UV-VIS data (see related
chapters).

Swelling and leaching

Contrary to FC546 the LG305 dye is not covalently connected to
the polymer structure. During swelling studies of the samples in
toluene LG305 is entirely leached out of the crosslinked
matrices while FC546 completely remained in the matrix
(Fig. 7).

The visual impression was supported by UV-VIS spectroscopy
of the diluted toluene solution after the leaching experiments.
Only Shin(1)LG305 100 and Dow(1)LG305 100 show the typical
dye absorption bands at 575 nm (Fig. 8). Differences in absor-
bance were due to variations in sample sizes which leads to
deviations in the dye concentrations after leaching. As a result
the leaching experiment can give an indirect indication of the
covalent linkage of the dye to the matrix.

The swelling degree is a measure for the crosslinking degree
of a polymer system (eqn (1)). A high swelling degree indicates
a less crosslinked polymer. The high mobility of the polymer
chains increase the permeation of solvent molecules. A higher
crosslinked system decreases this permeation and the swelling
degree, respectively. The swelling degree of the isolated Shin(1)
matrix is 117.9 + 0.9%. The Dow(1) samples show a similar
swelling behaviour of 80.4 &+ 1.9% irrespective of the incorpo-
rated dye molecule, which indicates a much higher crosslinked
system. There was no significant change in swelling behaviour
due to the dye incorporation. This means, no macroscopic
influence to the crosslinking of the matrix can be detected by
incorporation of the dyes (Fig. 9).

ATR-FTIR spectroscopy

The FTIR spectra of the isolated components and cured
matrices reveals the anticipated vibration bands for the two
polysiloxane type polymers (see ESIT).*”*° The B components of
the Dow(1) and Shin(1) show additional vibration bands due to
the Si-H bond respectively at 2129/2159 cm ™" [»(Si-H)] and 896/

Fig. 7 Top: Image of Dow(1)LG305 100 and 3000 ppm (left) and
Shin(1)LG305 100 and 3000 ppm (right). The solvent leached the
incorporated dye entirely out of the matrix after 24 h. Bottom: Image
of Dow(1)FC546 100 and 3000 ppm (left) and Shin(1)FC546 100 and
3000 ppm (right). No leaching was observed due to the covalently
bonded dye molecules.
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Fig. 8 Absorbance spectra of the diluted toluene solution after the
leaching experiments of the isolated pure matrices Dow(1) and Shin(1)
and of the dye incorporated samples Dow(1)LG305, Shin(1)LG305,
Dow(1)FC546 and Shin(1)FC546 with 100 ppm dye, respectively.

906 cm ' [p(Si-H)], which disappeared after curing. The Dow
Corning OE6630 spectra shows specific aromatic vibration
bands due to phenyl side groups at 3049, 3072 [v(C-H)sx]; 1490,
1430 [»(C=C-C)sg] and 726, 694 [6(C-H)ag] cm~*. The FTIR
spectra of the polymers containing FC546 and the Dow(1)LG305
samples present no substantial differences to the isolated
polymer. Heat treatment has no significant influence on the
vibration spectra of these samples. The spectrum of Shin(1)
LG305 3000 ppm displays an additional increase of sharp
vibration bands between 1750 and 1250 cm ™ *. These bands can
be assigned to the Lumogen® F Red 305 chemical groups at
3030, 3064 [¢(C-H)xg]; 2960, 2925 [¢(C-H)]; 1705, 1672 [»(C=0)];
1583, 1485 [¥(C=C-C)ag]; 1407, 1338 [¢(C-N)] and 1309, 1282,
1193 [»(C-0-C)] cm™ .8 As previously mentioned the LG305 dye
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Fig. 9 Swelling degree of Shin(1), Dow(1) and the dye incorporated
samples with 100 and 3000 ppm dye concentration, respectively.
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Fig. 10 FTIR spectra of Shin(1)FC546 3000 before and after the heat
treatment at 200 °C for 120 h. An increase of LG305 vibration bands
occurs due to the heat treatment.

precipitates in the Shin(1) polymer at concentrations
=750 ppm. The ATR-FTIR measurement is limited in its pene-
tration depth. The samples with 3000 ppm concentration show
crystallized dye on the sample surface as well. This leads to
detectable signals from dye vibrations (Fig. 10). The intensity of
the vibrations increases after the heat treatment at 200 °C for
120 h. All measured spectra are part of ESL

UV-VIS spectroscopy

The absorption of the samples was measured by transmission
UV-VIS spectroscopy. A comparison of the absorption values at
450 nm is plotted below (Fig. 11). All samples show a direct
relationship between the increase of dye concentration and the
increase of absorption until saturation is reached. Sample
Shin(1)LG305 deviates the most from the a theoretical Lambert-
Beer function calculated by eqn (6).

A=1-10"° (6)
1.0
E
P 0.8
n
=
[
S
2 06
o
2 —=— Dow(1)LG305
R ] —e— Dow(1)FC546
- —a— Shin(1)LG305
Shin(1)FC546
—&— Lambert-Beer
0.2

T T T T T T T
0 500 1000 1500 2000 2500 3000

Dye concentration / ppm
Fig. 11 Absorption of the Dow(1)LG305, Shin(1)LG305, Shin(1)FC546,
and Dow(1)FC546 concentration series. A theoretical Lambert—Beer

function calculated using eqn (6) is included for reasons of
comparison.
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Fig. 12 Reflectance spectra of the Shin(1)LG305 concentration series
and the isolated dye as solid powder.

where A is the absorption, ¢ is the constant absorption coeffi-
cient, d is the constant path length and ¢ is the dye
concentration.*

Due to the saturation a concentration optimum can be
determined for any dye matrix combination. For example the
Dow(1)LG305 absorption is saturated at 1000 ppm, thus
a higher concentration is unnecessary from the perspective of
absorbance. The unexpected trend in the Shin(1)LG305
absorption can be explained by the crystallization process
which changes the absorption values due to the solid phase
inside the polymer matrix. This crystallization of the LG305 dye
in the Shin(1) matrix can be detected by reflectance measure-
ment as well (Fig. 12). The reflectance from 615-700 nm is
increasing at concentrations larger than 750 ppm. This increase
is caused by the reflectance of the crystalline dye, which
generates a strong reflectance edge in this area of the VIS
spectrum. This is verified by the reflectance spectrum of the
isolated pure dye.

Despite the high absorption values an efficiency increase of
solar cell concentrators was determined in solution for
Lumogen® F Red 305.* Because total LED efficiency also
depends on emission efficiency, absolute quantum yield
measurement were performed as well. All UV-VIS spectra are
part of the ESI.{

QE and SA-coefficient

Quantum yield was measured from all untreated samples, after
48 and 120 h heat treatment at 200 °C and after the light
exposure experiments (Fig. 13). The incorporated dyes in the
Dow(1) polymer reveal much higher quantum yields compared
to the Shin(1) system. The quantum yield of the Dow(1)LG305
series is 1 and not influenced by an increase of dye concentra-
tion. An absolute absence of quenching effects due to the matrix
dye combination is observed. A similar result is known for
LG305 in a PMMA matrix for concentrations smaller than
1600 ppm.*® The Dow(1)FC546 series quantum yield increases
slightly from 0.93 to 0.97 at 100 and 250 ppm then decreases
slowly but constant to 0.77 at 3000 ppm. The Shin(1)LG305
series quantum yield also increases slightly from 0.90 to 0.92 at

This journal is © The Royal Society of Chemistry 2018
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Fig. 13 Absolute quantum yield of the Dow(1)LG305, Shin(1)LG305,
Shin(1)FC546, and Dow(1)FC546 concentration series.

100 and 250 ppm then decreases fast to 0.26 at 3000 ppm. The
Shin(1)FC546 series quantum yield is decreasing very fast from
0.93 to 0.37 at 100 and 3000 ppm samples, but it shows higher
quantum yields at 2000 and 3000 ppm than Shin(1)LG305
samples with similar concentrations.

The calculated SA-coefficient is increasing with the increase
of concentration for all samples (Fig. 14). The lowest concen-
trated samples with 100 ppm dye are starting with the same SA-
coefficient for each matrix.

The SA-coefficient of the Dow(1)LG305 and the Dow(1)FC546
100 samples are 0.27 and 0.28. The SA-coefficient of the Shin(1)
LG305 and the Shin(1)FC546 100 samples are 0.24, respectively.
These values are much lower compared to LG305 in PMMA.*¢
The largest increase of the SA-coefficient with increasing dye
concentration is observed for the Shin(1)FC546 series. At
3000 ppm dye concentration, the SA-coefficient is 0.71. The
Dow(1)LG305 3000 sample shows an enlargement up to 0.56.
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Fig. 14 Calculated SA-coefficient of the Dow(1)LG305, Shin(1)LG305,
Shin(1)FC546, and Dow(1)FC546 concentration series (eqn (5)).
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The Dow(1) polymer contains a high number of aromatic phenyl
units able to interact with the planar perylene core of the dyes.
As a consequence a sterically blocking of the dye-dye m—-
stacking is conceivable.**** Additionally the structure of the
LG305 dye is sterically affecting the m-m-stacking due to its
bulky imide substituents.'*** Hence, a high quantum yield
independent of the dye concentration is observed. The Shin(1)
polymer contains no aromatic units. Its weak solvation due to
its structure benefits a dye-dye interaction and causes crystal-
lization. The quantum yield of the Shin(1)LG305 series is low-
ered by this interaction and starts decreasing massively with the
crystallization process at concentration of 750 ppm. A decrease
of quantum yield by concentration for the FC546 series is
caused by the dye structure. Certainly the missing bulky imide
substituents benefit a quenching effect due to dye-dye inter-
actions.* Comparable results are known for different perylene
diimide compounds in PMMA.** A sterically blocking of the
dye-dye m-m-stacking due to the phenyl units of the Dow(1)
structure is supported by the Dow(1)FC546 quantum yield
results compared to the Shin(1)FC546 series. If the dye-dye -
m-stacking of the FC546 occurs first in the process of sample
preparation a separation by covalent bonding is not necessarily
probable. This is supported by the Shin(1)FC546 series
quantum yield, which decreases constantly by increasing
concentration in the non-heat treated samples. After heat
treatment and thus a covalent connection of the FC546 dye to
the matrix, the quantum yield shows not such a high concen-
tration dependency. The samples with matrix dye combination
Dow(1)LG305 in any concentration and Dow(1)FC546 100-
500 ppm display the highest quantum yields and are most
suitable for the application in LED devices.
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Fig. 15 Absolute quantum yields of the Dow(1)LG305, Shin(1)LG305,
Shin(1)FC546, and Dow(1)FC546 concentration series before and after
a heat treatment for 48 and 120 h at 200 °C.
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Heat treatment results

In LED applications usually a post-curing process is carried out
by reheating the polymer samples. After heating the samples to
200 °C for 48 h a decrease of QY occurs (Fig. 15). This indicates
a direct influence of the post-curing process to the dye-dye
interaction or to the structural integrity of the dye molecules.

The quantum yields of the Dow(1)FC546 series decreases
with an increasing dye concentration. Higher dye concentration
leads to a larger and systematic decrease in quantum yield. A
rearrangement of the dye molecules due to the post-curing at
high temperatures is possible. Compared to the Shin(1) we do
not assume a heat induced decomposition of the dye molecules.
The Shin(1)LG305 100 sample bleaches under heat treatment
and the quantum yield decreases from 0.9 to 0.2, which is both
a strong hint for dye decomposition. At significantly higher
concentrations, a constant quantum yield is measured. This is
caused by the high concentration of temperature stable crys-
talline dye aggregates (>200 °C).** The LG305 dye is precipitated
due to the low solubility in the Shin(1) matrix, as described in
detail in the previous chapters. The quantum yield of the low
concentrated Shin(1)FC546 decreases massively as well.
Contrary to the Dow(1)FC546 series the decrease is smaller at
higher dye concentrations. This indicates a very fast decompo-
sition of the dye due to the high temperatures, promoted by the
structure of the Shin(1) matrix. The decrease at higher
concentrations caused by some destructive processes is not
significant compared to the low concentrated sample values.
The main difference in the matrix structure is the methyl to
phenyl group ratio. The Shin(1) matrix contains no phenyl
groups. This leads to the conclusion that the phenyl groups are
protecting the dye from physical decomposition or chemical
reactions with the matrix. This is supported by the results of the
Dow(1)LG305 series, which is barely influenced by the heat
treatment. At temperatures above 200 °C different decomposi-
tion mechanisms are reported for PDMS, PMPS and
PDMDPS.** In PDMS a homolytic cleavage of the Si-CH; bond
is described by forming radicals.***” A second mechanism is
described by forming cyclic oligomers from a condensation
reaction with terminal hydroxyl groups.” A third possible
decomposition mechanism describes the cyclic oligomer
formation by an intramolecular reaction of the silicone back-
bone by forming four membered ring transition states.*”»** In
phenyl containing systems the decomposition causes a benzene
or cyclic oligomer formation. The proposed decomposition
mechanisms are similar to the PDMS mechanisms.****** The
main difference in decomposition is the chemical bonding in
the main chain. The electron withdrawing phenyl groups
increase the strength of the Si-O bonds due to inductive effects.
The formation of cyclic oligomers is hindered which leads to an
increase of degradation temperature.* A radical formation in
Shin(1) at 200 °C is conceivable and a possible reason for the
massive decomposition of the incorporated dye. The calculated
SA-coefficient is increasing for all samples (Fig. 16). Due to the
crystallization of the LG305 dye in the Shin(1)LG305 series the
value of the SA-coefficient stays constant for samples with dye
concentrations larger than 750 ppm after 48 h.
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Fig. 16 SA-coefficient of the Dow(1)LG305, Shin(1)LG305, Shin(1)
FC546, and Dow(1)FC546 concentration series before and after a heat
treatment for 48 and 120 h at 200 °C.

Caused by the very intense weak emission spectra of the
samples Shin(1)LG305 100 and the samples Shin(1)FC546 100
and 250 a calculation of the SA-coefficient was not possible. As
a result the Dow(1) matrix is capable to protect the incorporated
dyes from heat initiated decomposition while the Shin(1) matrix
promotes their decomposition. The use of an isolated poly-
methylsiloxane matrix for dye protection is inappropriate.

All results of the fitted quantum yield emission spectra, the
calculated SA-coefficients and the corrected quantum yield
values for each concentration series are reported in the ESL

Photostability

The photostability of the incorporated dyes is correlated to the
change in absorbance. Samples with equal dye concentration of
100 ppm were exposed to a high power density 450 nm light
source. For all samples a decrease of absorbance occurs. The
absorbance of Shin(1)LG305 decreased about 57% in 1375 min.
The absorbance of the FC546 dye in the same matrix in the
same period decreased just by 21%. The absorbance of Dow(1)
LG305 decreased 19% in 1380 min and just 10% in the same
period for Dow(1)FC546 (Fig. 17).

This indicates a much higher photostability of the covalent
bonded FC546 dye. Possible photodegradation phenomena are
more ineffective due to its structure. It is already known that N-
alkyl substituted perylene diimide dyes in solution are generally
more photostable than N-aryl substituted.* There is no mech-
anism described, which explains this promotion due to
a 450 nm light exposure yet. It is reasonable that a radical
initiated decomposition takes place, as proposed for UV radia-
tion experiments of LG305 in PMMA." In these literature
described studies a decomposition is initiated by the disruption

This journal is © The Royal Society of Chemistry 2018
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of the lateral phenoxy substituents as radicals followed by
a homolytic cleavage of the N-R bond.”® A second possible
explanation is an oxygen caused photo-oxidation as described
for Lumogen® F Red 300 and Lumogen® F Orange 240 in
polyester and PMMA.*®

A second photostability experiment was carried out to
investigate an oxygen influence. After 2500 min of light expo-
sure under nitrogen atmosphere, the samples were exposed to
air. The absorbance of all samples decreased under nitrogen
atmosphere and the Shin(1)LG305 revealed the highest
decrease in absorbance (Fig. 18). This indicates a matrix
promoted degradation as described above.

In an air atmosphere the photostability decreases much
more pronounced particularly for the Shin(1)LG305 sample.
One reason for this behaviour might be the high oxygen
permittivity of the Shin(1) matrix. An additional oxygen barrier
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Fig. 18 Normalized absorbance of Dow(1)LG305, Shin(1)LG305,
Shin(1)FC546, and Dow(1)FC546 100 ppm at different times measured

during a light exposure with 450 nm light source with 800 mW cm™2
light intensity in nitrogen and air atmosphere.
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layer could protect the encapsulation against this influence.”
The results show a strong influence of oxygen and of the matrix
structure on the photodegradation process of the perylene dii-
mide dyes in polysiloxane matrices. Independent of the
extrinsic reasons for the degradation, the FC546 dye is the most
stable investigated sample in combination with the Dow(1)
matrix. But its loss of 33% absorbance in 4000 h is still
considerable less than the lifetime of a commercially available
LEDs containing inorganic conversion phosphors.

Conclusions

The influence of a LRI polydimethylsiloxane (ShinEtsu KJR 9022
E [Shin(1)]) and a HRI polymethylphenysiloxane (Dow Corning
OE6630 [Dow(1)]) on the properties of two different incorpo-
rated perylene diimide based dyes was investigated. Heat- and
photostability were measured and evaluated for both dyes in
both matrices. Shin(1) showed a weak solubility for both dyes,
which was increased by the curing procedure due to an increase
of temperature. Crystallization of the LG305 dye in Shin(1) was
observed after curing and crystal growth appears after an
additional heat treatment. This indicated a high mobility of
dissolved molecules caused by a temperature increase. There
was no crystallization detected for the other samples due to
covalent bonding or higher solubility of the dyes in the Dow(1)
matrix. As a result, a solvent free incorporation of FC546 is
achievable due to the covalent bonding and the increased
solubility at curing conditions. High quantum yields =0.9 were
detected for low concentrated samples of all kind. The Dow(1)
LG305 series showed no decrease in quantum yield with an
increase in concentration. A w—m-stacking is blocked due to the
high amount of aromatic phenyl units in Dow(1), which are able
to interact with the planar perylene core. A decrease of quantum
yield for the FC546 series is caused by the dye structure, which
favours dye-dye interaction. The Shin(1) series quantum yield
decreases constantly with an increase of concentration. The low
solubility benefits a dye-dye interaction that even leads to
a crystallization process in the matrix. Dye incorporation is not
influencing the polymer structure, shown by swelling experi-
ments in toluene. Furthermore, no leaching occurs for covalent
bonded FC546. Heat treatment for 120 h at 200 °C results in
a decrease in quantum yield due to a post-curing process or dye
decomposition. The Shin(1) matrix benefits the decomposition
process massively. The highest photostability was observed for
the FC546 dye. Shin(1) also favors a photo initiated decompo-
sition of the dyes. Overall, a phenyl containing polysiloxane
matrix with a low concentrated, covalently bonded perylene-
based dye is a promising combination for LED application.
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Based on the results and conclusions of the previous part of this thesis, novel liquid
perylene polyphenylmethylsiloxanes were synthesized in which the allyl functionalized
FC546 dye is integrated covalently by hydrosilylation linearly in the polymer backbone and
as a cross-linking agent between polymer chains. The results of the subsequent
characterization and evaluation of the perylene polymers properties before and after
adding them to another thermally curable polymer resin were summarized in the second
part of this thesis called “Perylene Polyphenylmethylsiloxanes for Optoelectronic
Applications”. In the first approach, linear hydride- and vinyl-terminated
polyphenylmethylsiloxanes were mixed in different ratios, and 0.1 wt% of FC546 was
added. Linear perylene polymers with different chain length could be synthesized with My
between 5600 and 8400 g mol”'. By holding the hydride to the vinyl ratio of the polymers
constant and change the concentration of the dye from 0.025 to 1.0 % no systematic
variation in chain length could be detected. In a second approach, a
polymethylhydrosiloxane-phenylmethylsiloxane copolymer with pendant and terminal
hydride atoms was cross-linked by up to 8 wt% of FC546, leading to still liquid perylene
polyphenylmethylsiloxanes with a significantly high concentration of dye incorporated.

Afterward, these perylene polymers were incorporated in a curable
polyphenylmethylsiloxane resin. Due to unreacted hydride functionalities, the perylene
polymers are also covalently bonded to the structure of the resin. This type of preparation
separates the dye molecules even more than by just integrating the pure dye, leading to
less dye-dye interactions. At the same time, the phenyl content in the final samples was
increased, and oxygen permeability should be decreased.®® Furthermore, due to this
preceding formation of the perylene polysiloxanes, the incorporated dye concentration
could be enhanced significantly. A second feature could be introduced by change of the
perylene polysiloxane concentration inside the curable polysiloxane resin. The hardness
of the material got tunable without changing the properties of the dye. The perylene
polymers added to the resin lower the glass transition temperature of the cured resin
structure and therefore lower the cross-linking degree, which was verified by DSC and TG
measurements. An increased perylene polyphenylmethylsiloxane concentration leads to
softer samples. The variety of flexibility makes this material combination also suitable for
other optoelectronics. They are especially interesting for luminescent solar collectors, in
which a more flexible polymer host material can improve the number of possible
applications.®® Summarized, the perylene polymers properties implemented to the
thermally curable polysiloxane resin, like quantum yield and thermal stability, were as same
as good as the ones from the pure dye incorporated into the resin. The photostability could
also not be improved enough for the use in hybrid-LEDs. Whereas the use in low power

applications like luminescent solar collectors is conceivable.
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On page 1062, Steinbriick and Kickelbick report the preparation of perylene polysiloxanes and their embedding into an LED
HRI encapsulation resin. An allyl functionalized perylene diimide was covalently integrated linearly into a
polyphenylmethylsiloxane backbone and as a cross-linking agent between polyphenylmethylsiloxane chains by
hydrosilylation reactions forming liquid and highly fluorescent polymer gels. The applied synthetic methods avoid dye
aggregation, leading to enhanced incorporable dye concentrations. Added to a thermally curable polysiloxane resin,
fluorescent encapsulants with a solid and flexible consistency, uniform dispersion of the dyes, adjustable mechanical
properties, and steady quantum yields can be formed, stabilizing the dye molecules ideal for the use in optoelectronic
applications such as LEDs or LSCs.
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ABSTRACT: The incorporation of fluorescent organic dyes in an
encapsulating matrix represents a route to generate stable and
processable materials for optoelectronic devices. Here, we pre-
sent a method to embed perylene dyes into a high refractive index
(HRI) polysiloxane matrix applying an allyl functionalized perylene
dye and hydrosilylation chemistry. In a first approach, the dye
molecules were covalently integrated into the backbone of linear
polyphenylmethylsiloxane chains. The fluorescent and liquid
polymers were synthesized with molecular weights from 5660 up
t0 8400 g mol~". In a second approach, the dye itself was used as a
cross-linking agent between linear polyphenylmethylsiloxane
chains. These preformed fluorescent batch polymers are liquids
with dye concentrations between 0.025 and 8 wt %. The applied
synthetic methods incorporated the dye covalently into the poly-
mer structure and avoided the crystallization of the dye mole-
cules and thus the formation of excimers, which would reduce
the optical emission. The resulting products can be easily

INTRODUCTION Organic alternatives for inorganic rare earth con-
taining conversion materials in light emitting diodes (LEDs) are an
object of present research.’™ In these applications, the organic
dyes should substitute traditional rare earth containing conversion
compounds, such as Y3Als0;2:Ce3*, LusAls0;,:Ce®*, CaAlSiN5:Eu?*,
(Ba,SrCa),SisNg:Eu?*, or p-sialon:Eu®*.5"*2 One of the major chal-
lenges in the targeted materials is the solubility and stability of the
organic dyes in the matrix, which can be improved by a tailored
design of the matrix polysiloxane. Organic dye-based converters
are also attractive for clean and renewable energy generating
applications, such as new efficient materials for photovoltaics and
luminescent solar collectors (LSC). Quite stable and promising can-
didates for both types of applications are perylene diimide
derivatives.!*° The difference in the two mentioned applications
are the irradiance conditions. While the irradiance in LEDs can be
larger than 500 mW mm™2, materials in photovoltaics and LSCs
have only to withstand 100 mW cm™ under standard testing

incorporated into curable commercially available HRI
polyphenylmethylsiloxane resins. The formed materials are
ideal LED encapsulants with a solid and flexible consistency, a
uniform dispersion of the dyes, and adjustable mechanical prop-
erties, realized by changing the amount of perylene polymers.
Further properties of the obtained materials are thermal stabili-
ties up to 478°C, quantum vyields larger than 0.97, and high
photostabilities. Thus, the covalent integration of dyes into
polyphenylsiloxane structures represents a possible route for
the stabilization of the organic dyes against the extreme irradi-
ance and thermal conditions in LED applications. © 2019 The
Authors. Journal of Polymer Science Part B: Polymer Physics
published by Wiley Periodicals, Inc. J. Polym. Sci., Part B: Polym.
Phys. 2019, 57, 1062-1073

KEYWORDS:
silicone

LED; optoelectronics; perylene; polysiloxane;

conditions.?"** Requirements for organic dyes and their matrices
in these optoelectronic applications are high quantum yields as
well as high thermal and photophysical stabilities, which are both
necessary for improved lifetimes of the devices.>***72? Often used
substrates for the integration of perylene dyes are poly(methyl
methacrylates) and epoxy-based polymer materials.>*°33 The
physical or covalent integration of perylene diimide derivatives
into various types of polymers can lead to improved materials
properties.’>71834-37 Examples for matrices in which the fluores-
cent dyes were already successfully incorporated are polystyrene
and polydimethylsiloxanes.>®-*3

The chemical inertness of polysiloxanes, their high thermal stabil-
ities, high transparencies, and tunable refractive indices by side
group substitution in combination with an incorporation of
organic fluorescence dyes makes them excellent materials for an
optimization with focus on dye stability.>'">* The integration of
the commercially available perylene dye Lumogen®F Red

Additional Supporting Information may be found in the online version of this article.
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305 (LG305) into low refractive index (LRI) polysiloxanes for
LSC applications revealed that the integrated light output of the
samples correlates with an increased dye concentration up to
0.01 wt %.%° At concentrations larger than 0.05 wt % the effi-
ciency decreases significantly. The same results were found for
the quantum yield (QY) of LG305 in another LRI polysiloxane for
LED applications." The QY started to decrease at LG305 concen-
trations 20.05 wt % due to the low solubility and consequent
precipitation of LG305 in polydimethylsiloxanes. In our previous
work, we were able to show that curable phenyl group containing
high refractive index polysiloxanes (HRI) allow higher concentra-
tions (20.3 wt %) of the dyes with constant high quantum yields
and extended stabilities of covalently and non-covalently bonded
perylene-based dyes.! One of the main reasons for this constant
quantum yield and dramatically reduced crystallization is the
separation of dye molecules due to the sterically demanding poly-
mer matrix structure and due to the direct covalent bonding of
the dye molecules to this structure.

An integration of organic dye molecules into a linear polyphenyl-
siloxane backbone or cross-linked between polyphenylsiloxane
chains separates the molecules locally. A subsequent covalent
incorporation of these liquid perylene containing polymers into a
heat curable polysiloxane resin leads to a solid and flexible mate-
rial in which high dye concentrations can be incorporated and
crystallization is inhibited. Additionally, increasing the phenyl
group concentration or incorporating cross-linked siloxanes to a
curable polymer resin can lead to enhanced gas barrier properties
and thus decreases oxygen caused degradation phenomena, 44
While linear and cross-linked polymers with perylene derivatives
incorporated have already been published, the resulting materials
are not suitable for a subsequent covalent integration into a cur-
able matrix system by hydrosilylation,3¥*%4647

In the presented study, the allyl group containing perylene
diimide dye FC546 was used to synthesize two different perylene
polysiloxanes with various dye concentrations in the backbone of
a polymethylphenylsiloxane (PMPS) and cross-linked to the pen-
dant hydride groups of a methylhydrosiloxane-phenylmethyl-
siloxan copolymer. Both polymer classes were synthesized by a
platinum catalyzed hydrosilylation reaction. By changing the
ratio of the hydride and vinyl terminated PMPS precursors the
chain length was modified systematically. Subsequently, the liq-
uid perylene polymers were covalently integrated in a thermally
curable phenyl containing HRI polysiloxane resin.

EXPERIMENTAL

Materials

Polyphenylmethylsiloxane hydride terminated (PMS-H03, Gelest
Inc., Morrisville, PA). polyphenylmethylsiloxane vinyl terminated
(PMV-9925, Gelest Inc), (45-50% methylhydrosiloxane)-
phenylmethylsiloxan copolymer hydride terminated (HPM-502,
Gelest Inc.), the platinum carbonyl cyclovinylmethylsiloxane
complex (Ossko-Catalyst, 1.85-2.1% Pt in vinylmethylcyclo-
siloxane, Gelest Inc.) and the commercially available, curable
OE6630 polysiloxane resin [Dow(1), Dow Corning Inc., Midland,
MI] were used as received without any further purification

ADVANCED
SCIENCE NEWS

advancedsciencenews.com

WWW.POLYMERPHYSICS.ORG

68

FULL PAPER

H—SHOE%O—S:FH /—s:i{o%o—s:ix\
n n

PMS-HO03
Polyphenylmethylsiloxane
hydride terminated
2-5cSt.
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phenylmethylsiloxan copolymer
hydride terminated
75-110 cSt.

PMV-9925
Polyphenylmethylsiloxane
vinyl terminated
300-600 cSt.
2000-3000 g/Mol
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£
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SCHEME 1 Structures, names, abbreviations, and important
properties of the polymer and dye precursors.

(Scheme 1). The Dow(1) two component resin contains a Si-H
and a Si-vinyl component.’ It is thermally curable by thermal
treatment of the mixed components. The curing process is a plati-
num catalyzed hydrosilylation. The allyl functionalized organic
dye FC546 was provided by BASF SE and was also used as
received. The synthesis of FC546 was already published in a pre-
vious work.! FC546 contains N,N'-diallyl units which permit a
covalent integration into the polysiloxane backbone or network
via hydrosilylation. Four 2,4,4-trimethylpentan-2-yl phenoxy
units in bay position were introduced to increase the solubility in
the phenyl containing polymers and in organic solvents like tolu-
ene (Scheme 1). The emission maximum is detected at 602 nm
(16,611 cm™), the excitation maximum is detected at 574 nm
(17,421 cm™) in toluene (Fig. S1). A local excitation maximum is
detected at 450 nm (22,222 cm™*) caused by the substituents in
bay position. The precursor’s purity was characterized by NMR
and FTIR spectroscopy (Figs. S2-510).

Instrumentation

Fourier transformed infrared spectra (FTIR) were recorded in
total reflectance mode on a Vertex 70 spectrometer (Bruker Cor-
poration, USA) from 4500-400 cm ™" with a resolution of 4 cm™!
increment and 10 scans averaged. UV-vis transmission measure-
ments were performed on a Lambda 750 instrument (Perkin
Elmer Inc., USA) equipped with a 100 mm integration sphere
from 700 to 350 nm with a 2 nm increment and 0.2 s integration
time. Fluorescence spectroscopy was performed applying a Fluo-
roMax 4 Spectrofluorometer (Horiba Scientific, Japan) with an
excitation wavelength of 450 nm and an emission wavelength of
630 nm. The absolute photoluminescence quantum yields and
the emission spectra were measured in a Quantaurus C11347-11
integration sphere setup (Hamamatsu Photonics, Japan) with a
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xenon high-pressure lamp and a multichannel analyzer at
450 nm excitation wavelength. NMR spectra were recorded with
an Avance III 300 MHz spectrometer and an Avance III HD
400 MHz spectrometer (Bruker Corporation, USA) at
300.13/400.13 MHz for "H NMR and at 59.63/79.49 MHz for
295i NMR. All NMR samples were prepared in chloroform-D
(CDCl3). SEC measurements were performed with concentrations
of 2 g17* sample in THF applying a PSS-SDB-1000 A and a PSS-
SDB-100000 A column with 1 ml min™" and a RI-Shodex and a
UV-Waters 2487 detector. In a further experiment, we applied a
setup with sample concentrations of 4 g 17" in THF using a PSS-
SDV-1000 A or a PSS-SDV-10000 A column with 1 ml min™" and
a RI-SECurity® and a UV-SECurity* detector. Thermogravimetric
measurements were carried out with a TG209 F1 Libra thermo-
microbalance (Netzsch-Gerdatebau GmbH, Germany) applying a
heating rate of 10 K min~" up to 250 or 800 °C with gas flux of
N/0, of 20 ml min~' each. Differential scanning calorimetry
was performed with a Netzsch DSC 204 F1 Phoenix calorimeter
with aluminum crucibles with pierced lids under nitrogen
(100 ml min™") with a heating rate of 5 K min™" from —40 to
400 °C. Hardness measurements were performed using a Sauter
HBA-100 Shore A durometer (Sauter GmbH, Germany). A self-
constructed fiber coupled 450 nm wavelength illumination sys-
tem with 710 mW LEDs (6 x LDW5SN) was used as irradiation
source for photostability experiments.

Quantum Yield and Self-Absorption Coefficients

For the quantification of dye stability and efficiency after the inte-
gration of the perylene polymers to a curable polysiloxane resin
the absolute quantum yield of all solid samples has been mea-
sured before and after curing, as well as after a post-curing proce-
dure. In these experiments, solid samples (7 X 7 X 1 mm) were
measured in an integration sphere setup in reflectance mode
with an excitation wavelength of 450 nm. From the quantum
yield emission spectra the self-absorption coefficients were
determined. Therefore, a cured sample of Dow(1) with a very
low concentration of FC546 (15 ppm dye by weight) with virtu-
ally zero self-absorption was prepared. The emission spectra of
the samples were scaled by a fit to the zero self-absorption spec-
trum leading to a normalization in an area, which is not effected
by self-absorption. The quality of the fit was verified by Pearson’s
chi squared test. The procedure was already described in litera-
ture in more detail %

Preparation

The covalent integration of FC546 into the polymer backbone
(P-FC546 series) was performed by mixing phenylmethylpoly-
siloxane PMS-H03 and PMV-9925 in variable ratios before
adding the dye (Scheme 1). The cross-linking integration of
FC546 into HPM-502 (OPSB-FC546 series) requires no premixing
(Scheme 2). A stock solution of FC546 was used (0.1 wt %, tolu-
ene) to add a defined amount of dye to the polymers (m(polymer
+dye) = 500 mg for each sample). Toluene was added to increase
the total volume of solvent to 5 ml. Ossko-catalyst was diluted
(0.18% Pt in xylene) and added (2 ppm Pt[0] referred to the
product mass) to the mixture which was stirred at 100 °C for
24 h. Afterwards the solvent was removed under reduced
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pressure. The liquid products are denominated P-FC546 for the
linear polymers and OPSB-FC546 for the cross-linked polymers.

For the subsequent integration of P-FC546 or OPSB-FC546 into
the Dow(1) resin the two Dow(1) components A and B were pre-
mixed as specified by the manufacturer (4/1). The perylene con-
taining polymers were added to the mixture respectively and gas
was removed under reduced pressure (4 mbar, >30 min) before
casting the mixture into PTFE (30 X 10 X 1 mm) or aluminum
molds (8 x 2 mm). The samples are denoted by the name of the
commercial resin Dow(1), the respective dye integrated perylene
polysiloxanes and the final dye concentration in the perylene
polysiloxanes in % and in the cured resin in ppm by weight.

RESULTS AND DISCUSSION

New polysiloxanes were synthesized by covalent attachment of
the perylene dye to different polymer precursors. In the first pre-
cursor, the allyl-modified dye molecules were integrated linearly
into the polymer by hydrosilylation with o,®-Si-H-group con-
taining polysiloxanes. The second precursor polymer was pre-
pared by cross-linking the polysiloxane chains with the dye
molecules by hydrosilylation of pendant Si-H groups in the linear
polymer chains. Both methods result in liquid polymer structures
in which the integrated dye molecules are separated from each
other, which cause a reduced possibility of stacking phenomena,
excimer formation, and solubility problems in the final poly-
siloxanes matrix. The influence of the various bonding modes as
well as the final polymer structure on the dye properties was
studied.

Linear Perylene Polysiloxanes

The linear polysiloxanes were prepared by using a hydride
terminated polyphenylmethylsiloxane (PMS-H03) and a vinyl
terminated polyphenylmethylsiloxane (PMV-9925). Applying a

PMS-H03

Ak

PMV-9925
FC546 l

e
&
_ SHO- Sdo'S:i_/_/O

y

Ossko-Catalyst
Toluene, 100°C, 24 h

o

P-FC546

SCHEME 2 Synthesis of P-FC546 perylene polysiloxane by
hydrosilylation of a vinyl and a hydride terminated precursor.
The FC546 dye is part of the polymer backbone due to missing
pendant hydride groups. [Color figure can be viewed at
wileyonlinelibrary.com]
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platinum catalyst the terminated Si-H and Si-vinyl groups start
to form C-C single bonds leading to longer chains. By adding
small amounts of the FC546 dye, the dye can also react in the
hydrosilylation reaction and thus, was also incorporated into
the formed polymer backbone (Scheme 2).

Cross-linked Perylene Polysiloxanes

We investigated a second route to incorporate the FC546 dye
covalently in a liquid polysiloxane. In this case, a polymethylhy-
drosiloxane-phenylmethylsiloxane copolymer with pendant and
terminal hydride atoms was used as precursor (HPM-502).
Applying a platinum catalyst the Si-H groups start to form C-C
single bonds with the dye molecules (Scheme 3).

Due to the pendant Si-H groups, the precursor polymer chains
can be cross-linked with each other. The resulting products
are still liquid and denoted as OPSB-FC546. In these studies,
only one polymer precursor was used and allowed the sys-
tematic investigation of the effect of dye concentration. The
synthesized polymers are denoted with OPSB-FC546 X% with
X = 0.05, 0.1, 1, and 8. The highest concentrated sample with
8 wt % dye covalently incorporated was only prepared for a
better detection in IR and NMR spectroscopy.

Precursor Incorporation in Curable Polysiloxane Resin
The synthesized perylene polysiloxanes are not suitable for a
direct use in optoelectronics because they are still liquids. Opto-
electronic suitable solid materials were obtained by a subsequent
addition of the polymers to a thermally curable, two component
polysiloxane resin incorporating 100 ppm dye in the final cured
sample (Fig. 1). In applications in which high temperatures are
predominant at working conditions, polysiloxane resins are sub-
ject to post-curing processes.

This is the reason why the absolute quantum yield and the hard-
ness (Shore A) of the samples were determined for both cases,
directly after preparation of the samples and after a post-curing
process (200°C, 48/120 h). The corrected quantum yields and
the self-absorption coefficients were calculated from the absolute
quantum yield emission spectra, respectively (see Supporting

Information).>*&4°
X |
vs‘gi'ﬁi-om I._omsT '-»
FC546 .

H—Tli—o %:—o Ti— Ti—H —— ,..rg
Ossko-Catalyst
x y Toluene, 100 °C, 24 h

o] (o]

HPM-502
Méi-Or i=0 v Si— 0w Si—0- éw
I i [

OPSB-FC546
SCHEME 3 Synthesis of OBSB-FC546 perylene polysiloxane by
hydrosilylation of a polysiloxane with hydride pendant and

terminated groups with FC546. The FC546 dye is cross-linking
the polymer chains.

ADVANCED
SCIENCE NEWS

advancedsciencenews.com

WWW.POLYMERPHYSICS.ORG

FULL PAPER
- -

5

B OO A o

—n

‘Y \\
| | LR\ 3

FIGURE 1 (A) Image of the liquid perylene polysiloxanes
(a) P2-FC546, (b) P3-FC5486, (c) P4-FC546, and (d) OPS-B FC546 0.1%
and casted specimen of the same precursor polymers mixed with
the OE6630 resin and cured subsequently for 4 h at 150 °C below.
(B) Samples shown in (A) excited with a 450 nm light source. [Color
figure can be viewed at wileyonlinelibrary.com]

Under working conditions, the local temperature at the light emit-
ting InGaN chip of a LED for example can reach up to 150 °C and
the irradiance can reach values >500 mW mm™2 (at A = 450 nm).
The dye-incorporated matrices need to withstand these extreme
conditions to ensure a long and stable performance. For a simula-
tion of these working conditions a variety of cured samples was
exposed to light (450 nm, 710 mW LEDs (6 x LDW5SN) and other
samples were exposed to high temperature (200 °C, air) for sev-
eral hours. Transparency measurements by optical spectroscopy
can detect a change in color, which is usually caused by dye degra-
dation due to light exposition. The influence of the thermal treat-
ment was determined by measuring changes in quantum yield.
Additionally changes in the cured polymer resin structure due to
the incorporation of the perylene polymers were investigated by
thermogravimetric (TG) and differential calorimetric measure-
ments (DSC).

Chain Length Variation Chain Length Variation of Linearly
Incorporated Dye Polymer with Constant Dye
Concentration

By changing the hydride to vinyl ratio of the precursors with
a constant dye concentration of 0.1 wt % chain length of the
perylene polymers were modified. The nomenclature of the
samples was chosen to differentiate between the samples
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TABLE 2 Molecular weight M,, and polydispersity index D for
various polymers

n(PMS)/
PX-FC546 0.1% n(PMV) m(PMS)/g m(PMV)/g c(FC546)/wt %
5 11 0.0689 0.4310 0.1
4 1/0.8 0.0833 0.4166 0.1
3 1/0.6 0.1052 0.3947 0.1
2 1/0.5 0.1212 0.3788 0.1

(Table 1). SEC, FTIR, and *H NMR spectra were measured
directly after the synthesis. The FTIR spectra show the antici-
pated vibration bands for phenyl containing polysiloxane type
polymers (Fig. 2).>°7>3

Specific aromatic vibration bands due to phenyl side groups
at 3045, 3070 [v(C-H)ar]; 1488, 1429 [v(C=C-C)ar]; and
725, 694 [5(C-H)ar] cm™* can be detected next to the silicon
oxygen vibrations at 1014, 1048, and 1120 ecm™* [y(Si-0-Si)].

Two additional vibration bands according to the Si-H bond at
2125 cm™ [y(Si-H)] and 905 cm™" [p(Si-H)] are also present.
These bands can be used to differentiate between the samples.
At a PMS/PMV ratio of 1/1 no Si-H vibrations can be detected
while a decreasing vinyl concentration leads to an increasing
number of unreacted Si-H groups. This agrees with the
assumption that a higher concentration of the hydride termi-
nated PMS-HO3 leads to a higher concentration of Si-H termi-
nated reaction products and to lower chain lengths.

An increase of molecular weight (M,,) compared with the precur-
sor polymers are caused by the hydrosilylation reaction. The
stepwise increase of the ratio of the hydride and vinyl terminated
precursor polymers leads to an increase of M,, as expected
(Table 2). The product elugrams show that there are still traces

T T T T T T T
—— P2-FC546 0.1 % (HIV = 1/0.5)
—— P3-FC546 0.1 % (HIV = 1/0.6)
—— P4-FC546 0.1 % (HIV = 1/0.8)
——P-FC5460.1% (HIV =1/1)

v(Si-H)= 2125 cm™ p(Si-H)= 905 cm™

| AN

| 2250 2200 2150 2100 2050 2000 930 920 910 900 890 880

relative Absorption

A T
2000
Energy / cm™

T T T T
3000 2500 1500 1000

FIGURE 2 FTIR spectra of P-FC546 and the PX-FC546 - 0.1%
series with x = 2, 3, 4. [Color figure can be viewed at
wileyonlinelibrary.com]
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Sample M,/g mol™’ D

PMS-03 420/400° 1.1
PMV-9925 2500/2500? 2.4
P4-FC546 0.1% 8400 1.9
P3-FC546 0.1% 6080 1.7
P2-FC546 0.1% 5660 1.7

@ M,, taken from the manufacturer data sheet.

of unreacted polymeric educts. The polydispersity is larger than
1.7 but very similar for all measured samples and in the same
range like other polysiloxanes synthesized by hydrosilylation or
ring-opening polymerization with values from 1.2 to 3.5.54>7

The 'H NMR spectra show all anticipated chemical shifts of the
polymers at 7.86-6.88 (m, Phenyl-H) and 0.62 - —0.26 ppm (m,
Si-CH3) (Fig. S11). Additionally, small signals of the incorporated
dye can be detected at 1.37 (s, FC546) and 0.79 ppm (s, FC546)
next to impurities at 2.00 (s), 1.55 (s, water), and 1.27 ppm (s).
The intensity of the chemical shift at 4.76 ppm according to the
hydrogen atom in the Si-H group is decreasing from
P2-FC546-0.1% to P5-FC546-0.1% due to the decrease of
unreacted Si-H groups. This result corresponds with the FTIR
data shown before. The spectroscopic data and chromatographic
data prove the successful synthesis of linear polymers with dif-
ferent chain length and the covalent integration of FC546.

Variation of Dye Concentration in Linear Dye
Incorporated Polymers with Equal Chain Length

The influence of the polymer chain length and the covalent bond-
ing of the dye was investigated by maintaining the hydride to
vinyl ratio of the precursors constant (1/0.5 [P2-FC546]) and
increase the dye concentration from 0.025 to 1 wt % stepwise
(Table 3). The FTIR spectra show the anticipated vibration bands
for phenyl containing polysiloxane type polymers as described
and assigned in the section before (Fig. 3).50’53

The two vibration bands according to the Si-H bond at
2125 em™! [u(Si-H)] and 905 cm™" [p(Si-H)] show a decrease of
intensity, which is an indication of the covalent incorporation of

TABLE 3 Composition of the different samples with the FC546
dye in the P2-FC546 polymer

P2-FC546 X % m(FC546)/mg n(FC546)/pmol c(FC546)/%
0.025 0.125 0.097 0.025

0.05 0.25 0.194 0.05

0.1 0.4 0.388 0.1

0.25 1 0.971 0.25

0.5 25 1.941 0.5

1.0 5 3.883 1.0
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FIGURE 3 FTIR spectra of the P2-FC546 - X% series with
X = 0.025, 0.05, 0.25, 0.5, and 1.0. [Color figure can be viewed at
wileyonlinelibrary.com]

the FC546 dye molecules into the polymer backbone by the
hydrosilylation reaction. If there were no attachment to the poly-
mer, the intensity would be equal for every sample.

The decrease of hydride vibration bands intensity is directly cor-
related to the increase in dye concentration. As a result, a higher
dye concentration should also lead to slightly longer polymer
chains if the dye is not attached as an end group. By comparing
the SEC data, no systematic changes in chain lengths can be
detected due to the change of dye concentration (Table S9),
which is most likely based on the low concentration of the dye
and the possibility of attaching it as a polymer end group. Due to
the high concentration of 1% dye in the sample P2-FC546 all
chemical shifts of the incorporated FC546 dye can be detected in
a much better resolution than in the lower concentrated sample
P2-FC546 0.1% discussed before. FC546 shows two specific
chemical shifts for the allyl functionalization caused by the meth-
ylene (5.12 ppm, 2H) and methine protons (5.93 ppm, 4H)
(Fig. S10). Due to the covalent integration by hydrosilylation
these shifts are not detectable in the perylene polymer anymore,
which also verifies the covalent bonding to the polymer backbone
(Fig. S12).

Cross-linking of Polymer Chains by Variations in Dye
Concentration

By reacting the allyl groups FC546 with polymers with pendant
hydride groups a cross-linked perylene polymer is formed

TABLE 4 Composition of the different samples with the FC546
dye in the OPSB-FC546 polymer

Sample m(FC546)/mg n(FC546)/umol c(FC546)/%
OPSB-FC546 - 0.1% 0.5 0.38 0.10
OPSB-FC546 -1.0% 5.0 3.88 1.00

OPSB-FC546 -8.0% 40.0 31.06 8.00
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(Table 4). The total mass of the polymer and the added dye was
500 mg for each sample, except for the high concentrated sample
OPSB-FC546-8.0%, where the dye was weighted and directly
added to the polymer instead of using a stock solution (see
section 2). The FTIR spectra reveal the anticipated vibration
bands for phenyl containing polysiloxane type polymers as
described and assigned in the section before.’*=> The two vibra-
tion bands according to the Si-H bond at 2160 cm™" [v(Si-H)] and
900 cm™" [p(Si-H)] show no change of intensity at lower dye con-
centrations. At the highest concentration of 8% a significant
increase occurs, due to the covalent attachment of the dye to the
polymer structure (Fig. 4).

This missing intensity change of the Si-H vibration at low dye
concentrations according to a covalent integration of FC546 is
caused by the very high concentration of Si-H units in the poly-
mer chain. In the synthesis of the P-FC546 polymers, the hydride
terminated PMS-HO03 contains two Si-H units per molecule. In the
HPM-502 that is used for the OPSB-FC546 synthesis contains
45-50% of the polymer’s silicon atoms attached to a pendant
hydride atom. A reaction with a small amount of FC546 does not
change the signal intensity significantly and measurable.

The 'H NMR spectra of the sample OPSB-FC546-8.0% shows
every anticipated chemical shifts of the polymer and the FC546
dye except the methylene and methine protons of the allyl groups
of the dye. As described before, FC546 shows two specific chemi-
cal shifts for the allyl functionalization caused by the methylene
(5.12 ppm, 2H) and methine protons (5.93 ppm, 4H). The HPM-
502 polymer reveals no chemical shifts in this area. By just
mixing an unspecific amount of FC546 and HPM-502, the sum
spectrum of the corresponding chemical shifts can be observed
(Fig. 5). After the hydrosilylation reaction of 8 wt % of FC546
with HPM-502 (OPSB-FC546 8% is formed), the methylene and
methine proton chemical shifts of FC546 allyl groups dis-
appeared and a new shift for the formed methylene proton of the
C-C single bond is observed (1.49 ppm, 4H).

—— OPSB-FC546 0.06 %
—— OPSB-FC546 0.1 %
—— OPSB-FC546 1.0 %
—— OPSB-FC546 8.0 %

p(Si-H)= 900 cm™

v(Si-H)= 2160 cm™

]
|
|
1
|
1
|
]
]
|
3

930 920 910 900 890 880

relative Absorption

2225 2200 2175 2150 2125 2100

A

T T T T T
3000 2500 2000 1500 1000
Energy / cm™

FIGURE 4 FTIR spectra of the OPSB-FC546 - X% series with
X = 0.06, 0.1, 1.0, and 8.0. [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 5 'H NMR spectra of OPS-B-FC546 8% before and after the hydrosilylation reaction measured in chloroform-D. [Color figure

can be viewed at wileyonlinelibrary.com]

From the 'H NMR spectra the percentage of phenyl groups
was calculated for a quantitative comparison. Compared with
the P-FC546 series with 38% phenyl groups the OPSB-FC546
samples contain only 29%. This is also caused by the high
concentration of methylhydrosiloxane units of 45-50% in the
OPSB-FC546 samples.

The SEC is calibrated with linear polystyrene standards. This
leads to a significant inaccuracy by determining cross-linked
polysiloxanes. Nevertheless, we tried to determine the M,, of one
of the OPSB-FC546 samples exemplarily. The SEC of the linear
OPSB precursor polymer shows M,, values of 1400 g mol ' and a
polydispersity index of 4.1. The OPSB-FC546-0.1% sample
shows an M,, value of 13,470 g mol~" and a polydispersity of 3.1
(SEC data and elugrams are part of the Supporting Information).
The M,, of this OPSB-FC546-0.1% sample increases significantly
(~10 times). This is another indirect proof of the expected cross-
linking properties of FC546 when it is reacted to polymers with
pendant hydride groups.

Integration of Perylene Polysiloxanes to a Curable Resin

A selection of the prepared perylene polysiloxanes were added to
a commercially available, two component polysiloxane resin (Dow
Corning OE6630 [Dow(1)]). Subsequently, the mixtures were
cured according to the supplier’s temperature profile to form solid
samples containing 100 ppm dye, respectively. For the Dow(1)PX-
FC546 0.1% - 100 ppm series with a constant dye concentration
the amount of perylene polysiloxane added to the resin is 10 wt %.
For the other perylene polymers with different dye concentrations
incorporated the amount was adjusted to get 100 ppm dye in the
cured samples (Table 5). The perylene polymers are completely
mixable with the two Dow(1) components without any haze or
precipitation. At working conditions in optoelectronic devices,
especially in LEDs, high temperatures up to 200 °C affecting cured
polysiloxane resin and the incorporated dyes by inducing a post-
curing process. This is why the absolute quantum yield and the
hardness (Shore A) of the samples were determined directly after
preparation of the samples and after a post-curing process
(200°C, 48/120 h). For a further characterization of changes in

TABLE 5 Composition of the cured polymers from Dow(1) component A and the perylene polysiloxane precursors

Sample m(Dow(1)-A)/g
Dow(1)PX-FC546 0.1% - 100 ppm (X = 2, 3, 4, 5) 0.720
Dow(1)P2-FC546 0.025% - 100 ppm 0.480
Dow(1)P2-FC546 0.05% - 100 ppm 0.640
Dow(1)P2-FC546 0.25% - 100 ppm 0.768
Dow(1)P2-FC546 0.5% - 100 ppm 0.784
Dow(1)P2-FC546 1.0% - 100 ppm 0.792
Dow(1)OPSB-FC546 0.05% - 100 ppm 0.664
Dow(1)OPSB-FC546 0.1% - 100 ppm 0.720
Dow(1)OPSB-FC546 1.0% - 100 ppm 0.792
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m(Dow(1)-B)/g m(Peryl. Polys.)/g Phosphor conc./ppm
0.180 0.10 100
0.120 0.40 100
0.160 0.20 100
0.192 0.04 100
0.196 0.02 100
0.198 0.01 100
0.166 0.17 100
0.180 0.10 100
0.198 0.01 100
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TABLE 6 The degradation temperatures Tgs of the samples

Sample Tes/°C
Dow(1) 465
Dow(1)FC546 - 100 ppm 468
Dow(1)P2-FC546 0.025% - 100 ppm 433
Dow(1)P2-FC546 0.05% - 100 ppm 450
Dow(1)P2-FC546 0.1% - 100 ppm 474
Dow(1)P2-FC546 0.5% - 100 ppm 472
Dow(1)P2-FC546 1.0% - 100 ppm 470
Dow(1)P3-FC546 0.1% - 100 ppm 469
Dow(1)P4-FC546 0.1% - 100 ppm 472
Dow(1)OPS-B-FC546 0.1% - 100 ppm 478

the resin structure due to the incorporation of the perylene poly-
mers FTIR spectra were measured and thermogravimetric as well
as calorimetric measurements were performed.

Quantum Yield and Heat Treatment

The Dow(1)PX-FC546 0.1% - 100 ppm and the Dow(1)P2-FC546
X% - 100 ppm samples show no significant changes in the quan-
tum yield (QY) compared with the quantum yield of the pre-
polymer samples (Fig. 6). This was expected because the dye con-
centration is low (100 ppm) and equal in every cured sample.
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FIGURE 6 Absolute quantum yield of the cured Dow(1) samples
with the PX-FC546 0.1% or the pure dye incorporated measured
with an excitation wavelength of 450 nm directly after the
synthesis, as well as after a first (200°C, 48 h) and a second heat
treatment (200°C, 72 h). [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 7 Absolute quantum yield of the cured Dow(1) samples
with the P2-FC546 X% series or the pure dye incorporated
measured with a excitation wavelength of 450 nm directly after
the synthesis, as well as after a first (200°C, 48 h) and a second
heat treatment (200°C, 72 h). [Color figure can be viewed at
wileyonlinelibrary.com]

The differences in dye concentrations of the perylene polymer
precursors do not affect the final QY either. In previous results,
we already showed that the influence of the dye concentration to
the QY in phenyl containing polysiloxanes is insignificant com-
pared with only methyl containing polysiloxanes. This can be
explained by the high solubility of the dye caused by a closer
physicochemical compatibility of sterically demanding perylene
molecules to phenyl containing polymers.

The QY is above 0.97 for all samples. Neither the chain length of
the perylene polysiloxane nor the concentration of the bonded
dye molecules shows significant influences to the QY (Fig. 7).

The Dow(1)OPSB-FC546 X% - 100 ppm samples show a
decrease in QY correlated to the increase of dye concentration
from 0.95 (X = 0.05%) to 0.875 (X = 1%). In the P-FC546
compounds polymer chains separate the dye molecules.
n-n-Interactions of dye molecules leading to quenching effects
are less probable in these samples. Furthermore, the high con-
centration of phenyl side groups leads to a sterically shielding
and of the dye units as shown in a previous paper.!

In the OPSB-FC546 polymers, the separation of the FC546 dye
molecules is influenced by distribution of silicon hydride units.
The molecules can be attached to directly neighboring silicon
atoms, which would increase the possibility of dye-dye interac-
tions. This is more probable with an increasing dye concentration
as reported for perylene bridged ladder polysiloxane, synthesized
by polycondensation, where an increased n-n stacking interaction
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at high concentrations is caused by the direct localization of the
molecules next to each other.*” As a consequence, a decrease in
quantum yield is possible.

Again, we believe that the phenyl groups in the Dow(1) matrix
decrease the n-r stacking probability of single dye molecules.>#5°
The phenyl units are able to interact with incorporated dyes core.
The separation of the dye molecules and the dilution leads to a
quantum yield increase. The QY of the isolated OPSB-FC546 1.0%
(QY = 0.452) is 1.93 times lower compared with the diluted Dow
(1)OPSB-FC546 1.0% - 100 ppm (QY = 0.875) sample. The QY of
all measured samples decreased after the first post curing heat
treatment (48 h, 200 °C). The highest decrease was detected for
the Dow(1)PX-FC546 0.1% - 100 ppm series 218%.

After the second heat treatment (72 h, 200 °C) the decrease of QY
is not significant for all samples. The slightly higher methyl group
concentration of the OPSB-FC546 polymers has no impact on the
temperature stability. The influence of the post-curing heat treat-
ment to the dye-dye interaction or to the structural integrity of
the dye molecules and the significantly higher dye stability in the
Dow(1) matrix compared with the covalently or non-covalently
bonded perylene dyes in curable non-phenyl containing poly-
dimethylsiloxanes was discussed in former studies.*

The incorporation of the FC546 dye in a perylene polysiloxane
before adding it to a curable polysiloxane resin does not
change the dyes properties responsible for the high QY com-
pared with a direct integration. The measured QY, the
corrected QY, the self-absorption coefficients, and the emis-
sion spectra from the QY-measurements (A.x = 450 nm) are
part of the Supporting Information. The self-absorption
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FIGURE 8 Shore A values of the cured Dow(1) samples with the
linear perylene polymers PX-FC546 0.1% and OPS-B FC546 0.1%
incorporated compared to the pure cured Dow(1) resin. [Color
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Shore A values of the cured Dow(1) samples with the
linear perylene polymers P2-FC546 X% incorporated compared
with the pure cured Dow(1) resin. [Color figure can be viewed at
wileyonlinelibrary.com]

coefficient was calculated by using the emission spectra of a
very low concentrated sample with virtually zero self-
absorption  (Dow(1)FC546-15 ppm) as described in
literature. 849

FTIR, Hardness, Thermal, and Calorimetric Investigations
Due to the addition of the perylene polysiloxane to the Dow
(1) resins components a change in structure, respectively,
material properties are expected. The stability of the cured
materials was studied by detecting the Ty5 value in the TGA.
To evaluate the different materials state of degradation the
temperature at which the samples possess 95% of their origi-
nal mass is defined as Tys value. Therefore, larger Tos values
reveal higher thermal stability of the materials.

The mixing proportions, given by the manufacturer were
retained, but the total number of polymer chains and reactive
groups is increased by the perylene polysiloxane addition. By
measuring the hardness of the cured samples directly after the
curing procedure and after the additional post-curing process
(120 h, 200°C), conclusions about mechanical changes can be
made (Fig. 8). The hardness of the Dow(1)PX-FC546 0.1% -
100 ppm series is not affected by the addition of 10 wt % of
perylene polysiloxane compared with the pure Dow(1) sample
(Shore A = 90). The Dow(1)OBSB-FC546 1% - 100 ppm sample
shows a slight increase of hardness (Shore A = 95). The Dow(1)
P2-FC546 X % - 100 ppm series show an increase of hardness
with an increase of perylene polymer concentration (Fig. 9). The
trend in hardness directly correlates with the thermogravimetric
data and the degradation temperatures of the post-cured sam-
ples, respectively (Table 6).
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All samples show a high Tos degradation temperature above
433°C. The Tg5 of all samples with dye concentrations larger
than 0.1 wt % dye in the perylene polysiloxane slightly higher
than the pure Dow(1) matrix with an insignificant deviation of
6 °C (468-474°C).

The lowest Tos values were measured for the Dow(1)
P2-FC546 0.025% - 100 ppm (433°C) and Dow(1)P2-FC546
0.05% - 100 ppm (450 °C) samples. The highest Tys value was
observed for the Dow(1)OPS-B-FC546 0.1% - 100 ppm
sample (478°C). Comparable cross-linked structures like
perylenediimide-bridged ladder polysiloxanes show lower Tos
values of 430°C.*” The increases of hardness and degradation
temperatures are not caused by the higher dye concentration
but by the higher amount of perylene polysiloxane added to
the Dow(1) matrix.

The hydride and vinyl terminated Dow(1)P2-FC546 polymers
widen the actually closer-meshed network of the pure Dow
(1) matrix (>10 wt %), which leads to a more flexible and less sta-
ble structure. Whereas the already cross-linked OBSB-FC546
perylene polysiloxane, with its additional pendant hydride atoms,
is cross-linking the Dow(1) matrix furthermore, even in small
amounts, which explains the increase of hardness and thermal
stability. Additionally, due to the increased polymer and hydride
concentration in the Dow(1)P2-FC546 X % - 100 ppm samples,
respectively, the manufacturers curing conditions are insuffi-
cient, which makes a post-curing process necessary. This can be
shown by FTIR of the samples. The vibration bands according to
the Si-H bond at 2125 cm™ [(Si-H)] and 905 cm™ [p(Si-H)] are
still present in the cured samples. No Si-H vibrations can be
detected in the post-cured samples. The polymers are completely
integrated into the resins structure (Figs. $16-S17).
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FIGURE 10 T, values of the of the cured Dow(1) samples with
the perylene polymers or the pure dye incorporated. [Color
figure can be viewed at wileyonlinelibrary.com]
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This interpretation agrees with the DSC data of the post-cured
samples. The glass transition temperature (Ty) is directly corre-
lated to the cross-linking degree of the polymer structure. Less
cross-linked polymer chains lead to a decrease of the T, value.
60-63 The lowest T, and the lowest cross-linking degree conse-
quently was measured for the Dow(1)P2-FC546 0.0025% -
100 ppm sample in which the highest amount of perylene
polysiloxane is incorporated. A decrease of perylene polysiloxane
concentration leads to an increase of T, and cross-linking as
expected (Fig. 10). All DSC measurements and T values are part
of the Supporting Information.

As a result, the incorporation of the linear perylene containing
polymers to a curable polysiloxane resin can be used to incor-
porate high concentration of organic dyes to the resin. At the
same time, the hardness of the cured material, predefined by
the manufacturer can be tuned and adjusted to a given purpose
by changing the amount of linear polymer added to the resin
without losing the high thermal stability of >400 °C. The change
in hardness and Tos is a consequence of a decrease of cross-
linking caused by the incorporation of the perylene polymers
to the resin and was verified by DSC measurements. The high
thermal stability and the adjustable flexibility make these mate-
rials very interesting for different molding, grafting, or dispens-
ing methods valid for manufacturing optoelectronics or LSCs.

Photostability

The photostability of the FC546 dye is directly correlated to the
decrease in absorbance caused by irradiation. Therefore, five
samples were exposed to a high power density 450 nm light
source with 710 mW LEDs (6 x LDW5SN, 045 mA [max.:
0.7 mA]) in a remote setup to evaluate their photostability under
LED working conditions. The absorbance of the samples was

t/h
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_ .
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FIGURE 11 Relative absorbance of Dow(1)FC546 - 100 ppm, the
Dow(1)PX-FC546 0.1% - 100 ppm series (X = 2, 3, 4) and Dow(1)
OPSB-FC546 at different times measured during a light exposure
with 450 nm light source. [Color figure can be viewed at
wileyonlinelibrary.com]
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determined periodically during the light exposure for 14 days by
UV-vis spectroscopy with an integration sphere setup. Related to
the absorbance at 450 nm the relative absorbance was calcu-
lated. A direct correlation between the dye degradation due to
the exposure can be illustrated and compared by these values.
The complete absorbance spectra for all measured samples are
part of the Supporting Information (Figs. S43-S47).

For all samples, a decrease of absorbance occurs (Fig. 11). The
decrease of the Dow(1)PX-FC546 0.1% - 100 ppm series is equal
to the decrease of the Dow(1)FC546-100 ppm reference sample
with the dye directly incorporated to the Dow(1) resin. Whereas
the absorbance of the Dow(1)OPSB-FC546 0.1% - 100 ppm sam-
ple shows a larger decrease in the beginning of the irradiation.
After a few days of irradiation, it approximates to the other sam-
ples relative absorbance. These results reveal that the photo-
stability of the synthesized perylene polysiloxanes is not
increased compared with a direct incorporated pure dye into a
curable phenyl containing silicone resin. The slightly larger
decrease of the absorbance of the cross-linked OPSB-FC546 sam-
ple at the beginning of the irradiation is not representative. The
total number of methyl groups in this polymer is increased
(Table 5) but the change in absorbance is not so significant com-
pared with pure methyl containing polysiloxanes with equal dyes
incorporated.’

Assuming a further linear decrease of absorbance for all samples
a decrease of 50% of initial absorbance is expected after 40 days.
This is still considerably less than the lifetime of commercially
available high performance LEDs with inorganic conversion
phosphors. For other optoelectronic applications, the irradiance,
respectively, the power density of the exposed light is lower. For
example, in solar cells a total irradiance of 100 mW cm™? is used
under standard testing conditions.?"*? Considering the experi-
mental setup for the irradiation the estimated irradiance is
~700 mW cm 2. Because the degradation of the dye directly cor-
relates with the irradiance a much higher photostability for LSCs
or solar cell applications is expected. A further investigation of
the applicability in these kinds of applications is not part of this
publication for operational reasons.

CONCLUSION

The N,N'-diallyl functionalized perylene diimide FC546 was used
to synthesize two different classes of perylene polysiloxanes for a
subsequent integration in a curable phenyl containing poly-
siloxane resin. First, the dye was incorporated into the polymer
backbones of phenylmethylpolysiloxanes forming P-FC546 com-
pounds. By changing the ratio of the hydride and vinyl termi-
nated PMPS precursors and holding the dye concentration
constant (0.1 wt %) samples with different chain length were
synthesized. A second series with different dye concentrations
was realized as well. Another polymer was prepared with the dye
cross-linked to pendant hydride groups of a methylhydro-
siloxane-phenylmethylsiloxane copolymer called OPSB-FC546.
Both polymers were synthesized by a platinum catalyzed
hydrosilylation reaction. The highest dye concentration cova-
lently incorporated was 8 wt %. The formation of different
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polymers and the covalent integration of the dye were proven by
spectroscopic methods. Much higher dye concentrations can be
realized compared with other polysiloxane substrates without
precipitation and without using organic solvents due to the inte-
gration of the dye into the polymer structure. The perylene poly-
siloxanes were integrated into a phenyl containing HRI
polysiloxane resin. The absolute quantum yield of the derived
samples is >0.97 and is decreased slightly by a subsequent post-
curing process. The hardness of the samples does not change for
small amounts of the linear P-FC546 polymers added to the resin.
An increased amount causes a tunable decrease of hardness, due
to a widened network. At the same time the thermal stability
decreases quantified by the Tys degradation temperature, which
is still very high with >430°C for all samples. These changes in
hardness and degradation temperature are a consequence of a
decrease of cross-linking caused by the incorporation of the
perylene polymers to the resin and was verified by DSC measure-
ments. Applying the cross-linked OPSB-FC546 polymer as a batch
polymer in the final resins leads to a slightly increase of hardness
and thermal stability, due to the higher cross-linking ability cau-
sed by pendant Si-H groups. The measured photostability of the
dye is very high for a radiation with an estimated radiance of
~700 mW cm™* at 450 nm wavelength compared with other
organic fluorescence materials but still considerably less than the
lifetime of commercially available high-performance LEDs with
inorganic conversion phosphors. For significantly lower radiance
applications like LSCs or solar cells a high application potential is
expected.
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4.3. Platinum free thermally curable Siloxanes for Optoelectronic
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All results and conclusions made in the previous parts of the thesis were obtained by
experiments carried out in polysiloxane resins curable by platinum-catalyzed
hydrosilylation. In an additional approach, we used the preparation of platinum-free curable
siloxanes, able to be used as stand-alone encapsulation or as a host material for organic
fluorescence dyes.

After the reconsideration of the curing process of polysiloxanes without metal-based
catalysts, we discovered another route to synthesize this new platinum-free thermally
curable polysiloxanes with tunable properties. By performing a stepwise acid-based
catalyzed polycondensation reaction of different di- and trialkoxysilanes, liquid but partially
cross-linked polysiloxane gels were prepared. The research and development of these
materials committed to writing in the third part of this thesis called “Platinum free
thermally curable siloxanes for optoelectronic application — synthesis and
properties”.

Due to unreacted alkoxy groups, a thermal condensation or curing reaction can be initiated
by a heat treatment at >150 °C for >72 h. An addition of a small amount of an inorganic
base like NaOH or an organic base like DABCO can catalyze the condensation reaction
and therefore the curing procedure significantly, as shown by rheology. The resulting
elastomers are transparent, elastic, and their high refractive index (1.494 — 1.505), as well
as their hardness (50 - 90 Shore A), can be tuned by changing the ratio of trialkoxy and
dialkoxasilane monomers used. The change in hardness could be related to the change in
the cross-linking degree also, verified by increasing glass transition temperatures as
described for other thermally curable polysilsesquioxanes and by thermogravimetric
data.'® All samples are temperature stable up to minimum 360 °C. A long-time heat
treatment at 200°C, as well as long-time irradiation of the gels with 450 nm light, does not
change the properties of the material, making it stable and reliable as encapsulation, also
for high power applications. Due to its properties, especially its tunable refractive index and
its sustainable platinum-free curing process, this material is remarkably interesting for any

optoelectronic application that needs transparent encapsulation.
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Polysiloxanes for applications in the area of optical devices are usually based on two-component platinum
catalysed cross-linked materials. Here we report the synthesis and properties of a novel one-component
siloxane that can be thermally cured showing similar tailorable properties like commercially available
encapsulation systems without using a noble metal catalyst. The pre-curing material is formed by an acid
catalysed condensation reaction of trialkoxysilanes (TAS), dialkoxysilanes (DAS) and alkoxy-terminated
polysiloxanes. NMR analysis of the formed polymeric compounds reveal that the materials are partially
cross-linked gels. The obtained compounds can be thermally cured and consolidated at temperatures
between 160 and 200 °C. Depending on the composition a tuneable hardness in between 50-90 Shore
A, refractive indices of 1.494-1.505, as well as high temperature stabilities up to 443 °C were obtained.
The high thermal- and photostability, the high transparency, as well as the tailorable refractive index
makes these materials to ideal systems for optoelectronic applications. Investigations under increased
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Introduction

The developments in optoelectronic research lead to an
increasing interest in new packaging materials suitable for
high-performance applications. For instance light emitting
diode (LED) curable encapsulations require excellent process-
ability and have to reveal high stability under various conditions
to ensure steady optical efficiencies and lifetimes.*® The
thermal stability required in this context is defined as a resis-
tance against discolouration and changes in transparency
caused by the temperatures prevailed at the LED parts which are
usually around 120-150 °C.>'° Beside thermal aging, light
initiated photo degradation can occur caused by the constant
exposure to high light radiation densities with wavelength
between 200-500 nm.'*** The two most common used pack-
aging materials for optoelectronic applications are two-
component polysiloxane elastomers, thermally curable by plat-
inum catalysed hydrosilylation (Scheme 1), or irradiation
curable epoxy systems.”**"”

The commercially used two-component polysiloxanes are
suitable for many different applications and meet all the
important requirements for conventional LEDs with inorganic
converters. However, new applications like rare earth reduced

Saarland University, Inorganic Solid State Chemistry, Campus Building C4;, 66123
Saarbriicken, Germany. E-mail: guido.kickelbick@uni-saarland.de

t Electronic supplementary information (ESI) available: Including NMR and FTIR
data and a LED packaging demonstration section. See DOI: 10.1039/c8ra09801h
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typical for high-performance light emitting diodes (LED).

LEDs containing converters based on organic dyes have addi-
tional requirements. The lifetime of the components in these
organic converters often depends on oxygen permeability and
the composition of the matrix material."®** Platinum traces and
reactive hydride groups can potentially interact with the organic
dyes and result in a reduced performance of the device. From an
ecological and economical point of view, non-recyclable noble
metal compounds should be avoided in modern materials.
Epoxy based polysiloxanes are a known alternative but a heat- or
light-initiated change in properties, like a colouration often
occurs.>?***' Thiol-en curable polysiloxanes are also potential
alternatives.”*?* But sulphur containing systems are not suit-
able for devices with silvered parts used in common LED tech-
nology, due to the formation of silver sulphides colouring the
encapsulation.* Other alternative materials like hybrid sol-gel
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Scheme 1 Example of a platinum catalysed hydrosilylation cross-
linking reaction of a two-component polydimethylsiloxane resin
containing Si—vinyl and Si—H reactive pendant and end groups.
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glasses are often hard and rigid in the consolidated state.>® For
applications that require a high flexibility at high temperatures
these materials are also not suitable. Variations in the coeffi-
cients of thermal expansion of the lead frames, chips, wires, and
other device components demand a high elasticity of the
packaging material, especially under working conditions. This
is one reason why silicone elastomers are currently the most
often used encapsulation materials in LEDs.””**

The development of new platinum free curable polysiloxanes
with a high degree of elasticity but also suitable properties for
optoelectronic applications was the main goal of our studies.
For this reason, new materials were produced by an acid cata-
lysed condensation reaction of different trialkoxysilanes (TAS),
dialkoxysilanes (DAS), and alkoxy-terminated polysiloxanes.
Heat treatment of the obtained partially cross-linked gel
precursor leads to a curing process, which consolidates the
material by further condensation reactions of the alkoxysilane
groups. The viscosity of the liquid precursor as well as its
refractive index can be tailored by its composition, which also
influences the properties of the consolidated materials (CM),
such as hardness and elasticity.”® Finally we investigated the
properties of the resulting materials with respect to applications
as packaging materials for optoelectronic devices.

Experimental
Materials

Dimethyldimethoxysilane ~ (97%),  methyltrimethoxysilane
(97%), phenyltrimethoxysilane (97%) and methoxy terminated
polydimethylsiloxane (5-12 cst.) were all purchased from ABCR
(Germany). 1,4-Diazabicyclo[2.2.2]octane (98%) was purchased
from Alfa Aesar (Germany). Hydrochloric acid was provided
from Bernd Kraft GmbH (Germany) and potassium hydroxide
(85%) from Griissing GmbH Analytica (Germany). All chemicals
were used as received (Scheme 2). The hydrochloric acid was
diluted to pH = 2.5 with demineralised water. Potassium
hydroxide was dissolved in methanol (0.11 mol 1" "). The purity
of all precursors and the averaged chain length of the methoxy-
terminated polydimethylsiloxane were characterised by 'H and
29Si NMR spectroscopy (see ESI Fig. ESI1-81).

Instrumentation

Fourier transformed infrared spectra (FTIR) were recorded in
total reflectance mode on a Vertex 70 spectrometer (Bruker
Corporation, USA) from 4500-400 cm "' with a resolution of
4 cm ™! increment and 10 scans averaged. UV-VIS transmission
measurements were performed on a Lambda 750 instrument

GHs ¢Hs GHs |GHs | CHs
H,C-0-8i-0-CH;  H(C-O-Si-O-CHy  HiC-O-Si-0-CHy  H,C-O-§i-0-{8i-OF§i-0~CH;
9 9 CHs Chs [CHs | CHs
CHjs CHs
PhSi(OMe) 3
Phenyltrimethoxysilane

MeSi(OMe) 5 Me,Si(OMe), PDMSi1,(OMe),

Methoxy terminated Polydimetylsiloxane

Scheme 2 Structures, names and abbreviations of the monomers
used in the synthesis.
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(Perkin Elmer Inc., USA) equipped with a 100 mm integration
sphere from 700-350 nm with a 2 nm increment and 0.2 s
integration time. NMR spectra were recorded on an Avance III
300 MHz spectrometer and an Avance III HD 400 MHz spec-
trometer (Bruker Corporation, USA) with 300.13/400.13 MHz for
'H NMR spectra and 59.63/79.49 MHz for *°Si NMR spectra. All
NMR samples were prepared in methanol-d, (MeOD,) or
chloroform-d (CDCl;). CP-MAS NMR spectra were recorded on
an Avance III HD - Ascend 400WB spectrometer (Bruker
Corporation, USA) with 13 KHz rotation, 100.65 MHz for **C and
79.53 MHz for >°Si NMR spectra. The absolute value of viscosity
was determined applying a MCR-301 rheometer with a CTD-450
convection heating system (Anton Paar GmbH, Austria) in
oscillatory mode with a plate-plate geometry using a 25 mm
PP25 measuring plate, an amplitude of 5%, a frequency of 1 Hz
and a normal force value of 0. The refractive index was
measured using an AR4 Abbé refractometer with a PT31 Peltier
thermostat (A. Kriliss Optronic GmbH, Germany) at 20 °C and
590 nm LED illumination. Thermogravimetric measurements
were carried out applying a TG209 F1 Libra thermo-
microbalance (Netzsch-Gerdtebau GmbH, Germany) at a heat-
ing rate of 10 K min ™" to 250/800 °C with a gas flow of N,/O, of
20 ml min~! each. Differential scanning calorimetry was per-
formed with a Netzsch DSC 204 F1 Phoenix calorimeter in
aluminium crucibles with pierced lids under nitrogen (100
ml min™") applying a heating rate of 5 K min~" from —40 to
400 °C. An Axioskop 50 transmitted light/fluorescence micro-
scope (Carl Zeiss Microscopy GmbH, Germany) with an Axio-
Cam MRc (1388 x 1040 pixel) was used for the visualization of
sub millimetre structures. A quadruple film applicator Model-
360 (Erichsen GmbH & Co. KG, Germany) was applied to
produce 13 x 0.12 mm polymer films on glass object slides
(VWR International GmbH, Germany) for transmission
measurements. The thickness of the samples was determined
applying a FMD12TB precision dial gauge (Kéifer Messuhren-
fabrik GmbH & Co. KG, Germany) with an accuracy of 1 pm.
Hardness measurements were performed using a Sauter HBA-
100 Shore-A durometer (Sauter GmbH, Germany). A self-
fabricated fibre coupled 450 nm wavelength illumination
system with 710 mW LEDs (6 x LDW5SN) was applied as irra-
diation source for photostability experiments.

Preparation

A certain amount of phenyltrimethoxysilane [PhSi(OMe)s],
methyltrimethoxysilane  [MeSi(OMe);], dimethyldimethox-
ysilane [Me,Si(OMe),], and hydrochloric acid (1.5x n[alkox-
ysilanes]) were stirred in a sealed vial (45 °C, 3 h, 320 rpm).
Methoxy terminated polydimethylsiloxane [PDMSi;;-(MeO),]
(0.7% of n[alkoxysilanes]) was added under further stirring
(45 °C, 18 h, 320 rpm). The mixture was transferred into
a beaker (100 ml) and stirred until gelation occurred (25 °C, 0.5-
1 h, 150 rpm). Gelation was detected by homogenous distrib-
uted remaining gas bubbles and significant increase of
viscosity. The beaker was transferred into a compartment drier
to interrupt the gelation by removing water, hydrochloric acid,
and methanol (110 °C, 1 h). The observed transparent gels were

This journal is © The Royal Society of Chemistry 2019
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PhSi(OMe), + MeSi(OMe), +
Me,Si(OMe),+ HCI (pH: 2.5)

45°C
3h
sealed
PDMSi,,(OMe),
45°C
18 h
sealed

1h

Precursor Gel (G) S
Optional base addition

[---------- i KOHin MeOH (0.1 mol L"), !
Consolidation ! DABCO, I
160 - 200 °C b ‘
> 8h

|
Consolidated elastic
Material (CM)

Fig. 1 Schematic procedure for the synthesis of a platinum free,
thermally curable polysiloxane based material.

isolated and cooled to room temperature (Fig. 1). The concen-
trations used in the synthesis of the different samples are pre-
sented in Table 1.

Curing procedure

The material was consolidated by heating in a mould or cavity
(150-200 °C, 8-72 h). The consolidation time was depending on
the materials’ composition, the sample thickness, and the
consolidation temperature. The consolidation process was
terminated when the sample was not sticky anymore at the
surface. Addition of small amounts of base (1-20 mmol g %) to
the gel resulted in reduced consolidation times and tempera-
tures (=60 min). The consolidated materials were crack-free
and depending on the chemical composition flexible and
elastic (Fig. 2A). The unconsolidated gels were either cast into
PTFE (30 x 10 x 1 mm) or aluminium moulds (8 x 2 mm), or
films were prepared on glass slides (13 x 0.12 mm) for the
mechanical or optical measurements. Samples 1 and 2 were

View Article Online

RSC Advances

Fig. 2 (A) Sample 4 cast in an aluminium frame and consolidated for
72 hat 200 °C. The cured, flexible and crack free material shows a high
transparency. (B) Sample 4 cast in polyphtalamide LED lead frame (1.4
x 0.7 x 4.0 mm).

heated for a better processability (110 °C). The prepared
samples were consolidated in a compartment drier (160 or
200 °C, 72 h). The observed transparent materials (CM) were
cooled to room temperature and isolated. To demonstrate the
processability of the precursor polysiloxanes a polyphtalamide
LED lead frame (1.4 x 0.7 x 4.0 mm) was cast with samples 4
and 6 by hand. The filled lead frames were heat-treated to cure
the polymers (160 °C, 20 h) (Fig. 2B). Further images of the cast
lead frames are presented in the ESI.}

Base catalysis

Exemplarily one sample was studied to investigate the effect of
base catalysis on the curing behaviour. To study this effect
potassium hydroxide (0.093 g, 1.65 mmol) was dissolved in
methanol (14.949 ml, 0.369 mol, 0.11 mol 17"). Different
amounts of this solution (0.0, 1.0 and 2.5 ul) were added and
mixed to a portion of a 60 day aged sample 4 (0.2 g) each. The
change of viscosity was measured isothermal at 110 °C with the
given parameters.

Heat and photostability experiments

Long-time stability of the cured polymers was tested after the
main curing procedure by heat and irradiation exposure
experiments to simulate the operation conditions in high
performance LED applications. The sample films on glass
substrate were heat treated for 1177 h at 200 °C. After the heat

Table 1 Quantities of substances used for the synthesis of sample 1-8, percentage of phenyl groups, trialkoxysilane monomers (TAS), dia-
lkoxysilane monomers (DAS) and methoxy-terminated polydimethylsiloxane (PDMS)

n[PhSi(OMe);], n[MeSi(OMe);], n[Me,Si(OMe),], n[PDMSi;;-(MeO),],
Sample mmol mmol mmol mmol Ph[calc.]/Ph['"H NMR]*, % TAS?, % DAS’, % PDMS’, %
1 25.23 20.02 3.23 0.35 42.5/42.5 92.68 6.61 0.71
2 25.27 17.71 6.31 0.36 39.9/39.9 86.58  12.72 0.70
3 25.23 13.24 12.59 0.35 35.4/34.9 74.84  24.48 0.68
4 25.21 11.33 15.69 0.35 33.4/33.1 69.50  29.84 0.66
5 25.06 8.81 18.78 0.35 31.7/31.3 63.90  35.44 0.66
6 25.21 7.69 20.44 0.37 31.0/30.3 61.28  38.07 0.65
7 25.23 6.61 21.89 0.35 30.3/29.9 58.87  40.48 0.64
8 25.21 4.35 25.10 0.35 28.8/28.8 53.73  45.63 0.63

“ Percentage of phenyl groups regarding to the total number of alkyl and aryl groups Ph[calc.]: calculated from the weighted portions; Ph['H NMR]:
calculated from the integration of "H NMR signals (NMR spectra see ESI). ? Mole percentage of the summed amount of substance of trialkoxysilanes
(TAS), dialkoxysilanes (DAS), and polydimethylsiloxanes (PDMS), respectively.

This journal is © The Royal Society of Chemistry 2019
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treatment the transmission of the samples was determined. For
photostability experiments the aluminium mould cast and
cured samples were radiated on a self-prepared fibre coupled
450 nm wavelength illumination system with 710 mW LEDs (6
x LDWS5SN) for 692 h. The transmission of the samples was
determined at different times during the experiment.

Results and discussion

Platinum free cross-linked polyphenylmethylsiloxanes with
tailorable properties for optoelectronic applications were syn-
thesised by an acid catalysed hydrolysis and condensation
reaction from alkoxysilanes. In the first reaction step trialkox-
ysilane (TAS) and dialkoxysilane (DAS) monomers were added to
diluted hydrochloric acid, hydrolysed and condensed forming
oligomer and polymer chains as well as partially cross-linked
structures (Fig. 3). After three hours of reaction a methoxy-
terminated oligodimethylsiloxane = (PDMSi;;(OMe),) was
added, which should lead to an additional but less closed-
meshed cross-linking of the network (Scheme 3). After further
stirring, the reaction was stopped by heating the mixture to
110 °C, which removes the excess of formed methanol and
water. The resulting compounds were transparent polymer gels.
Phenyltrimethoxysilane  [PhSi(OMe);] applied as
a precursor to increase the refractive index.” The amounts of
PhSi(OMe); and methoxy-terminated oligomer [PDMSi;;-
(MeO),] were kept constant in the reaction mixture. The quan-
tity of trimethoxysilane [MeSi(OMe);] was stepwise substituted
by dimethyldimethoxysilane [Me,Si(OMe),]. This exchange of
trifunctional T unit monomers by difunctional D units leads to
a less cross-linked structure. At the same time, the percentage of
phenyl- compared to methyl-groups decreases, which causes
a simultaneous decrease of the refractive index.

The isolated polymers were cured without any further cata-
lytic activation by simple heat treatment of the gels at

was

wQ-Si- O{S:l O} SII j=Om
Condensation 1
PhSi(OMe), + MeSi(OMe),
+ Me,Si(OMe),
HCI (pH: 2.5) Transfer into
3h, 45 °C, sealed open beaker

Condensation 2
Adding PDMSi,,(OMe),,
18h, 45 °C, sealed

Purification
110 °C, 1 h, oven,
open atmosphere

Gelation
1 h, 25 °C, open atmosphere

Curable Precursor Gel

Fig. 3 Scheme of the preparation of the polysiloxane gels. After the
condensation of DAS and TAS monomers a methoxy-terminated
polysiloxane was added to the reaction. The reaction vessel was
opened to form a gel due to the loss of water and methanol. The
reaction was interrupted by a heat treatment to remove excess of
water, methanol, and hydrochloric acid from the products.
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a)

b)

Scheme 3 Schematic formula (a) and structure of a consolidated
sample (b). TAS (black), DAS (red) and PDMS (blue) are highlighted in
the given colours.

temperatures above 150 °C remaining water and methanol were
removed and a further network forming process was started. In
this step, the previous gel-like materials formed solid but elastic
cross-linked polymers (Scheme 3b).

Eight gel compositions were synthesised containing
different ratios of MeSi(OMe); to Me,Si(OMe), (Table 1). Addi-
tion of small amounts of base to the gels before curing reduces
the consolidation time and temperature due to the pH depen-
dency of the condensation reaction.**** The unconsolidated
gels are also subject to an ageing process, in which the viscosity
of the gels increases with storage time at room temperature.

NMR studies of the condensation behaviour

Two-dimensional *°Si-"H HMBC NMR spectroscopy was used to
follow the condensation reaction of the different monomers
exemplarily for the syntheses of four samples (Fig. 5). Samples
1, 2 and 3 with a stepwise increasing amount of DAS and sample
8 with the highest amount of DAS were chosen. We did not
observe any significant differences in the data of samples 3 and
8, therefore no further samples were studied. Small samples
were withdrawn from the reaction mixture after 3 h of hydro-
lysis (before adding PDMSi,;-(MeO),) and after the completed
synthesis. Due to the high concentration of the different
molecules (hydrolysed and non-hydrolysed, monomers, oligo-
mers, polymers, rings, etc.) the >°Si NMR chemical shifts are
very broad which results in a poor resolution of the spectra.
Therefore, a range is given for the measured chemical shifts of
the different functional groups. The recorded spectra are part of
the ESL.T The spectra of sample 1, 2, 3 and 8 show all possible
signals of the trifunctional T units except T° (Table 2). Therefore
it can be concluded that all phenyltrimethoxysilane
[PhSi(OMe);], and methyltrimethoxysilane [MeSi(OMe);]
monomers reacted at least with one additional molecule or are
part of a linear or cross-linked structure. Furthermore, it
appears that all T signal couple with the methoxy groups except
T>. Hence, not all methoxy groups of the trialkoxysilanes were
hydrolysed before reacting with other molecules. The signals
caused by difunctional D wunits of [Me,Si(OMe),] show
a different behaviour. In sample 1 and 2 with the lowest
concentration of Me,Si(OMe), no D° signals of unreacted

This journal is © The Royal Society of Chemistry 2019
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Table 2 Ranges of the cross peaks measured with the 296i—H HMBC 2D correlation NMR spectroscopy of sample 1, 2, 3 and 8¢

295i [PhSi(OR);_,] 'H [PhSi(OMe);_,] "H [PhSi(OMe);_,] Functional Group Sample 1 Sample 2 Sample 3 Sample 8
—78...—80 7.82...7.4 — T + + + +
—71...—74 7.82...7.4 3.65...3.28 T + + + +
—66...—69 7.82...7.4 3.65...3.28 i + + + +
—59...64 7.82...7.4 3.65...3.28 T + + + +

¢ Corresponding atoms are highlighted; di- or trifunctional groups are classified. Detected cross peaks are assigned with a “+”, not detected cross

peaks are assigned with a “—”.

9Si [MeSi(OR);_,] "H [MeSi(OMe);_,] 'H [MeSi(OMe);_,] Functional group Sample 1 Sample 2 Sample 3 Sample 8
—62...—68 0.36...—0.26 — i + + + +
—56...—60 0.36...—0.26 3.65...3.28 T + + + +
—52...—56 0.36...—0.26 3.65...3.28 T + + + +
—44...—-50 0.36...—0.26 3.65...3.28 T + + + +

295i [Me,Si(OR),_,] "H [Me,Si(OMe),_,] 'H [Me,Si(OMe), ] Functional group Sample 1 Sample 2 Sample 3 Sample 8
—18...—22 0.36...—0.26 — D’ + + + +
—15...-18 0.36...—0.26 — D’ + + + +
—9.5...—12 0.36...—0.26 — D! + + — -
—9.5...—12 0.36...—0.26 3.65...3.28 Dol — — + +
2... =5 0.36...—0.26 3.65...3.28 Do - — + +

dialkoxysilane monomers are detected (Fig. 4), which means
that all monomers reacted at least once with a second molecule
or are part of a linear or cross-linked structure. This argument is
supported by the detected D' and D? signals. Additionally the D*
signals can be separated in D,' and D,". The indexed number
gives the amount of hydroxyl groups attached to the molecule. A
D,' signal is caused by a monomer with no hydroxyl group;
aD," signal is caused by a monomer with one hydroxyl group. In
the spectra of sample 3 and 8 with an intermediate and high
concentration of Me,Si(OMe), the D' signals of end groups and
D” signals of linear or cross-linked units are observed. D°
signals are also detectable in both samples, which belong to the

unreacted monomers. We can conclude from these
DOCD, DOCD,
Ph-Si H,0 MeO-R Me-Si
B -90
-80
* ! 70
T ' U 60
' =0 g
40 &
=]

o 1

8.0 6.5 5.0

35 2.0 05

3 [ppm]

Fig. 4 2°Si-'H HMBC 2D NMR spectrum of the reaction mixture of
sample 1 after 3 h of condensation reaction before addition of
methoxy-terminated polydimethylsiloxane. Chemical shifts: T: tri-
functional units, D: difunctional units, Ph=Si: phenyl groups, DOCDs:
methanol-d4, Me-OR (R = H, Me): methanol and methoxy groups,
Me-Si: methyl groups.
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observations that the reactions of the DAS monomers seem to
be not completed in the first three hours of stirring. Examining
the condensation behaviour of the precursors, we can conclude
that TAS reacts with each other and with the DAS forming linear
and cross-linked structures. By increasing the DAS concentra-
tion, the number of unreacted DAS monomers increases, while
no unreacted TAS can be detected in any measured sample. Our
synthetic procedure resembles literature known procedures in
which the resulting materials are solid, hard, and rigid.
However in these studies TAS is condensed first for several
hours before DAS is added dropwise.>***” This leads to highly
cross-linked structures, mainly consisting of regions with full
condensed T*-T° units with D?, T> and D" groups connecting the

relative Absorption

T T T T 1
1270 1260 1250 1240 1230

Energy / cm™

T T
1300 1290 1280

Fig. 5 Enlarged segment of the FTIR spectra of sample 1-8. The
spectra show the decrease of the vibration band at 1269 cm™* [§(C—H
[Si—CHz3])] caused by the decreasing concentration of MeSi(OMe)s and
an increase of the vibration band at 1259 cm™* [§(C-HISi-CHs])]
caused by the increasing concentration of Me,Si(OMe), in the final
product.
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edges of this regions.®® In our studies the addition of DAS
directly to the condensation reaction of TAS units leads to a less
cross-linked and flexible structure with T*, T and T? units. After
completion of the reaction the D° signals are not detectable
anymore but D" end groups. All measured NMR spectra are part
of the ESI (Fig. ESI7-28).+

FTIR spectroscopy of the unconsolidated gels

Directly after removing methanol and water at 110 °C for 1 h the
freshly prepared gels were cooled to room temperature and
characterised by FTIR spectroscopy. All samples show the ex-
pected vibration bands of phenylmethylpolysiloxane networks
indicated by the very broad »(Si-O) vibration bands at 1052,
1016, 806 cm™ "' and the vibration bands of the methyl and
phenyl side groups at 1259, 1269 [6(C-H[Si-CH;])]; 1130 6(Si-
C)ar, 726 cm ' [p(C-H[Si~(CH3),])], and 694 cm ' [(Si-C)]
(Fig. ESI297).* All other vibration bands at 3380 »(O-H), 2840
[v(C-H[O-CH;])], and 846 [6(Si-O-CH;)] are caused by the
pendant and terminal methoxy groups as well as unreacted
monomers, methanol, or water (Fig. 6). The vibration ¢(C-H[Si-
CH;]) bands at 1259 and 1269 cm ™' prove the stepwise substi-
tution of methyltrimethoxysilane [MeSi(OMe);] by dimethyldi-
methoxysilane [Me,Si(OMe),] from sample 1 to 8. The vibration
band at 1259 cm ' is caused by the CH; groups of the
MeSi(OR); (R = Si, Me, H) units. The vibration band at
1269 cm ™! belongs to the CH; groups of the Me,Si(OR), (R = Si,
Me, H) units (Fig. 5). As a result of the substitution the intensity
of the band at 1269 cm™" decreases while the intensity of the
band at 1259 em™ " increases.

HCI was used as a catalyst in the hydrolysis and condensa-
tion reactions for the preparation of the precursor poly-
siloxanes. Residues of HCl can be harmful for materials in
optoelectronic devices. Therefore, we investigated the presence
of HCI after the synthesis of the precursor polymers and were
not able to detect any HCI after the heating step in the poly-
siloxane synthesis by TG-FTIR experiments.

1000000 m [nl@23°C
N e |n’l@110°C
100000 -
n
@ 10000 ® -
o PY ]
= n
E ]
— 10004
[}
100+ ® o
©
10 T T T T T T T

-

2 3 4 5 6 7 8

Increasing amount of DAS

Fig. 6 Averaged absolute value of viscosity of sample 1-8 measured
isotherm at 23 and 110 °C for 10 min. The increase of DAS leads to
a decrease of viscosity, due to less cross-linked and more linear
structure motives.
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Viscosity of unconsolidated gels

The absolute value of viscosity was determined at 23 and 110 °C
directly after the synthesis of the unconsolidated materials
using a rheometer in oscillatory mode with a plate-plate
geometry to determine the temperature dependent processing
range for the materials. Due to the stepwise substitution of TAS
by DAS units from sample 1 to 8 a simultaneous decrease of
cross-linking respectively of viscosity is expected.'® The viscosity
of sample 1 and 2 was too high for a determination at room
temperature. An increase in temperature to 110 °C results in
a significant decrease of the absolute value of viscosity of the
samples from 1 to 8 (Fig. 6). As expected, a decrease of TAS/DAS
ratio leads to a decrease of viscosity from 362 079 to 1324 mPa s.
This trend was also reported in literature for vinyl-
phenylpolysiloxane (22 658 to 3928 mPa s).'* Comparable non
vinyl containing but also curable sol-gel based materials are
solid and cannot be processed at room temperature but also
soften at higher temperatures.*®**>* Generally viscosities of
10 000-300 000 mPa s respectively 3000-15 000 mPa s are
required for the manufacturing of optoelectronic devices by
moulding or dispensing processes.>”*

Ageing experiment

All prepared samples show an increasing absolute value of
viscosity with long storage times at room temperature. This
ageing process is caused by the loss of excess of reaction
products like water and methanol and by further condensation
reactions induced by Si-OMe and Si-OH groups.’**** The ageing
of the gels was studied exemplarily on sample 4 by measuring
the absolute value of viscosity isothermally at 30 °C for 260 h.
Subsequently the sample was heated to 110 °C to evaluate the
processability and to 200 °C to evaluate the curing process after
the ageing. The absolute value of viscosity of sample 4 increases
during the heat treatment at 30 °C from 32 000 to 142 800 mPa s
(Fig. ESI321). A fast increase of viscosity was observed in the first
20 h, afterwards there is only a slow but steady increase up to
260 h. The sample is still liquid and gel like after the ageing.
Heating the sample to 110 °C results in a strong decrease of the
absolute value of viscosity from 142800 to 270 mPa s
(Fig. ESI331), which confirms that the processability of the gel is
not influenced by the ageing experiment.

Refractive index of unconsolidated gels

Polymeric encapsulation materials in optoelectronic devices
require a defined and preferably high refractive index.>”*

Especially in applications in which light is uncoupled from
a device like LEDs a high refractive index is mandatory to
prevent total internal reflection phenomena.® Commercially
used high refractive index (HRI) polysiloxanes often contain
aromatic side groups to increase the refractive index. Low index
polydimethylsiloxane based systems (LRI) usually reveal an RI
of 1.40 while polyphenylmethylsiloxanes show a value of 1.54
(Table 3).73%°

In our materials we used a similar approach. The percentage
of phenyl groups decreases from sample 3 to 8 from 37 to 32%

This journal is © The Royal Society of Chemistry 2019
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(Fig. 7), which decreases the refractive index from 1.505 to
1.494. Based on the gradual substitution of MeSi(OMe); by
Me,Si(OMe), the overall concentration of phenyl groups, which
also influences the refractive index.'® The refractive index of
sample 1 and 2 could not be determined by Abbé refractometry
due to its very high viscosity at 20 °C. By extrapolation we expect
the RI of these materials to be in the range of 1.508-1.510.

Curing behaviour investigated by >°Si and *C CP-MAS NMR
and TG-FTIR

CP-MAS NMR spectroscopy was applied for further character-
ization of the consolidated materials. The amount of DAS
increases from the consolidated samples 1, 3, and 5. We were
not able to prepare CP-MAS NMR samples with a higher amount
of DAS (sample 6-8) because these compounds were too elastic
for grinding. The main objective of this study are the changes in
D or T signals caused by the consolidation process. A completely
cross-linked structure would be distinguished by T° and D’
signals only. >°Si and "*C NMR spectra of three samples with
different compositions were measured. In the *°Si NMR spectra
we detected eight signals for individual Si groups (Table 4). The
Me,Si(0Si)(OMe) end groups generate a very weak, barely
assignable signal in the D' range from —5 to —12 ppm (Fig. 8). A
second very strong signal can be assigned in the D* range of —15
to —25 ppm. It indicates a nearly complete linkage of DAS
monomers to Me,Si(OSi), chain parts or side products like
cyclosiloxanes.*® The more high field shifted T signals at —52 to
—85 ppm show a splitting in T*, T and T° of the PhSi(OR); and
MeSi(OR); groups. The presence of the different T' and T>
signals shows that the material is not completely cross-linked.
Comparable results were obtained for the inorganic-organic
hybrid glasses obtained by the so-called melting gel approach.®®
Due to the fact that the very broad chemical shifts of the
[PhSi(OR);_,] and [MeSi(OR);_,| units were superimposed
a quantitative determination was not expedient. The T> chem-
ical shifts of [PhSi(OR);_,] are located in the region of
—66...—69 ppm. The T° chemical shift of [MeSi(OR);_,] are
located at —62...—68 ppm. There is no indication for a reason-
able separation of the peak areas. Therefore a degree of
condensation cannot be calculated accurately. A correlation

Table 3 Refractive indices of published high refractive index (HRI) and
low refractive index (LRI) packaging materials®

nd,o (LED

encapsulant) Reference
1.505 This work (S3)
1.53 41

1.40 41

1.41 42

1.53 42

1.5402 16

1.5597 9

¢ All materials reported in literature are polysiloxane based and were
thermally cured applying a platinum catalysed hydrosilylation
reaction. The value of S3 was determined in unconsolidated state.
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Fig. 7 Refractive indices and calculated percentage of phenyl groups
for sample 3—-8. The refractive index is directly correlated to the phenyl
content. A higher phenyl content leads to a higher refractive index.

between the samples composition and the cross-linking degree
is given by the systematically decrease of viscosity and hardness
and by the increase glass transition temperatures shown in
a following chapter.

The **C CP-MAS NMR spectra are in good agreement with
the 2°Si results showing a not entirely cross-linked structure
(Fig. ESI347). The expected chemical shifts of the carbon atoms
at 120 to 140 ppm (Si-Ph), 51 to 47 ppm (-O-CHj), 2 to —2
(-(0),-Si—(CH3),) and —2.5 to —8.5 (-(0);-Si-CHs;) of the struc-
ture were detected. The chemical shift of -O-CH; is caused by
D', T', and T? units and indicates the not complete hydrolysis of
the methoxy groups in these units during the reaction. Related
materials described in literature reveal a significant loss of DAS
monomers or side products caused by the curing procedure
shown by quantitative analysis of the "*C MAS NMR data.’®

In the condensation process six and eight membered cyclo-
siloxanes can be formed and can evaporate at elevated
temperatures.®® Because these ring forming reactions are inde-
pendent of the compositions used, we studied the evaporation
gases of the precursor gel of sample 5 exemplarily by TG-FTIR
coupling methods. Isothermal heating at 250 °C for 4 h
revealed a significant mass loss immediately after raising the
temperature (Fig. ESI367). Additionally, sample 15 was heated
to 100 °C and the evaporated gases were directly transferred into
a solvent (CDCl;) for further NMR investigations.

The slope of the TG mass curve decreases and approximates
a constant value. After 306 minutes at 250 °C the overall mass
loss of the sample was 10%. In the IR spectra of the evolved
gases the first absorption bands appear at 1350-1600 cm ™'
[6(O-H[H,0])], which indicates the loss of water and at 1268
[6(C-H[Si-(CH;)])] and 1083, 1033, 808 cm ™~ [¥(Si-O-Si)], which
indicates the loss of siloxane units at temperatures =74 °C
(Fig. 9). At 220 °C new vibration bands at 1066, 1033 and 1000
cm?” [¥(C-0)] appear caused by the loss of methanol, which is
one reaction product of the condensation reactions. The
methanol and DAS signal intensities decrease during the
isothermal treatment and disappear completely afterwards. The
water signal intensity increases steadily.

These results show the presence of DAS units in the evapo-
rated gases as well as a significant mass loss of the precursor gel

RSC Adv., 2019, 9, 2205-2216 | 2211
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Table 4 29Si CP-MAS NMR chemical shift range and corresponding building units in the consolidated material

6 *°Si/ppm [Me,Si(OR),_,]

4 *°Si/ppm [PhSi(OR);_,] 4 *°Si/ppm [MeSi(OR);_,]

D! —5...—12

D* —15...-25

T _

T, _

Ty _

T —

Tersiiors
Thonsi Tyesi(or)3
Sample 1 DZ,\/[ezsi(OR)2 PhSi(OR)3 TZe i

TzMeSi(OR)3 PhSi(OR)3

p?
Me2Si(OR)2

T3Phsi(OR]3

Sample 3

Sample 5

15 10 5 0o 5 -15 -25 -35 -55 -65 -75 -85 -95

5[,;,;‘.31
Fig. 8 2°Si CP-MAS NMR spectra of sample 1, 3, and 5. The detected
chemical shifts can be aligned to the di- or trifunctional DY, D?, T%, T2,
and T3 structure units, which are superimposed in some cases shown
by the annotations.

Ramp
—27°C
—74°C
125°C
——174°C
223°C

5(0-H [Water]) ~ 1350 - 1600 cm)

HCHTCH,) = 1268 o) _

Isotherm (250 °C)

Absorption / a.u.

—— 37 min

__v(SI-O-Si)= 1083, 808 om" 157 min
—— 196 min
600 —— 306 min

T T T T
1600 1400 1200 1000 800

Energy / cm™

Fig.9 FTIR spectra of the evaporated gasses from sample 5 during the
isothermal thermogravimetric measurement at 250 °C for 250 min.

in the first hours of curing. The collected evaporation gases,
which were transferred into a NMR solvent were measured with
?9Si-'"H 2D HMBC NMR experiment (Fig. 10). The '"H NMR
spectrum shows three main chemical shifts at 1.53 ppm, caused
by water, and 0.09, 0.08 and 0.07 ppm caused by CH; units at
a silicon atom. The only detectable cross peaks with the CH;
units are observed between —17 and —22 ppm can be assigned
to D? structural motifs of (Me,SiO), molecules.** This observa-
tion proofs the presence of small, fully condensed, and volatile
dimethylcyclosiloxanes in the precursor gel and explains the
former reported loss of DAS units.*® The formation of these side

2212 | RSC Adv., 2019, 9, 2205-2216

—59...64 —
—66...—69 —52...—56
—71...—74 —
—78...—85 —62...—68

products during the polycondensation reaction cannot be pre-
vented as long as Me,Si(OMe), monomers are involved in the
reaction.

These cyclosiloxanes can be formed by DAS monomers and
the methoxy-terminated polydimethylsiloxanes during the
condensation reactions.**** However, the mass loss in the final
materials based on formed dimethylcyclosiloxanes is low
compared to the mass loss of the excess of water. The properties
of the cured material are not influenced by these side products.

Hardness of the consolidated materials

After the liquid gels were cast and consolidated in PTFE moulds
the hardness was measured at room temperature with a Shore A
durometer. For this purpose the specimen were stacked to get
the minimum of thickness required (6 mm). The substitution of
MeSi(OMe); by Me,Si(OMe), enables a tuneable hardness of the
consolidated materials. Similar to the viscosity of the uncon-
solidated gels the hardness can be correlated with the TAS/DAS
ratio (Fig. 11). Sample 7 and 8 were too soft for hardness
determination. The increase of Me,Si(OMe), leads to longer and
less cross-linked polymer chains, which directly correlates with
the consolidated materials’ hardness (Fig. 12).2%*°

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was used to determine
the glass transition temperature (7y) of the cured samples to

3 [ppm]

{0.00,~21.46¥
\

{0.04,-17.48}

24 2.0 1.6 0.4 0.0

1.2 0.8
5 [ppm]
Fig. 10 2°Si-*H 2D HMBC NMR spectrum of the evaporated gases of
sample 5 after heating it to 100 °C. Cross-peaks are only detected for
the coupling of Si and CHz (—17 and —22 ppm), which can be assigned
to D? structural motifs of (Me,SiO), molecules formed during the

condensation reaction.
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Fig. 11 Shore-A values of the samples 1-6 measured after consoli-
dation at 200 °C for 72 h in PTFE moulds. The increase of DAS leads to
a decrease of Shore-A hardness, due to less cross-linked and more
linear structure motives.

verify systematic changes in the cross-linking behaviour
(Fig. 14). The Ty is directly correlated to the cross-linking of the
silica network and indicated by a inflection in the DSC curve of
a sample.” An increase of T, indicates an increase of cross-
linking between the silicon atoms. The DSC was measured
from —40 to 400 °C with 5 K min~' under N, atmosphere (100
ml min™").

The DSC curves of samples 3-8 show a consistent decrease of
the T, caused by a decrease of cross-linking as already expected
from the hardness measurements (Fig. 13). The substitution of
Me,Si(OMe), by MeSi(OMe); leads to less cross-linked polymer
chains and a softer more flexible material resulting in the
decrease of T,.>**>%%” The signal intensity of sample 1 and 2 is
very weak, which makes the T, determination less accurate
(ESI377). The T, of sample 1-3 seems to be equal and not
influenced by a further increase of TAS. The degree of cross-
linking seems to be constant and maximized.

Base catalysed consolidation

The thermal consolidation of the liquid polymers is a time
consuming process dependent of the thickness of the cast
sample and the consolidation temperature. Even at high
temperatures up to 200 °C a sufficient consolidation state is
only reached after 72 h indicated by the loss of stickiness on the

Fig. 12 Images of a small piece of sample 3, 5 and 7 deformed by the
weight of a metal cylinder (1.9 g) for hardness demonstration. The
increase of DAS from sample 1-8 leads to a decrease of sample
hardness.
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Fig. 13 DSC measurements of the consolidated samples 1-8
measured from —40 to 400 °C with 5 K min~* under N, atmosphere
(100 ml min~Y). The substitution of Me,Si(OMe), by MeSi(OMe)s leads
to less cross-linked polymer chains resulting in a decrease of the glass
transition temperature T

samples surface. Addition of acids or bases to the liquid
precursor polymers can catalyse the cross-linking reactions.*
Using a base leads to the deprotonation of hydroxy groups in the
main structure which can attack other silicon atoms under-
going a Sn2 type reaction. The reaction rate is increased for
lowered electron density silicon atoms (ED: Si-O-Si < Si-OH <
Si-OR). This catalytic effect was studied by adding small
amounts of KOH to one sample exemplarily. For a qualitative
demonstration the change in viscosity a 60 days aged sample 4
was determined at 110 °C after adding different amounts of
KOH.

During the initial heating step all samples showed a decrease
of viscosity (Fig. 14). The KOH treated samples showed
a significant increase of viscosity at 110 °C, while the viscosity of
KOH free sample kept nearly constant. The increase can be

In’| I mPaS
Temperature / °C

102 . ’ . . - 20
0 5 10 15 20 25 30
time / min
—— O0mmolg' =——13.9 mmol g"
——55mmol g’ —. —Temperature / °C

Fig. 14 Absolute amounts of viscosity of the aged sample 4 after
adding different amounts of KOH measured with oscillation rheometry
(5 K min~* ramp, 110 °C).

RSC Adv., 2019, 9, 2205-2216 | 2213


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c8ra09801h

(cc)

RSC Advances

_ Sample 1 (d= 2mm)

<

K]
7]

K] @450nm, ~1.6 Wicm®
3 i —0
5 0.80 =
© 0.78 ——189

= ——278

0.76 1 376
—— 500

0.74+ 525
547

0.724 —— 645
0.70 —

T T T T T T )
350 400 450 500 550 600 650 700
Wavelength / nm

Fig. 15 Transmission spectrum of the consolidated sample 1 after the
given time of irradiation at 450 nm with ~1600 mW cm~2 and 60 °C.
There is no systematically change in transparency and no yellowing
due the light exposition.

directly correlated with the amount of KOH added to the
samples. A higher KOH concentration leads to more deproto-
nated hydroxyl species and increases the reaction and
condensation rate respectively. Therefore, the consolidation
time and temperature can be tailored by adjusting the amount
of added base and it leads to an exemplary reduction of
consolidation time from around 72 h to 30 minutes. The
consolidation temperature program must be optimised for each
composition to avoid bubble formation due to methanol or
water evaporation. If the material hardens too fast small gas
bubbles remain in the final material. A pre-treatment under
reduced pressure before casting is suggested to remove solvent
traces or gases. By using small amounts of a weaker base like
DABCO (pK};, = 5.2) bubble formation can prevented as well.

Transmission, heat and light treatment

For a comparable transmission measurement all samples have
to be smooth, without any inclusions or bubbles and homoge-
neous in thickness. For this reason, a polymer film of the gel (G)

460 T,
440
420
s
400
380-
360 -
OO
ST N
WAl ol Wl FaV ¥ o' o

Increasing amount of DAS

Fig. 16 Tos value of sample 1-8. It is >360 °C for all samples, which
makes it suitable for high power applications with high temperature
working conditions.
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was prepared with a film applicator (13 x 0.12 mm) on glass
slides for each sample. The as prepared samples were consoli-
dated in a compartment drier (200 °C, 72 h). Shrinkage occurs,
caused by the consolidation process indicated by the thickness
change from liquid (0.12 mm) to solid thickness (see ESIt). The
actual film thickness was determined at three different spots for
each consolidated sample before measuring UV/VIS.

All samples show transmission values of >0.98 between 350
and 730 nm immediately after the consolidation procedure
(Fig. 16). An additional heat treatment for 1170 h at 200 °C was
performed to investigate changes in transparency (Fig. ESI397).
After the heat treatment, no significant change in colour or UV/
VIS spectra were detected for samples 3-8. The more cross-
linked and very hard materials 1 and 2 were pealed off from
the glass slides after the heat treatment. No yellowing of the
material was detected. Optical grade epoxy resins and
commercial available HRI silicones show a much higher loss of
transparency even at 120 °C.* Non-commercial, literature
known platinum catalysed curable polysiloxanes also can show
a decrease of transparency causing a discoloration due to a high
temperature or light treatment.>** Under working conditions of
a LED the local temperature at the light emitting parts of a LED
for example can reach up to 150 °C and the irradiance can reach
values >500 mW mm™ > usually at 450 nm. Therefore a high
temperature- and photostability of the packaging materials is
required.” The samples 1, 3 and 8 were additionally cast in
aluminium moulds (d = 2 mm) to test the irradiation stability at
450 nm as well. After 690 h of irradiation small but unsystem-
atic changes in transparency were detected for the tested
samples (Fig. 15). The spectra of sample 3 and 8 are shown in
the ESI (Fig. ESI38).f The lower value of transparency of the
irradiated samples compared to the heat-treated ones is caused
by the higher sample thickness of 2 mm and the slightly
structured and unpolished surface of the samples. All measured
samples show unsystematic changes. The transparency of
sample 1 and 3 increases slightly.

Changes in transparency of sample 8 show no trend. The
highest decrease in transparency detected is about 0.04.
Compared to the reported decrease of transparency of 0.05 for
a commercially HRI silicone and over 0.25 for an epoxy resin
due to a 480 h UV light treatment the here reported materials
show a high photostability.

Thermogravimetric studies

For a further characterization of the heat stability the consoli-
dated materials were heated up to 800 °C with 10 K min~* and
under N,/O, with a gas flow of 20 ml min~" to investigate the
degradation behaviour respectively (Fig. ESI35%). To evaluate
the degradation behaviour of the samples the temperature at
which 5% of mass is lost is defined as Ty5 value.

For a comparison of the obtained stabilities, two cured
reference encapsulation materials were also measured. The
platinum curable silicone resin ShinEtsu KJR9022E [Shin(1)],
which is a low refractive index (LRI) polydimethylsiloxane
(PDMS), and Dow Corning OE6630 [Dow(1)], which is a high
refractive index (HRI) polymethylphenylsiloxane (PMPS). Their
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components were mixed as specified by the respective manu-
facturer [Dow(1): 4/1; Shin(1): 10/1] and cured for 4 h at 150 °C.

Generally the Ty5 of all samples is larger than 360 °C (Fig. 16).
No degradation is caused by temperatures lower than 200 °C.
This indicates a very high thermal stability for the materials.
The reference materials show large differences in their thermal
stability. The To5 value of Dow(1) is 438 °C and 378 °C for
Shin(1). In general more branched, platinum cured polysiloxane
shows higher Tys values compared to less cross-linked or linear
systems.*®* The same result is shown for the reference poly-
mers, where the Dow(1) system is harder (Shore A ~ 90) and
more cross-linked compared to the Shin(1) polymer (Shore A =
42). Also the hybrid glasses show a decrease in degradation
temperature caused by a decrease of TAS units, which leads to
an decrease of crosslinking and stiffer polymers.*” In our case,
the hardness of the material decreases from sample 1 to 8 but
the degradation temperature increases at the same time from
sample 1 to 5. Sample 6-8 show a decrease of Tys. Grassie and
others have shown that the degradation reaction of methyl and
phenyl containing polysiloxanes depend on the type of the
terminal group. Terminal hydroxyl groups can initiate a back-
biting process liberating benzene and cyclosiloxanes.”***
Impurities like water and acid can also influence the rate of
degradation.*®*> One possible reason for the increase of degra-
dation temperature from sample 1 to 8 is the increased lability
of phenyl groups adjacent to cross-linking T® units in branched
polymer chains.®® By substitution of TAS by DAS units the
possibility of phenyl groups next to a T* unit is reduced. In
platinum curable polysiloxane systems this is not a common
structural motif. The cross-linking is based on C-C single bonds
formed by the hydrosilylation reaction. The decrease from
sample 6 to 8 can be explained by the higher concentration of D*
end groups and higher mobility of polymer chains leading to
a higher appearance of a back biting degradation mechanism.

Conclusion

A series of platinum free curable polysiloxane based materials
were synthesised by an acid catalysed condensation reaction of
phenyltrimethoxysilane, methyltrimethoxysilane, dimethyldi-
methoxysilane, and an alkoxy-terminated polysiloxane. The
material properties could be controlled substituting the amount
of methyltrimethoxysilane by dimethyldimethoxysilane, which
was proven by NMR and FTIR spectroscopy measurements.
Two-dimensional *°Si-'"H HMBC NMR spectroscopy (2D NMR)
was used to characterise the first three hours of condensation
reaction. An increasing amount of dimethyldimethoxysilane
leads to unreacted monomers in the reaction solution. There-
fore, it seems that a reaction of DAS with TAS monomers is more
preferred then a dimerization of the DAS monomers. A direct
relation between the substitution and a decrease of viscosity
was found as well as a correlation between the corresponding
decrease of percentage of phenyl groups and a decrease of
refractive indices. Due to its gel state the viscosity was low
enough for a processing at room temperature for most of the
samples. The viscosity of the samples increases slightly due to
long time storage verified by rheology. Similar to the precursor's
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viscosity the hardness of the samples after the curing procedure
decreases when methyltrimethoxysilane is substituted by
dimethyldimethoxysilane. The consolidated materials show no
cracks, bubbles or changes in transparency due to the curing
procedure. *°Si and "*C CP-MAS NMR spectroscopy revealed the
presence of T and T" signals in the *>°Si spectra and the pres-
ence of methoxy group signals in the '*C spectra. This indicates
an incomplete cross-linked structure. The glass transition
temperature of the consolidated samples decreases with the
amount of DAS, which verifies the correlated decrease of cross-
linking. The loss of DAS units during the consolidation was
investigated by TG-FTIR and *°Si-'H 2D HMBC NMR spectros-
copy. The presence of volatile dimethylcyclosiloxanes in the
precursor gels was proven and mainly responsible for the re-
ported DAS loss. The main mass loss of >10% during the
consolidation was caused by the loss of water and methanol.
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4.4. Lifetime Measurements of Dye incorporated Polysilsesquioxanes

The platinum-free thermally curable polysilsequioxane encapsulations were not just prepared
for the encapsulation of the LED package; they also should enhance the lifetime of organic
dyes significantly and protect them from degradation. For the evaluation of the lifetime,
samples, including different dyes and concentrations were prepared and send to the BASF SE
test laboratory. The samples were irradiated at 450 nm with an irradiance of 160 m\W/cm? while
following the development of fluorescence intensity was measured (Figure 23). The blue curve
shows the decrease of intensity of the Lumogen®F Red 305 (LG305) dye, assigned with FCO1.
Due to confidentiality agreements, the properties of the other dyes FC430 and FC739 have to

stay unspecified.
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Figure 23. Fluorescence intensity of a platinum-free thermally polysilsequioxane encapsulation with three different
dyes incorporated irradiated by 450 nm light source with 160 mW/cm? at the BASF SE laboratory.

The fluorescence intensity of LG305 (FC01) decreases only by 10 % after 90 days of irradiation
at the given conditions. In the first place, the platinum-free thermally curable elastomer
encapsulations presented in chapter 4.3 enhance the photostability of the dye significantly
(Figure 25). The related publication stated out that this material is also a sustainable and quite
outstanding alternative to the conventional two-component platinum-catalyzed encapsulations.
Another contemplated approach, which was not discussed before, is the preparation of
polysilsesquioxanes, which consists of trialkoxysilane units only. A partially, but highly cross-
linked polysilsesquioxane hybrid glass was therefore prepared by a synthetic route known from
the literature.'® Phenyltrialkoxysilane was reacted by an acid-catalyzed condensation reaction

followed by gelation and a two-step temperature treatment. The transparent, rigid, and hard
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materials are solid at room temperature and meltable at temperatures >80 °C. By a further
temperature increase, it consolidated irreversibly by further condensation (see chapter 2.3).
By introducing the reference dye LG305 to the materials synthesis procedure, a fluorescent
hybrid glass was synthesized. The highly cross-linked structure can result in hermetic oxygen
barrier properties that are probably able to protect the incorporated dyes from
degradation.02175

The material was cast, consolidate, and has also been tested at the BASF SE laboratory with
by radiation with a 450 nm light source with an irradiance o 160 mW/cm? at different conditions
(Figure 24).
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Figure 24. Fluorescence intensity of the hybrid glass encapsulation with Lumogen®F Red 305 incorporated and
irradiated by 450 nm light source with 160 mW/cm? at the BASF SE laboratory.

The photostability of LG305 increases significantly due to this hybrid glass matrix. After 250 d
of irradiation at 160 mW/cm? under N> and at 100 mW/cm? under ambient conditions, the initial
fluorescence intensity decreased slightly by 1-5 %. At 160 m\W/cm? under ambient conditions,
the increase in intensity was less than 15 %.

Due to the massive enhancement of the photostability further tests were carried out with the
LG305 incorporated platinum-free elastomer and the hybrid glass under more powerful
conditions in our laboratory and the results were compared to those from longtime stability
tests of LG305 in the commercially available, two-component, and platin containing polymer
resins used before, Dow Corning OE6630 [Dow[(1)] and ShinEstu KJR9022E [Shin(1)] (Figure
25). Incorporated in Dow(1) the dyes initial absorbance was decreased by 10 % after 25 hours
of irradiation at 450 nm and 850 mW/cm?. Incorporated in the platinum-free elastomers and in

the hybrid glass, the initial absorbance decreased by 10 % after 928 h (~39 d) of irradiation at
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the same conditions. Using the platinum-free elastomer or the hybrid glass as an encapsulation

for the dye a lifetime increase of 3700 % can be realized.
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Figure 25. Relative absorbance of Dow(1)LG305, Shin(1)LG305, platinum-free elastomer with LG305 and hybrid
glass with LG305 at different times measured during a light exposure with 450 nm light source with 800 mW/cm?.

Crack and bubble formation started during the consolidation procedure when casting the dye-
containing hybrid glasses in different molds and cavities. The material is too hard and rigid for
casting it without getting any surface or sample destruction because of large differences of the
hybrid glasses and molds coefficient of thermal expansion. To make use of the hybrid glasses
features concerning the protection of the dye, another possibility had to be found to make this
host-dye-combination suitable for implementation in an LED package without casting it.

The industrial used inorganic rare-earth phosphors are always used in a particular morphology.
The YAG:Ce* phosphor, for example, is produced and used as a powder consisting of
spherical oxide particles with a diameter of < 25 ym. Considering the idea of fluorescent hybrid
glass microparticles able to be implemented in an LED package as a powder, a surfactant
mediated synthesis route was developed and optimized. The synthesis procedure leads to
highly fluorescent, thermally stable and fully cross-linked hybrid glass particles with narrow
size distributions, which can be implemented in optoelectronic applications like the organic

hybrid LED without using rare-earth or platinum-containing components.
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4.5. Fluorescent Polyphenylsilsesquioxane Hybrid Glass Microspheres

Unpublished Results

Nils Steinbriick, Svenja Pohl, Guido Kickelbick™
Saarland University, Inorganic Solid State Chemistry, Campus, Building C4 1,

66123 Saarbriicken, Germany.

The platinum-free curable siloxanes were modified with Lumogen®F Red 305. The
fluorescent materials were exposed to 450 nm light for several days showing the highest
lifetimes and lowest dye degradation measured within this thesis and our studies. Due to
confidentiality agreements, some experiments and results were not allowed to be
published in paper form. This is the reason why the lifetime measurements are shown in a
short research summary preceded the fourth and last chapter.

The hybrid glass material was prepared by an acid-catalyzed polycondensation of
phenyltrimethoxysilane. After the consolidation of this material in all casts, it started to
crack. This formation of cracks and destruction of the material in molds or cavities is caused
by the high cross-linking degree and hardness respectively, and the low thermal coefficient

of expansion. However, the improvement of the photostability of the integrated dye was so
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significant, that a preparative way had to be found to make this material dye combination

suitable for implementation into optoelectronic applications.

In the fourth and last chapter, a new preparation method of Fluorescent
Polyphenylsilsesquioxane Hybrid Glass Microspheres is presented in the form of an
unpublished paper manuscript. A pure polyphenylsilsesquioxane hybrid glass with LG305
incorporated was prepared and transformed into microparticles by a novel surfactant
mediated hot emulsion technique. The hybrid glass was melted and stirred in an aqueous
solution of a surfactant (Triton X-405) forming an emulsion. Addition of NaOH leads to
condensation and hardening of the particle surface. The solid and spherical particles were
isolated, dried, and post cured at 200 °C. An optimization with regard to the particle size
distribution leads to small size distributions with an averaged particle size of 3 um by using
a disperser tool. Thermogravimetric and spectroscopic data show that the surfactant used
in the synthesis is still located on the surface of the particles after isolation, creating a
hydrophobic surface. After the post-curing process at 200 °C the surfactant is completely
removed, making the surface hydrophilic. During this heat treatment, the cross-linking
degree of the particles increases to 100 %, which was not reported for this type of hybrid
glasses or any other polyphenylsilsesquioxane particles prepared by sol-gel chemistry
yet.®+176177 Due to the formation of this completely cross-linked PhSiO1s structure, the
particles turn insoluble in organic solvents. The quantum yield of the dye incorporated in
the particles decreased slightly from 1.0 to 0.87, caused by morphology and size effects.
Such a decrease has also been reported by other silica and polymeric particles, and can
also be explained by scattering effects .108.1%6.178.179

This synthesis procedure can also be used to incorporate other hydrophobic organic dyes
and substances into the polysilsesquioxane matrix without changing the polarity of the
organic molecules. Therefore, the formed microparticles are also suitable as containers in

other fields like medicine or biology.
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Abstract

Polysilsesquioxane based micro- and nanoparticles are often synthesized by facile sol-gel
methods using trialkoxysilanes precursor or by platinum assisted hydrosilylation. By
performing an acid-catalyzed condensation reaction of phenyltrimethoxysilane a partially
cross-linked but solid polyphenylsilsesquioxane hybrid glass was synthesized, able to be
melted at >80 °C and consolidated at >150 °C without any platinum catalyst. A hydrophobic
perylene dye can be added to this polymeric precursor during the synthesis. Triton™ X-405
emulsifier was used as a surfactant in the preparation of an emulsion of this precursor in water
for the preparation of fluorescent polyphenylsiloxane microspheres with an emission maximum
at 647 nm. The size of the microspheres can be varied in the range of 3.09 — 7.50 pm.

By using NMR and FTIR spectroscopy as well as thermogravimetric analysis of the
polyphenylsilsesquioxane precursors and the microspheres revealed that the hydrophilic
untampered microspheres are partially cross-linked and soluble in organic solvents. An
additional heat treatment leads to a complete cross-linking of the microspheres’ structure and
the removal of the surface attached surfactant. The obtained microspheres are hydrophobic

and insoluble in organic solvents
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Introduction

Most of the known synthetic procedures for silica or polysilsesquioxane particles are based on
the sol-gel process. Applying a base catalyzed the sol-gel process, organotrialkoxysilanes or
tetraalkoxysilanes can be used for the formation of spherical particles with narrow size
distribution.’®-1%2" The particle shape and properties can be adjusted by the selection of the
organic substituents of the monomers, the reaction conditions, or by assisted methods like an
ultrasonic treatment or the use of continuous methods.®"'%* The integration of hydrophobic
dyes into the particle structure without a previous functionalization of the dye is difficult to
realize due to their insolubility in the continuous phase like water or ethanol. lonic dyes can be
integrated easily whereas hydrophobic dyes like perylenes required a previously
functionalization as described for example for perylene containing polyhedral oligomeric
silsesquioxanes particles (POSS).'6171-173 Another approach is the functionalization of the
outer and inner particles surfaces by surfactants, before incorporating hydrophobic or
hydrophilic dyes selectively in a second step.'® Additionally, structural investigations of the
silica or polysilsesquioxane networks by spectroscopic methods usually show that the
materials are only partially cross-linked structures.®'.159.176.177

In our work, we present a new approach for the synthesis of fully-crosslinked
polyphenylsilsesquioxane microspheres by a two-step procedure in which the microspheres
are synthesized by an already partially cross-linked polyphenylsilsesquioxane hybrid glass.
This precursor was synthesized by performing an acid-catalyzed condensation reaction of
phenyltrimethoxysilane. The synthetic procedure is based on the published hybrid glass
polysiloxane materials.'® A hydrophobic highly fluorescent perylene dye was mixed with the
precursor. The subsequent addition of a base to the emulsion starts a condensation reaction
of the particles resulting in partially cross-linked but unmeltable microspheres. An additional
heat treatment enforces the removal of the surfactant from the particle surface and leads to a
further cross-linking of the particle network resulting in a complete PhSiO4s structure. By
performing spectroscopic investigations like 'H, *C and ?°Si (CP-MAS)-Nuclear magnetic
resonance (NMR), infrared spectroscopy (FTIR) and fluorescence spectroscopy as well as
thermogravimetric methods (TG, TG-FTIR) the structural changes of the
polyphenylsilsesquioxane network and its surface was studied and correlated to the materials
properties like solubility, heat stability and hydrophobia. The presents and removal of the
surfactant on the surface of the microspheres were also investigated and proven by the given
methods. Additionally, the fluorescence properties of the integrated dye were characterized,
and the synthesis procedure was optimized with regard to the microspheres mean size by

increasing the stirring velocity.
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Experimental

Materials

Phenyltrimethoxysilane (97 %, ABCR GmbH, Germany),
polyoxyethylene(40)isooctylphenylether solution (Triton X-405, 70 % in water, Sigma-
Aldrich/Merck KGaA, Germany), hydrochloric acid (Bernd Kraft, GmbH) and potassium
hydroxide (85 %, Grussing GmbH Analytica, Germany) were used as received. The
hydrochloric acid was diluted with demineralized water (pH = 2.5). Potassium hydroxide was
dissolved in water (3 mol I''). The commercially available, curable OE6630 polysiloxane resin
[Dow(1), Dow Corning Inc., USA] were used as received without any further purification. The
perylene dye Lumogen®F Red 305 was also used as received without any further purification.

The precursor’s purity was characterized by 'H and 2°Si NMR spectroscopy (see ESI).

Instrumentation

NMR spectra were recorded with an Avance Il 300 MHz spectrometer and an Avance Il HD
400 MHz spectrometers (Bruker Corporation, USA) applying 300.13/400.13 MHz for '"H NMR
spectra, 59.63/79.49 MHz for 2°Si NMR spectra and 75.47/100.61 MHz for *C NMR spectra.
All NMR samples were prepared in methanol-d4s (MeODs, Ref.: 3.310 ppm) or Chloroform-d
(CDCls, Ref.: 7.260 ppm). CP-MAS-NMR spectra were recorded with an Avance Ill HD —
Ascend 400WB spectrometer (Bruker Corporation, USA) using 13 KHz rotation and 100.65
MHz for 3C as well as 79.53 MHz for 2°Si NMR spectra. For the visualization of submillimeter
structures, an Axioskop 50 transmitted light/fluorescence microscope with an AxioCam MRc
(1388x1040 pixel) was used. Thermogravimetric measurements were carried out with a TG209
F1 Libra thermo-microbalance (Netzsch-Geratebau GmbH, Germany) with 10 K/min to
250/800 °C with the gas flux of N2/O2 of 20 ml/min each. Fourier transformed infrared spectra
(FTIR) were recorded in total reflectance mode on a Vertex 70 spectrometer (Bruker
Corporation, USA) from 4500 — 400 cm™ with a 4 nm increment and 10 scans averaged. A
self-made fiber-coupled 450 nm wavelength illumination system with 710 mW LEDs (6 x
LDW5SN) was used as an irradiation source for photostability experiments. UV/Vis
transmission measurements were performed on a Lambda 750 instrument (Perkin Elmer Inc.,
USA) equipped with a 100 mm integration sphere from 700 — 350 nm with a 2 nm increment
and 0.2 s integration time. Fluorescence spectroscopy was performed applying a FluoroMax 4
Spectrofluorometer (Horiba Scientific, Japan) and the absolute photoluminescence quantum
yields were measured in a Quantaurus C11347-11 integration sphere setup (Hamamatsu
Photonics, Japan) with a xenon high-pressure lamp and a multichannel analyzer at 450 nm

excitation wavelength.
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Preparation

The hybrid glass microspheres were synthesized in a two-step procedure. First, a
polyphenylsilsesquioxane-like hybrid glass was prepared inspired by a literature synthesis
route.'® During the synthesis, a specific perylene diimide dye was added for incorporation into
the material. The dye used in this work was Lumogen®F Red 305, which is physically
integrated into the hybrid glass.

Synthesis of precursor hybrid glass (MG)

Phenyltrimethoxysilane (25 g, 126.07 mmol, [PhSi(OMe)s]) and hydrochloric acid (pH=2.5,
3.41 g, 189.12 mmol) was stirred in a sealed vial at 45 °C for 6 h. Absolute methanol (1.80 g,
56.18 mmol) was added dropwise while further stirring at 40 °C for 2 h. The solution was
transferred into a 100 ml beaker, a certain amount of one of the perylene diimide dyes were
added (18 mg, n(LG305) = 16.68 pymol). The mixture was stirred until gelation was completed
(25 °C, 18 h). The beaker was transferred into a compartment drier and to interrupt reactions
by removing water, hydrochloric acid, and methanol in two steps. Hence the material was
heated at 70 °C for 24h and afterward at 110 °C for a further 24 h. The red materials were
cooled to room temperature to obtain solid hybrid glass materials (15.24 g, 1200 ppm/1.09
umol g™' LG305). The hybrid glasses soften reversible at temperature > 80 °C. At temperatures
> 150 °C the materials consolidate irreversibly. The unconsolidated materials were denoted
with MG (LG305). The consolidated materials were denoted with MG Cons. (LG305)

Synthesis hybrid glass microspheres (MGP)

Polyoxyethylene(40)isooctylphenylether solution (90 mg, Triton™ X-405, 70 wt% in water
[~0.356 mmol/g]) was added to water (14 ml, 0.77 mol) and stirred at 100 °C with 500 rpm.
The 100 mg of the hybrid glass precursor was added to the hot solution. The emulsion formed
due to the melting of the precursor was further stirred for 0.4 —2 h at 100 °C. Sodium hydroxide
solution was added to the emulsion (1 ml, 3 mol L™"). After further stirring with 500 rpm for 0.4
h at atemperature of 100 °C the emulsion was cooled in an ice-water bath. The obtained hybrid
glass microspheres were isolated and washed by centrifugation 4 times with water and dried
in a compartment drier under reduced pressure at 80 °C and 5 mbar. The obtained products
are denoted MGP (LG305). Subsequent heat treatment of the particles was also performed
for a comparison with the untampered ones. The heat-treated particles were denoted MGP-T
(LG305).
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Stirring variation

Five experiments were made with different stirring to investigate the influence of the stirring to
the particle morphology. By using an Ultra-Sonic finger (150 W) and an Ultra-Turrax™
dispenser (10,000 rpm) after stirring at 500 rpm for 10 min we investigated the influence of
high energy processes to the particle morphology as well. The given stirring rate and time are
related to the experimental part before adding sodium hydroxide. After adding sodium
hydroxide the stirring rate was 500 rpm for all samples. The particle size and distribution was

determined by measuring and counting particles from microscopy images

Post-curing
For further investigations of temperature-induced changes in structure or heat stabilities, the
MGP microspheres were additionally heat treated in a post-curing process at 200 °C for 4h.

The so obtained tampered particles were denoted with MGP-T.

Particle integration to a Polyphenylmethylsiloxane Resin

The particles have been added to Dow Corning OE6630. The two Dow(1) components A and
B were premixed as specified by the manufacturer (4/1). The particles were added to the
mixture respectively, and gas was removed under reduced pressure (4 mbar, >30 min) before

casting the mixture into PTFE (30 x 10 x 1 mm) or aluminum molds (8 x 2 mm).
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Results and Discussion

Polysilsesuqioxane precursor

Fluorescent hybrid glass microspheres were synthesized by forming a surfactant supported
emulsion of a dye-containing polyphenylsilsesquioxane precursor. The precursor was
prepared by an acid-catalyzed polycondensation reaction of phenyltrimethoxysilane forming

partially cross-linked structures (Scheme 18).1%5:17°
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Scheme 18. Polycondensation of Phenyltrimethoxysilane under acidic conditions.

During a gelation step the organic fluorescence dyes are addable to the synthesis procedure
and the material respectively (Figure 26). The obtained samples are solid, transparent, and

rigid and soften reversible at temperatures > 80 °C.
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Figure 26. The synthesis procedure of a polysilsesquioxane precursor hybrid glass.
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The precursor was characterized by FTIR and NMR spectroscopy. The FTIR spectra show the
expected vibration bands of a MG polyphenylsilsesquioxane network indicated by broad v(Si—
O) vibration bands at 1052, 1016, 806 cm™ and phenyl side groups at 3050, 3072, 2953, 2910
[v(C-H)AR ]; 1130 §(Si— C)AR; 726 cm™ [p(C—H)], and 694 cm™ [v(Si—C)] (Figure ESI20).
Additionally, vibration bands at 3380 v(O—H), 2840 [v(C-H[O-CHzs])], and 846 [5(Si—~O—CHs3)]
are caused by the polymers pendant and terminal methoxy groups as well as unreacted
monomers, methanol, or water. The 'H and "*C NMR spectra show the chemical shifts of the
phenyl protons [8.07 — 6.84 (m, phenyl)] and the alkoxy protons [3.96 — 2.97 (m, MeOR [R=H,
CHz3])] as well as the corresponding carbon chemical shifts at -134.26...-127.93 ppm [Phenyl]
and -50.78 ppm [MeOR [R= H, CHs] (Figure ESI3). Signals of the integrated dye are not
detectable due to the low dye concentration. Two-dimensional 'H-Si HMBC NMR
spectroscopy was used to characterize the cross-linking of the silicon atoms in the precursor
(Figure ESI4). To the chemical shifts of the trifunctional T? units of phenyltrimethoxysilane
monomers, there are also T2 units detectable (Table 1). The additional chemical shift at -22

ppm can be assigned to small traces of silicon grease.

Table 1. ?°Si and "H chemical shift of the polyphenyisilsesquioxane precursor detected by two-dimensional "H-?°Sj
HMBC NMR spectroscopy.

23S [PhSi(OR)3]  H [PhSi(OMe)s] H [PhSi(OMe)s4] Functional Group
-75...-80 8.07...6.84 - T3
-64...-74 8.07...6.84 3.96...2.97 T2

The prepared polysilsesquioxane precursor consists of a partially cross-linked structure of T?
and T? units. The material softens and even melts at higher temperatures is caused by the
flexibility of the polymer chains, which consist of a high amount of linearly connected T2
phenyltrimethoxysilane units. During the reaction procedure, a completely cross-linked
polysilsesquioxane with the composition PhSiO1 s is formed, but some alkoxy groups are still
not hydrolyzed, which can be concluded from the T2 units by the 2D NMR. This partially cross-
linking of phenyltrialkoxysilanes was already reported for silsesquioxane based particles
obtained by sol-gel reactions.6'7®177 The bulky phenyl substituents should hinder the
formation of dense T® networks for sterical reasons. The cross-peak of the 2°Si NMR chemical
shift of the T2 units and the methoxy protons also confirms the presence of unreacted methoxy
groups at the silicon atoms. The number of methoxy groups left was calculated by the change
of intensity of the '"H methoxy chemical shift before and after the synthesis. 10 % of the initial
amount of methoxy groups are still present in the polymer. The number of T? units cannot be
calculated from the NMR data because hydrolyzed and non-hydrolyzed units cannot be
separated in the 'H spectrum and due to the 'H-*Si HMBC experiment a quantitative

evaluation of the 2°Si NMR peak areas is not reasonable.
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Precursor Consolidation

The precursor material is soluble in organic solvents and can be thermally consolidated by an
additional heat treatment at temperatures >200°C. The consolidation is caused by the
condensation of still existing methoxy and hydroxy groups left in the partially cross-linked
precursor.’® After consolidation, the material is not meltable anymore but still soluble in
organic solvents. Thermal analysis of the precursor shows the differences in the behavior of
the material before and after thermal consolidation. Heat treatment of the precursor leads to
an irreversible consolidation of the material caused by a further condensation of T2 units. 8190
The TG measurement of MG shows a mass loss of 3% starting at 216 °caused by this
condensation reaction (Figure 27). The FTIR spectra of the gases being released at this
temperatures show exclusively vibrations of the condensation product methanol and water at
3082 [v(O-H)], 2980, 1467 [v(C-H [O-CHjs])], 1033 cm'[v(C-0O)]."® After this event, the

methanol vibrations signal intensity decreases, and the material is consolidated irreversible.
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Figure 27. TG and FTIR spectrum of MG during heat treatment from 25 — 800 °C under air.
No additional mass loss caused by further condensation reactions or by formed side products
like cyclosiloxanes was observed, which was described in the literature for comparable
condensation reactions of materials containing tri- and dialkoxysilanes monomers. 545581100
After this consolidation step the MG Cons. degradation begins at 488 °C defined by the Tgs
value at which 95 % of the initial mass is left (Figure ESI30). The ATR-FTIR spectra of the
consolidated material do not show any relevant changes compared to the unconsolidated
material, only the water vibrations at 3380 cm™ [v(O—H)] are disappeared (Figure ESI18, 19).

In the 2°Si NMR spectrum of the consolidated sample T3 and T2 units are still detectable -80
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and -72 ppm as well as carbon from remaining methoxy groups in the and '*C CP-MAS-NMR
at -50.38 ppm (Figure ESI6-8). This concludes that the material is irreversibly consolidated by
the heat treatment, but it is not fully cross-linked afterward. A semi-quantitative analysis of the
peak areas of the chemical shifts in the 2°Si CP-MAS-NMR by fitting a Lorentz function leads
to a total percentage of T units of 55 % and a degree of condensation (DC) of 85 %. This
forming of partially-crosslinked structures consisting of T2 and T® units by a thermal
consolidation has already been discussed in the literature for polysiloxanes based hybrid

glasses containing dialkoxysilanes as well.8"1%

Hybrid Glass Microspheres
For the subsequent formation of microspheres, the unconsolidated polysilsesquioxane
precursor was added to a boiling solution of a nonionic surfactant in water (Triton™ X-405).

The material softens, and a hot emulsion is formed (Figure 28).

4

Meltable Precursor
Hybrid Glass

Micro emulsion
NaOH (3M)
- Microspheres
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100 °C 100 °C .' °° o ®
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Figure 28. Preparation of the polyphenylsilsesquioxane microspheres in water.

The hydrophobic properties of the integrated perylene based dye, let it remain solved in the
precursor phase without being leached to the solution. By adding sodium hydroxide to the
solution the materials droplets surface molecules start to cross-link due to base-catalyzed

hydrolysis and condensation reactions of hydroxy groups with the silicon atoms (Scheme 19).

Hydrolysis reaction: X =Me, Y = H
Condensation reation: X = Me or H, Y = PhSi(OR);

Scheme 19. Reaction mechanism of the condensation of a phenyltrialkoxysilane or a polyphenylsilsesquioxane
under basic conditions.
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As a result, the droplets start to consolidate chemically preserving their spherical morphology.
After cooling the solution to room temperature the microspheres can be isolated by
centrifugation. After the particles were isolated and dried at 80°C under reduced pressure the
color of the material changed from red to pinkish due to light scattering effects (Figure 29).
The obtained microspheres are insoluble in water or ethanol and are still coated by the
surfactant used in the synthesis. The surfactant causes the sphere to be hydrophilic. A further
heat treatment at 200 °C leads to the removal of the surfactant and a more hydrophobic sphere
surface respectively. At the same time, the microsphere structure is further cross-linked, which

makes the material insoluble in organic solvents as well.

Figure 29. Images of the isolated microspheres MGP-3 A) without magnification. B)-C) light microscopy images.
A variation of the mean sphere size was realized by altering the stirring method and stirring
speed was used to synthesize different sized spheres. The hybrid glass precursor (MG) and
the hybrid glass microspheres (MGP) properties have been investigated by 1D and 2D nuclear
magnetic resonance spectroscopy ('H, 2°Si, and 'H-?°Si HMBC 2D NMR, MAS-NMR), infrared
spectroscopy (ATR-FTIR) as well as thermogravimetric methods (TG, TG-FTIR).

Figure 30. (A) Dark-field microscopy image of the hybrid glass microspheres MGP-1 with Lumogen®F Red 305
integrated dispersed in water before the removal of the surfactant. (B) Fluorescence microscopy image of the same
material showing the red fluorescence of the dye molecules (Mercury UV ARC Lamp A = 254 — 579 nm).
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The microspheres size and morphology were investigated by light microscopy, and the optical
properties of the integrated dye were studied by fluorescence spectroscopy and quantum yield
determination (Figure 30).

A subsequent heat treatment at 200 °C for 4 h was also performed to compare the properties
like structure, solubility, and surface coating with untampered microspheres. The untampered
microspheres are denoted with MGP and the additional heat treated with MGP-T. For further
characterization of the structure of the material, 2°Si and *C CP-MAS-NMR, as well as FTIR
spectroscopy and thermal analysis methods were performed. The ATR-FTIR spectra of MG
and MGP-T do not show significant differences compared to the precursor or the consolidated
precursor of the microspheres (Figure ESI20, 21). Furthermore, no vibration bands caused by
a surface coating of MG with Triton™ X-405 could be detected. The morphology of the MGP-

T particles is also not influenced by the heat treatment.
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Figure 31. "3C MAS-NMR spectra of MGP and MGP-T showing the removal of the surfactant and the further
condensation of the microspheres structure.

In the *C MAS-NMR spectra of MGP, the surfactant could be detected by the chemical shifts
generated by the Triton™ X-405 structure (Figure 31). The chemical shifts at and 133, 129,
127 ppm (C-H [phenoxy/phenyl]) are generated by the aromatic protons of the phenyl and
phenoxy groups of the polyphenylsilsesquioxane structure and the surfactant. Other shifts of
the surfactant are detected at 70 (O-CH), 37 (C-CHz) and 31 ppm (C-CHs). The additional
chemical shift at 49 ppm is caused by the unreacted methoxy groups of T? units of the
polysilsesquioxane. The presence of this shift also indicates that chemical consolidation also
leads to partially cross-linked structures. After the heat treatment, the signal intensity of the

surfactant and the methoxy groups’ chemical shifts decreased or even disappeared.
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T3

MGP LG305 @

MGP-T LG305

30 20 10 o -10 -20 -30 -40 -70 -80 -90 -100 -110 -120 -130

Figure 32. °Si CP-MAS-NMR spectra of MGP and MGP-T showing the change from T? and T° units in MGP to T3
units only for MGP-T.

This finding is verified by the 2°Si CP-MAS-NMR data. In the chemically consolidated MGP
microspheres’ NMR spectrum, T? and T2 units can be detected at -71 and -79 ppm (Figure
32). The calculated percentage of T2 units is 53 %, and DC is 84 %, which is slightly less than
calculated for the thermally consolidated precursor. For other thermally untampered
polyphenylsilsesquioxane based particles the DC varies between 40 — 90 %.5"176 The reason
for the partially-crosslinked structure was discussed above 176177

In the spectrum of the thermally consolidated MGP-T particles, only the T3 chemical shift at -
79 ppm can be assigned certainly, indicating a fully cross-linked PhSiO1 s structure (Figure 32).
It reveals that the thermal consolidation process of the microspheres is different from the
thermal consolidation process of the precursor, in which T2 units are still present afterward. It
also indicates a direct influence of the spheres pretreatment with sodium hydroxide to the
further structure formation. The subsequent thermal treatment leads to a cross-linking degree

of 100 %. As a result, two different processes can be studied.

. MGP'LG305 ﬁ Ea
Figure 33. Microscopy images of A) MGP-1 and B) MGP-1-T after treatment with acetone for 15 minutes.
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After the base initialized chemical consolidation of the liquid precursor droplets, their structure
is partially cross-linked, and their surface is coated with a layer of the Triton™ X-45 surfactant.
This leads to a hydrophilic surface very well dispersible in water. After the heat treatment the
surfactant is removed from the surface, and the T? methoxy and hydroxy groups condensate
to a fully cross-linked polyphenylsilsesquioxane structure with T® units only. The particles
cannot be suspended homogeneously in water anymore, indicating that the surface is now
hydrophilic.

The solubility of the untampered MGP materials is equal to that of the precursor material. The
untampered MGP microspheres with a partially cross-linked structure are soluble in organic
solvents, the additional heat-treated and fully crosslinked MGP-T particles are insoluble, and
their spherical morphology is retained. This variety in solubility is also caused by the different
cross-linking degrees of the microspheres as discussed above. The MGP-T microspheres
consist of fully-crosslinked PhSiO1 s structure, whereas the MGP microspheres are partially-
crosslinked. The integrated dye is leached out of both materials structures, as shown in
acetone for MGP and MGP-T (Figure 33). For applications in which the particles are used in
solvent-free media or in polar solvents like water or ethanol, the dye is not leaching out of the
particle structure. Due to the leaching behavior, SEM images from the fresh made and from
temperature treated particles were recorded to see the morphology of surface structure in
detail (Figure 34). The particles structure is smooth, and there is no change in morphology
due to the heat treatment. There are some holes in few of the particles, but there is no porous
structure detectable from this images. One reason for the leaching of the dye can be domains
in which the structure is less closed-meshed. The T2 network still have some space, in which
the dye can diffuse trough the particles structure. A higher resolution TEM image is needed to

characterize the surface even more.

MGP-T-

Uni Sb S 20.0kvV X5,000 WD 10.0mm Tum Uni Sb 5 200kV  X10,000 WD 10.0mm Tum

Figure 34. Electron microscopy images of A) MGP-1 and B) MGP-1-T after a heat treatment at 200 °C for 4 h.
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Microspheres thermal Analysis

The *C MAS-NMR data indicated the presence of a Triton™ X-405 layer on the microsphere
surface after the chemical consolidation and isolation which is removed by the thermal initiated
post-consolidation process of these spheres at 200 °C for 4 h. By performing a thermal analysis
of the untampered microspheres MGP, this process was verified. A mass loss of 5% was
detected, starting at 213 °C (Figure 35). This mass loss could be assigned to the removal of
Triton™ X-405 by FTIR spectroscopy. The vibration bands detected at 2863 [v(O-H)], 2358
[v(C-H)] and 1745, 1164, 669 cm'[v(C-O)] could be assigned to Triton™ X-405 (Figure 9).
This was verified by an isothermal TG-FTIR measurement of the MGP microspheres and the
used Triton™ X-405 solution at 220 °C (Figure ESI 31). The IR spectra of the gas released

from the particles and the Triton™ X-405 solution are identical (Figure ESI 32).
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Figure 35. TG and FTIR spectrum of MGP during a heat treatment from 25 — 800 °C under air.

The thermally consolidated MGP-T microspheres show no more mass loss caused by further
condensation reactions. After this consolidation step, the degradation of the materials begins
at 438 °C defined by the Tos value (Figure ESI30). It is slightly decreased compared to MG
Cons. due to the powder state. As a result, the Triton™ X-405 layer on the microsphere
surface can be easily removed by a heat treatment at 200 °C verified by the 5% mass loss
shown in the TG-FTIR spectra. At the same time, the particle structure is getting fully-
crosslinked as described before.
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Stirring Influence on the Particle Size Distribution

During the synthesis of the microspheres, an emulsion is formed. By just stirring the emulsion
at different stirring rates applying a standard laboratory stirrer a narrow size distribution can be
obtained. For the optimization of the particle size and distribution, five additional experiments
were performed by changing the stirring rate, speed, or method (Table 2). The stirring rate with
a standard bar was changed from 500 (MGP-1) to 800 rom (MGP-3) and the stirring time was
changed from 1 h (MGP-1) to 2 h (MGP-2) at 500 rpm.

Table 2. Sample name and differences in stirring rate and time used for the synthesis of the hybrid glass
microspheres.

Stirring Rate Stirring time  Mean particle size
Sample
[ rpm [ min [/ pm
MGP-1 500 1h 7.22+3.11
MGP-2 500 2h 7.50 £3.16
MGP-3 800 1h 5.73 +2.28
1. 500 10 min
MGP-US . . 7.28 +6.04
2. only ultra-sonic (150 W) 2 min
1. 500 10 min
MGP-UT ) . 3.09+£0.71
2. 10000 (disperser) 2 min

By using an Ultra-Sonic finger (150 W [MGP-US]) or an Ultra-Turrax™ dispenser (10000 rpm
[MGP-UT]) after stirring at 500 rpm for 10 min, the influence of high energy processes to the
particle morphology was studied (Figure 36). All experiments were performed with the hot
emulsion of the precursor material before adding the sodium hydroxide to start the chemical

consolidation and forming a suspension, respectively.
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Figure 36. Schematic preparation of polyphenylsilsesquioxane microspheres using a Ultra-Turrax™ dispenser.
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The particle size and distribution was determined by measuring and counting particles from
microscopy images (Figure ESI25-28). All particles measured are smaller than 20 um
independent of the procedure. By just stirring the emulsion at 500 rpm for 1 or 2 h (MGP-1/2),
the particle size distribution does not change significantly (Figure 37). By increasing the stirring
speed to 800 rpm, the distribution gets more narrow, and the particle size decreases (MGP-
3). The additional ultrasonic treatment leads to broader distribution and larger particle sizes
(MGP-US). The narrowest distribution and the smallest particles were obtained by using the
Ultra-Turrax™ dispenser (MGP-UT). As a result, using a standard stirring bar, an increase of
stirring velocity leads to a decrease of particle size and distribution. Increasing the stirring time
at the same velocity does not lead to any significant change in particle size. In other sol-gel
based particle preparation procedures an ultra-sonic mediated synthesis leads to decreased
particle sizes as well.'8184 The use of an ultra-sonic finger during our synthesis, results in an
increased particle size distribution. One reason for this is the absence of mechanical stirring
during the sonification and the high viscosity of the liquid hybrid glass emulsion droplets. The
final droplet size distribution, in general, is equal to the distribution directly after a droplet
disruption by mechanical energy, and it depends on the droplets phase viscosity.'®18 The
high viscosity hinders the disruption of the droplets by ultra-sonic energy introduction. By using
the disperser, small particles with a narrow distribution are formed. The reason for this is the
high rotation speed of the rotor, which generates extremely strong shear and thrust forces
disrupting the droplets. As a result, mechanical energy is required to form smaller particles by
disruption. The energy introduced to the system by ultra-sonic waves does not promote the
size reduction of the droplets.
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(500 rom, 1 h)

Do =7.22+3.11 um

— MGP-2

(500 rom, 2 h)

D2 =7.50+3.16 um

— MGP-3
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D@ =5.73+2.28 um

— MGP-US

(150 W, ultra sonic)
D@ =7.28 +6.04 um

normalized counts

Y N S == —— MGP-UT
0 2 4 6 8 10 12 14 16 18 20 (70000 rpm, ultra turrax)
Diameter / um D@ =3.09+0.71 um

Figure 37. Particle size distribution of the different experiments MGP-1, MGP-2, MGP-3 MGP-US and MGP-UT.
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Fluorescence and Quantum Efficiency

The perylene dye Lumogen®F Red 305 was integrated into the polyphenylsilsesquioxane
hybrid glass in the gelation step of its synthesis (see experimental section). The dye solved
immediately in the polymer due to its very good solubility in phenyl containing materials.'®’
During the preparation of the emulsion the dye stays solved in the polymer phase. The isolated
and heat-treated microspheres (MGP-T) show red fluorescence (Figure 12). At 500 nm (20000
cm™) excitation wavelength two emission bands at 622 (16077 cm™) and 647 nm (15456 cm-
') are detectable. At 650 nm (15384 cm™') emission wavelength three excitation bands at 578
nm (17301 cm™), 530 nm (18867 cm™") and 440 nm (22727 cm™") can be detected. Compared
to the fluorescence spectra of Lumogen®F Red 305 in toluene, a small bathochromic shift of
the emission occurs.'®” The Stokes shift in toluene was determined with 29 nm (840 cm™) in
the microspheres it is 44 nm (1224 cm™). The absolute quantum yield of the microspheres was
0.87 (Aex=570 nm) and 0.82 (Aex=450 nm). In the precursor material (MG LG305) and in other
curable polyphenylmethylsiloxanes the quantum yield of Lumogen®F Red 305 is slightly higher
with 1.00 (Aex=450 nm).'¢” A particle morphology and size effected decrease of the quantum in
silica, and polymeric particles have already been reported.'®'7® The reason for the shifted
emission and the decreased quantum yields are reabsorption processes in the sample caused
by the relatively high dye concentration (1 ymol g') and spectral distortions caused by
scattering and reabsorption processes evoked by the change in solid-phase morphology from
transparent  hybrid glass to a  microparticle  powder.'®1®  Incomparable
polyphenylmethylsiloxanes with Lumogen®F Red 305 integrated there is no change of

quantum yield detectable even for a high concentration of 3000 ppm.'®’

——— MGP-T LG305 emission
—— MGP-T LG305 excitation

;= 500 nm (20000 cm)
Aen= 650 nm (15384 cm™")
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350 400 450 500 550 600 650 700
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Figure 38. (A) Image of the hybrid glass microspheres MGP-T with Lumogen®F Red 305 integrated (B) Image of
the same material showing the red fluorescence of the dye molecules (LED A = 450 nm). Emission and excitation
spectrum of MGP-T LG305 at 500 nm(20000 cm’") excitation and 650 nm(15384 cm™") emission wavelength.
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Particle Integration into a Polyphenylmethylsiloxan Resin

For the use in an organic hybrid LED application, the hybrid glass microspheres have to be
homogeneously encapsulated by a silicon resin. Afterward, the particles and the integrated
dye must withstand the working conditions of the LED device, especially the high radiation at
450 nm wavelength. A first estimation of the long-time photostability has been determined by
a long-time irradiation experiment. Therefore, the temperature treated MGP-3T were
integrated into polyphenylmethylsiloxane resin [Dow Corning OE6630; Dow(1)], which was
cast into an aluminum frame and thermally cured at 150°C for 4 h. The finished sample
[Dow(1)MGP-3T] show a homogenous distribution of the particles inside the sample and strong
fluorescence under light exposure with a wavelength of 450 nm (Figure 40). Furthermore, the
dye did not leach out of the particles due to the procedure.

The sample and one sample of the consolidated precursor hybrid glass were irradiated with a
450 nm light source for >35 h at ~0.85 W/cm?. To investigate the photophysical stability of the
incorporated dye, the absorbance of the sample was measured periodically during the
irradiation process. The relative absorbance to the initial value at 450 nm was determined
(Figure 39). The decrease in absorbance of the consolidated hybrid glass and the hybrid glass
microspheres inside the cured polysiloxane resin is nearly equal within the experiment. It
decreases by 10 % after ~990 h (~39 d). The hybrid glass and the hybrid glass particles show
a significant increase of the incorporated dyes photostability compared to the commercially
available polysiloxanes samples, in which LG305 was directly incorporated into the material.
There, the dyes absorbance decreased 10% after 25 hours in Dow Corning OE6630 (see

chapter 4.1).
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Figure 39. Relative absorbance of the consolidated precursor hybrid glass with LG305 and Dow(1)MGP-3T at
different times measured during a light exposure with 450 nm light source with 850 mW/cm?.
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The main difference of the materials is the cross-linking degree, which also can influence the
oxygen permeability and thus the dyes photostability. The polysiloxane resins are cross-linked
by hydrosilylation and still elastic. The hybrid glass is a highly cross-linked by polycondensation
of trialkoxysilanes, making it hard and rigid, and probably less permeable for oxygen. This has
also been indicated by gas barrier experiments with other hybrid glass compositions.'”® It has
also been shown, that the change in morphology from a hybrid glass to microparticles does
not influence the dyes photostability properties. Therefore, the dye-containing microparticles
are suitable for the use in organic hybrid LED applications and have to be tested under working

conditions.

Figure 40. (A) Cured, MGP-3T containing Dow Corning OE660 resin, (B) microscope image of the sumple under
450 nm light.

As a result, the integration of a hydrophobic perylene dye into polyphenylsilsesquioxane
microspheres could be realized leading to a high fluorescent microsphere powder. Under
common conditions like in optoelectronic applications or in medical sensing or imaging, where
usually water is used as a solvent or polymers are used as host material the dye stays in the
particle structure. As described before the dye is leachable out of the microspheres by treating
it with organic solvents, whereas the microspheres integrity is retained. The particles can also

be encapsulated into curable polysiloxanes and thus into organic hybrid LED applications.

Conclusion

A fluorescent solid polyphenylsilsesquioxane hybrid glass was synthesized, able to be melted
at >80 °C and consolidated at >150 °C without any platinum catalyst by performing an acid-
catalyzed condensation reaction of phenyltrimethoxysilane and subsequent addition of
Lumogen®F Red305 before gelation. The obtained material was transferred into a boiling

solution of Triton™ X-405, forming a hot emulsion of the liquid precursor in water. Adding
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sodium hydroxide to this emulsion starts a condensation and solidification of the microspheres.
A further cross-linking to a fully condensed PhSiOy s structure and the removal of Triton™ X-
405 molecules from the microspheres’ surface was performed by subsequent heat treatment
of the particles. The polyphenylsilsesquioxane hybrid glass (MG) 2°Si and *C chemical shifts,
caused by the consistency of T? and T2 units, indicate partially cross-linked structures. It was
subsequently consolidated at 200 °C leading to a still incomplete condensation of the structure
(Degree of Condensation: 85 %).

The FTIR spectra of the gases being released by the consolidation during the TG
measurement show exclusively vibrations of the condensation products methanol and water.
The consolidated hybrid glass (MG Cons.) shows no further mass loss caused by
consolidation. Its T value was determined with 488 °C. The material is still partially cross-
linked shown by 2°Si and "*C spectroscopy.

The fresh made and untampered microspheres (MGP) also show partially cross-linked
polyphenylsilsesquioxane structures indicated by 2°Si and *C chemical shifts of T? and T* units
(DC: 84 %). The particles are not meltable anymore, which verifies a structural change and a
further cross-linking by the microsphere synthesis procedure. The NMR data of the
subsequently heat treated microspheres (MGP-T, 200 °C, 4h) verify a full condensation to a
PhSiO15 network by the exclusive presence of T3 units. This structural change explains
primarily the solubility behavior of these materials in organic solvents like acetone. The less
cross-linked materials consisting of T2 and T2 units are soluble, the fully cross-linked and heat-
treated MGP-T microspheres are not and their morphology is retained.

The microspheres (MGP-T) show red fluorescence with an emission maximum at 647nm
(15456 cm™). The quantum yield of 0.82 is slightly decreased compared to the one of MG,
which is caused by scattering and reabsorption processes evoked by the change in solid phase
morphology from transparent hybrid glass to the microparticle powder. The dye is leachable
from the microspheres by treating it with organic solvents like acetone despite the fully cross-
linked structure of the matrix. The particles can be incorporated in curable polysiloxane resins,
homogeneously, showing a slight decrease of 10% of absorbance at 450 nm after 25 hours by
irradiation with 450 nm wavelength at ~0.85 mW/m?, and therefore, a high photostability.

The mean particle size distribution was optimized by performing five experiments with different
stirring velocities or energy input. The narrowest distribution and the smallest particles with

3.091£0.71 ym were obtained by using the Ultra-Turrax™ dispenser.
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5. Conclusion and Perspective

In the context of this thesis, the synthesis and interaction of several siloxane-based materials
and organic fluorescence dyes and their combination were investigated regarding their
physical and chemical properties. The obtained results are of current interest in the research
and development of optoelectronic devices, especially for rare-earth reduced organic hybrid
light-emitting diodes. In the following, the initially stated research objectives are addressed

more specifically, and the prime conclusions are drawn for a better overview.

In the first part of the thesis, two different perylene dyes have been incorporated in different
concentrations into commercially available polydimethylsiloxane, and a
polyphenylmethylsiloxane two-component resins that are thermally curable by platinum
catalyzed hydrosilylation reaction. It could be shown, that the presence of phenyl groups in a
polysiloxane encapsulation is required to generate an outstanding environment for the
incorporation of perylene dyes in organic hybrid LEDs. It leads to an enhanced solubility, an
increased quantum yield, and an increased thermal and photophysical stability with regard to
the dyes incorporated and to the host material itself compared to the pure polydimethylsiloxane
matrix. The covalent integration of the dye molecules to the structure of the polymer prevents
dye precipitation, and leaching phenomena in any polysiloxane and the impact of oxygen could

be evaluated in the degradation photo-initiated dye degradation mechanism.

In a second approach, the covalently incorporable perylene dye was integrated into
polysiloxane chains, leading to liquid linear and cross-linked perylene polysiloxanes. These
fluorescent liquids were subsequently integrated covalently into the already known
polyphenylmethylsiloxane resin that is thermally curable by a platinum-catalyzed
hydrosilylation reaction. Due to the preceding synthesis of the liquid perylene polysiloxanes,
the separation of the molecule and the dye concentration could be enhanced furthermore. The
subsequent integration of the liquid polysiloxanes to the thermally curable
polyphenylmethylsiloxane resin leads to samples with high quantum yields, high thermal and
photophysical stabilities, and considerable new properties compared to the pure resin. By
increasing the perylene polysiloxane concentration incorporated to the cured resin the
materials, mechanical properties like cross-linking degree and hardness are decreased
simultaneously, making this flexible, functional material accessible and especially interesting
for many more optoelectronic applications like photovoltaics or luminescent solar collectors.
The longtime photostability of these materials was still not sufficient for the implementation of

an organic hybrid LED.
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Based on the experiences and the results obtained due to the studies of perylenes and
perylene polysiloxanes in the commercially available systems, the requirements for the
development of new platinum-free curable siloxane-based materials, able to incorporate and
protect a high concentration of perylene based dyes without changing their optical properties

were evaluated.

As a consequence, the synthesis of a novel one-component and platinum-free thermally
curable polysiloxane encapsulation with tunable mechanical properties were realized. The pre-
curing, gel-like material was prepared by a stepwise, acid-catalyzed polycondensation reaction
of trialkoxysilanes, dialkoxysilanes, and oligosiloxanes. By changing the ratio of monomers the
mechanical properties like viscosity, cross-linking degree and hardness get tunable under
preservation of high transparencies, and high thermal and photophysical stabilities. It could
also be shown that, if necessary, the curing procedure can be catalyzed with eco-friendly and
sustainable inorganic or organic bases.

Due to the waiver of metal catalysts for the curing procedure, these materials are sustainable
and at the same time suitable to be used in many different applications where flexibility and
transparency are required. Especially for the use in organic hybrid LEDs, these materials are
eminently suitable. The material combination of these materials with Lumogen®F Red 305
incorporated show long-time stability up to 80 days with a fluorescence loss of 10 %.

As aresult, these materials are the first step for the successful preparation of an organic hybrid
LED.

In the last part, dye-doped polysilsesquioxane hybrid glasses were synthesized, showing the
best photostability properties measured during this thesis with a fluorescence intensity loss of
less than 5 % under nitrogen atmosphere and less than 15 % under ambient conditions.
Unfortunately, after casting and consolidation, the material got very hard and rigid, and crack
formation started early. But by developing a new preparation method, the material was
transformed into microparticles, able to be used in organic hybrid LEDs as a powder type
conversion material. A dye-doped polyphenylsilsesquioxane was, therefore synthesized. The
material was melted in aqueous solution forming a surfactant mediated emulsion. A base-
catalyzed condensation reaction followed by a post-synthetic thermal consolidation led to
highly fluorescent fully condensed polyphenylsilsesquioxane microspheres. Optimization of
the preparation procedure resulted in nearly monodispersed 3 pm sized microspheres, making

them also suitable for many different other purposes like bioimaging or drug delivery.
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Up to now, the ORCA project is still running. The generated knowledge and the developed
materials are still tested and optimized for the goal of creating a sustainable and efficient
organic hybrid LED prototype. It can be concluded that the best combination of polymer
encapsulation and organic dye was found. Phenyl containing polysiloxanes are definitely
needed for the preservation of the properties of the dye and adequate protection. At the same
time, the change from a less cross-linked polysiloxane system cured by hydrosilylation to a
highly cross-linked polysilsesquioxane system cured by polycondensation led to an additional
increase of photostability.

Nevertheless, all tested materials did not meet the reliability requirements for white light LED
yet. The main reason is still the degradation of the red light-emitting perylenes like Lumogen®F
Red 305 that are excited by high power radiation with a wavelength of 450 nm. The ORCA
project goal is not limited to a white light LED. The basic understanding of the interaction of
perylene dyes and siloxanes can also be transferred to several perylene based dyes with other
absorption and emission maxima. This is the reason why the ORCA project associates started
to investigate a whole range of dyes emitting green, yellow, orange, and especially infra-red
light. After the evaluation of possible use in the different application, the IR emitters started to
get the most interesting ones concerning the implementation in organic hybrid LEDs for IR
spectroscopy, for example. The reason for this is the low accessibility of IR efficient inorganic

IR-phosphor alternatives for such applications.

As a result, the basic concepts of the perylene dye and siloxane interactions and properties,
and the resulting new platinum-free curable materials like the one-component encapsulations
or the polyphenylsilsesquioxane microspheres investigated and characterized within this
thesis are significant contributions for the prospective process of creating organic hybrid LED.
The main goal of increasing the thermal and photophysical stabilities of perylene dyes in
siloxane-based materials by developing new platinum-free curablesiloxane-based materials

and meeting all requirements for LED encapsulations was successfully reached.
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Reaction schemes of Dow(1) and Shin(1) curing process
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Scheme 1. Schematic chemical equation for the platinum catalysed hydrosilylation curing process of Dow(1).
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Scheme 2. Schematic chemical equation for the platinum catalysed hydrosilylation curing process of Shin(1).



Synthesis of FC546
FC546 was synthesized by BASF SE in a two-step procedure.
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Scheme 3. Two step synthesis of FC546.

Preparation of N,N'-diallyl-1,6,7,12-tetrachloroperylene-3,4,9,10-tetracarboxylic
acid diimide (1)

A mixture of 2.65 g (5 mmol) of 1,6,7,12-tetrachloroperylene-3,4;9,10-tetracarboxylic
acide dianhydride, 2.75 g (15 mmol) of zinc acetate, 30 mL of N-methylpyrrolidone and
1.52 g (26 mmol) of allylamine were heated to 100°C for 23 hours. The reaction mixture
was cooled to room temperature and 250 mL of brine were added. The formed solid
was isolated by filtration, washed with water and dried at 70°C under reduced pressure.
The product was used without further purification for the next step.

Rf (toluene:acetone 100:1) = 0.45.

Preparation of N,N'-diallyl-2,4,4-trimethylpentan-2-yl phenoxy-3,4,9,10-
tetracarboxylic acid diimide (II) [FC546]

A mixture of 3.04 g (5 mmol) of the compound I, 70 mL of N-methylpyrrolidone, 5.16 g
(25 mmol) of tert.-octylphenol, 3.46 g (25 mmol) of potassium carbonate was heated
for 21 hours to 115°C. The reaction mixture was cooled to room temperature, the solid
was isolated by filtration, the residue washed with water and dried at 70°C under
reduced pressure. The product was subjected to column chromatography using
toluene petroleum ether 1:2 and 1:1 and toluene. 1.2 g (19 %) of pure product were

isolated.
Rf (toluene) = 0.36.

'H NMR spectrum and chemical shifts are shown in the NMR section.
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IR-Spectroscopy

Dow Corning OE6630 component A (cm): 3049, 3072 v(C-H)ar; 2953, 2909 v(C-H);
1590, 1490, 1430 [v(C=C-C)ar]; 1413, 1257 [5(C-H [Si-CHz3])]; 1115, 1024 [v(Si-O-Si)];
784 [p(C-H [Si-(CH3)2])]; 726, 694 [6(C-H)Ar].

p(C-H [Si-(CH,),])= 784 cm™
8(C-H),, = 726,694 cm™
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Figure 1. FTIR spectrum of Dow Corning OE6630 component A.

Dow Corning OE6630 component B (cm™): 3049, 3072 v(C-H)ar; 2953, 2909 v(C-H);
2129 [v(Si-H)]; 1590, 1490, 1430 [v(C=C-C)ar]; 1413, 1257 [5(C-H [Si-CH3])]; 1115,
1024 [v(Si-O-Si)]; 896 [p(Si-H)]; 784 [p(C-H [Si-(CH3)2])]; 726, 694 [5(C-H)ar].

p(C-H [Si-(CH,),])= 784 cm™
8(C-H),, = 726, 694 cm™
Dow Corning OE6630 v(Si-O-Si)= 1024, 1115 cm™ p(Si-H)= 896 cm™

Component B \

8(C-H [Si-CH,]) = 1257, 1413 cm™)
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Figure 2. FTIR spectrum of Dow Corning OE6630 component B.



Shin KIJR9022E component A (cm™): 2960, 2902 v(C-H); 1412, 1257 [6(C-H [Si-CHz])];
1008, 1065 [v(Si-O-Si)]; 784 [p(C-H [Si-(CHs3)2])].

p(C-H [Si-(CH,),])= 784 cm™

v(Si-O-Si)= 1008, 1065 cm™
| KJR9022E
Component A \

3(C-H [Si-CH,]) = 1412, 1257 cm™)

relative Absorption
1

v(C-H) = 2960, 2902 cm™
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Figure 3. FTIR spectrum of Shin Etsu KJR9022E component A.

Shin KJR9022E component B (cm™): 2960, 2902 v(C-H); 2159 [v(Si-H)]; 1412, 1257
[6(C-H [Si-CHzs])]; 1008, 1065 [v(Si-O-Si)]; 906 [p(Si-H)]; 784 [p(C-H [Si-(CHz)2])].

p(C-H [Si-(CH,),])= 784 cm™
v(Si-O-Si)= 1008, 1065 cm™
ShinEtsu KJR9022E p(Si-H)= 906 cm™
Component B

3(C-H [Si-CH,]) = 1412, 1257 cm™)

relative Absorption
1

v(C-H) = 2960, 2902 cm™

v(Si-H)= 2159 cm™
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Figure 4. FTIR spectrum of Shin Etsu KJR9022E component B.



Dow Corning OE6630 cured (cm™): 3049, 3072 v(C-H)ar; 2953, 2909 v(C-H); 1590,
1490, 1430 [v(C=C-C)ar]; 1413, 1257 [§(C-H [Si-CHz3])]; 1115, 1024 [v(Si-O-Si)]; 784
[p(C-H [Si-(CH3)2])]; 726, 694 [5(C-H)ar].

p(C-H [Si-(CH,),])= 784 cm*
8(C-H),, = 726, 694 cm™

Dow Corning OE6630 V(Si-O-Si)= 1024, 1115 cm™

§(C-H [Si-CH,]) = 1257, 1413 cm)

V(C=C-C),;, = 1590, 1490, 1430 cm*

)

S e
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V(C-H),,, = 3049, 3072 cm™

v(C-H) = 2953, 2909 cm™

Figure 5. FTIR spectrum of cured Dow Corning OE6630.
Shin KJR9022E cured (cm-1): 2960, 2902 v(C-H); 1412, 1257 [5(C-H [Si-CH3])]; 1008,
1065 [v(Si-O-Si)]; 784 [p(C-H [Si-(CHs)2])].

p(C-H [Si-(CH,),])= 784 cm™

. v(Si-O-Si)= 1008, 1065 cm™
| — ShinEtsu KJR 9022E

8(C-H [Si-CH,]) = 1412, 1257 cm)

relative Absorption

v(C-H) = 2960, 2902 cm™
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Figure 6. FTIR spectrum of cured ShinEtsu KJR9022E.



Lumogen®F Red 305 (cm™): 3030, 3064 v(C-H)ar; 2960, 2925 v(C-H); 1705,
1672 v(C=0); 1583, 1485 [v(C=C-C)ar]; 1407, 1338 v(C-N); 1309, 1282, 1193 v(C-O-
C).

Lumogen(R)F 305 Rot
v(C-O-C) = 1309, 1282, 1193 cm™
. v(C-N) = 1407, 1338 cm™*
c v(C-C),, = 1583, 1485 cm™*
e
o v,(C=0) = 1672 cm™
[e]
[%2]
o v, (C=0) = 1705 cm™
< ]
(]
=
§ v(C-H),, = 3030, 3064 cm™
[
= Vv(C-H) = 2960, 2925 cm™
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3200 3000 2800 1500 100!
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Figure 7. FTIR spectrum of Lumogen®F 305 Red.

FC546 (cm™): 3037, 3064 v(C-H)ar; 2920, v(C-H); 1699, 1662 v(C=0); 1585, 1502
[v(C=C-C)ar]; 1407, 1344 v(C-N); 1303, 1282, 1172 v(C-O-C).

1 ——FC546
A v(C-0-C) = 1303, 1282, 1172 cm™

v(C-N) = 1407, 1344 cm™
v(C-C),, = 1585, 1502 cm™*

v,(C=0) = 1662 cm™
v,(C=0) = 1699 cm*

1 wv(c-H),,=3037, 3064 cm™
B v(C-H) = 2920, 2925 cm™

relative Absorption
1
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Figure 8. FTIR spectrum of FC546.
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Figure 9. FTIR spectrum of Shin(1)LG305 concentration series.
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Figure 10. FTIR spectrum of Shin(1)FC546 concentration series.
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Figure 11. FTIR spectrum of Dow(1)LG305 concentration series.
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Figure 12. FTIR spectrum of Dow(1)FC546 concentration series.



NMR-Spectroscopy

Schematic structure Lumogen®F 305 Rot

1 (300 MHz, CDCl3): 8.27 (4 H, s, Ha), 7.47 —

v 7.39 (2 H, m, He), 7.31 — 7.23 (12 H, m, Hz, Hs),
w, 7.14-7.07 (4 H, m, H7), 7.02 — 6.95 (8 H, m, Hu),

2.71 (4 H, sept, J 6.7, Hs), 1.12 (24 H, d, J 6.8,

Ha).
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Figure 13. *H NMR spectrum of Lumogen®F 305 Red.



Schematic structure FC546

61 (300 MHz, CDCls): 8.15 (4 H, s, Hs), 7.27 (8 H,
d, J 6.9, Hs), 6.86 (8 H, d, J 8.0, Hs), 6.01 — 5.83 (2
H, m, Hg), 5.33 — 5.10 (4 H, m, Ho), 4.73 (4 H, d, J
5.3, H?7), 1.73 (8 H, s, H2), 1.54 (s, water), 1.36 (24
H, s, Hs), 0.78 (36 H, s, H1).
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Figure 14. *H NMR spectrum of FC546.



Quantum yield and SA-Coefficient
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Figure 15. Fitted emission spectra of the Dow(1)LG305 concentration series quantum yield measurement and for
the quantum yield correction and self-absorption coefficient calculations.

Table 1. Measured quantum yield values and calculated values of Dow(1)LG305 concentration series corrected
quantum yield and the self-absorption coefficient. Goodness of the fit is calculated and given by the pearsons chi-
squared test value X2.

c/ppm QE QEcorr a %2
100 1,03 1,02 0,27 49,22
250 1,02 1,02 0,35 49,91
500 1,02 1,01 0,44 50,57
750 1,02 1,01 0,47 49,71
1000 1,00 1,00 0,50 49,91
1500 1,00 1,00 0,52 54,03
2000 1,00 1,00 0,55 53,21
3000 0,98 0,99 0,56 53,23



Dow (1)LG305 48h, 200 °C
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Figure 16. Fitted emission spectra of the Dow(1)LG305 48 h, 200 °C concentration series quantum yield
measurement and for the quantum yield correction and self-absorption coefficient calculations.

Table 2. Measured quantum yield values and calculated values of the Dow(1)LG305 48 h, 200 °C concentration
series corrected quantum yield and the self-absorption coefficient. Goodness of the fit is calculated and given by
the pearsons chi-squared test value X2.

c/ppm QE QEcorr a %2
100 0,91 0,94 0,34 65,46
250 0,93 0,96 0,45 62,54
500 0,92 0,96 0,51 56,28
750 0,91 0,96 0,54 55,58
1000 0,89 0,95 0,57 54,23
1500 0,88 0,95 0,59 54,43
2000 0,87 0,95 0,61 55,07
3000 0,85 0,94 0,64 54,94



Dow(1)LG305 120 h, 200 °C
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Figure 17. Fitted emission spectra of the Dow(1)LG305 120 h, 200 °C concentration series quantum yield
measurement and for the quantum yield correction and self-absorption coefficient calculations.

Table 3. Measured quantum yield values and calculated values of the Dow(1)LG305 120 h, 200 °C concentration
series corrected quantum yield and the self-absorption coefficient. Goodness of the fit is calculated and given by
the pearsons chi-squared test value X2.

c/ppm QE QEcorr a x2
100 0,86 0,91 0,38 58,36
250 0,87 0,93 0,49 63,29
500 0,87 0,93 0,54 58,14
750 0,87 0,94 0,56 57,49
1000 0,84 0,93 0,59 50,45
1500 0,83 0,93 0,62 50,90
2000 0,80 0,92 0,64 49,15
3000 0,78 0,91 0,66 57,38
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Figure 18. Fitted emission spectra of the Dow(1)FC546 concentration series quantum yield measurement and for
the quantum yield correction and self-absorption coefficient calculations.

Table 4. Measured quantum yield values and calculated values of the Dow(1)FC546 concentration series quantum
yield and the self-absorption coefficient. Goodness of the fit is calculated and given by the pearsons chi-squared
test value X2.

c/ppm QE QEcorr a x2
100 0,93 0,95 0,28 47,73
250 0,97 0,98 0,38 52,63
500 0,94 0,97 0,46 48,65
750 0,93 0,96 0,51 49,80
1000 0,91 0,96 0,54 51,59
1500 0,85 0,93 0,59 52,41
2000 0,82 0,92 0,62 50,74
3000 0,77 0,91 0,66 50,89



Dow(1)FC546 48 h, 200 °C
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Figure 19. Fitted emission spectra of Dow(1)FC546 48 h, 200 °C concentration series quantum yield measurement
and for the quantum yield correction and self-absorption coefficient calculations.

Table 5. Measured quantum yield values and calculated values of Dow(1)FC546 48 h, 200 °C concentration series
corrected quantum vyield and the self-absorption coefficient. Goodness of the fit is calculated and given by the
pearsons chi-squared test value X2,

c/ppm QE QEcorr a c2
100 0,87 0,91 0,33 51,79
250 0,88 0,93 0,45 54,55
500 0,84 0,92 0,54 48,00
750 0,81 0,91 0,58 51,40
1000 0,77 0,90 0,62 51,82
1500 0,72 0,88 0,66 51,56
2000 0,68 0,87 0,70 51,04
3000 0,58 0,84 0,75 49,79
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Figure 20. Fitted emission spectra of the Dow(1)FC546 120 h, 200 °C concentration series quantum yield
measurement and for the quantum yield correction and self-absorption coefficient calculations.

Table 6. Measured quantum yield values and calculated values of the Dow(1)FC546 120 h, 200 °C concentration
series corrected quantum yield and the self-absorption coefficient. Goodness of the fit is calculated and given by
the pearsons chi-squared test value X2.

c/ppm QE QEcorr a x2
100 0,86 0,90 0,33 52,17
250 0,82 0,89 0,45 50,89
500 0,78 0,89 0,54 52,31
750 0,79 0,90 0,59 51,58
1000 0,73 0,88 0,63 49,74
1500 0,69 0,87 0,67 51,69
2000 0,63 0,85 0,71 55,59
3000 0,53 0,83 0,76 52,50
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Figure 21. Fitted emission spectra of the Shin(1)FC546 concentration series quantum yield measurement and for
the quantum yield correction and self-absorption coefficient calculations.

Table 7. Measured quantum yield values and calculated values of the Shin(1)FC546 concentration series corrected
quantum yield and the self-absorption coefficient. Goodness of the fit is calculated and given by the pearsons chi-
squared test value X2,

c/ppm QE QEcorr a x2
100 0,93 0,95 0,24 62,22
250 0,73 0,83 0,42 64,12
500 0,65 0,79 0,51 62,39
750 0,56 0,75 0,59 59,64
1000 0,51 0,74 0,62 55,43
1500 0,48 0,72 0,64 53,50
2000 0,42 0,69 0,67 55,03
3000 0,37 0,67 0,71 50,58
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Figure 22. Fitted emission spectra of the Shin(1)FC546 48 h, 200 °C concentration series quantum vyield
measurement and for the quantum yield correction and self-absorption coefficient calculations.

Table 8. Measured quantum yield values and calculated values of the Shin(1)FC546 48 h, 200 °C concentration
series corrected quantum yield and the self-absorption coefficient. Goodness of the fit is calculated and given by
the pearsons chi-squared test value X2.

c/ppm QE QEcorr a x2
100 0,37 0,43 0,20 73,64
250 0,40 0,55 0,44 78,24
500 0,43 0,66 0,60 56,22
750 0,40 0,68 0,69 57,11
1000 0,37 0,68 0,72 54,02
1500 0,34 0,68 0,76 54,39
2000 0,31 0,67 0,78 52,17
3000 0,25 0,64 0,81 50,40
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Figure 23. Fitted emission spectra of the Shin(1)FC546 120h, 200 °C concentration series quantum yield
measurement and for the quantum yield correction and self-absorption coefficient calculations.

Table 9. Measured quantum yield values and calculated values of the Shin(1)FC546 120h, 200 °C concentration
series corrected quantum yield and the self-absorption coefficient. Goodness of the fit is calculated and given by
the pearsons chi-squared test value X2.

c/ppm QE QEcorr a x2
100 0,00 0,00 0,49 257,62
250 0,28 0,36 0,32 74,97
500 0,38 0,59 0,58 58,84
750 0,35 0,62 0,68 63,63
1000 0,33 0,64 0,72 52,56
1500 0,30 0,65 0,78 48,48
2000 0,28 0,65 0,79 54,62
3000 0,23 0,62 0,82 45,29
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Figure 24. Fitted emission spectra of the Shin(1)LG305 concentration series quantum yield measurement and for
the quantum yield correction and self-absorption coefficient calculations.

Table 10. Measured quantum yield values and calculated values of the Shin(1)LG305 concentration series
corrected quantum vyield and the self-absorption coefficient. Goodness of the fit is calculated and given by the
pearsons chi-squared test value X2,

c/ppm QE QEcorr a x2
100 0,90 0,92 0,24 71,81
250 0,92 0,94 0,34 81,92
500 0,91 0,94 0,40 68,63
750 0,85 0,91 0,44 71,71
1000 0,63 0,77 0,49 69,53
1500 0,56 0,73 0,53 73,28
2000 0,38 0,59 0,57 70,53
3000 0,26 0,49 0,63 75,94
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Figure 25. Fitted emission spectra of the Shin(1)LG305 48 h, 200 °C concentration series quantum yield
measurement and for the quantum yield correction and self-absorption coefficient calculations.

Table 11. Measured quantum yield values and calculated values of the Shin(1)LG305 48 h, 200 °C concentration
series corrected quantum yield and the self-absorption coefficient. Goodness of the fit is calculated and given by
the pearsons chi-squared test value X2.

c/ppm QE QEcorr a x2
100 0,36 0,45 0,32 105,20
250 0,41 0,60 0,53 74,73
500 0,49 0,73 0,65 67,99
750 0,50 0,76 0,68 75,67
1000 0,47 0,74 0,68 72,94
1500 0,44 0,73 0,70 70,49
2000 0,35 0,65 0,70 70,07
3000 0,28 0,57 0,70 74,68
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Figure 26. Fitted emission spectra of the Shin(1)LG305 120 h, 200 °C concentration series quantum yield
measurement and for the quantum yield correction and self-absorption coefficient calculations.

Table 12. Measured quantum yield values and calculated values of the Shin(1)LG305 120 h, 200 °C concentration
series corrected quantum yield and the self-absorption coefficient. Goodness of the fit is calculated and given by
the pearsons chi-squared test value X2.

c/ppm QE QEcorr a x2
100 0,21 0,27 0,29 200,40
250 0,28 0,40 0,39 74,72
500 0,39 0,64 0,64 65,11
750 0,40 0,67 0,68 62,49
1000 0,39 0,66 0,68 62,44
1500 0,36 0,66 0,71 63,61
2000 0,28 0,57 0,71 64,90
3000 0,27 0,56 0,71 66,57



Bleaching UV-VIS (Air)
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Figure 27. Relative absorbance relevant to the absorbance maximum at 0 s of light exposure and after given time
of exposure to 850 mW/cm- at 450 nm wavelength under Air of the Dow(1)FC546 — 100 ppm sample.

Table 13. Absorbance and relative absorbance relevant to the absorbance at 450 nm at O s of light exposure and
after given time of exposure to 850 mW/cm™ at 450 nm wavelength under Air of the Dow(1)FC546 — 100 ppm

sample.
t/sec t/ min Absorbance (450 nm) Relative absorbance (450 nm)
0 0 0.22951 1
10914 181.9 0.22272 0.97044
81114 1351.9 0.20808 0.90665
112314 1871.9 0.19708 0.85871
164369 2,739 0.18886 0.82291
244829 4,080 0.17731 0.77257
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Figure 28. Relative absorbance relevant to the absorbance maximum at 0 s of light exposure and after given time
of exposure to 850 mW/cm at 450 nm wavelength under Air of the Dow(1)LG305 — 100 ppm sample.



Table 14. Absorbance and relative absorbance relevant to the absorbance at 450 nm at O s of light exposure and
after given time of exposure to 850 mW/cm™ at 450 nm wavelength under Air of the Dow(1)LG305 — 100 ppm

sample.

t/sec
0
17040

224707

t/ min

0

284
82816 1380.26667 0.21707 0.81012
109507  1825.11667 0.19511 0.72815
3,745

Relative absorbance (Maximum)

1,04
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0,7 1
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Figure 29. Relative absorbance relevant to the absorbance maximum at 0 s of light exposure and after given time
of exposure to 850 mW/cm at 450 nm wavelength under Air of the Shin(1)FC546 — 100 ppm sample.

Table 15. Absorbance and relative absorbance relevant to the absorbance at 450 nm at O s of light exposure and
after given time of exposure to 850 mW/cm? at 450 nm wavelength under Air of the Shin(1)FC546 — 100 ppm

sample.

t/sec
0

3900
12900
26070
84330
111570
182730
250710

t/ min
0
65
215
434.5
1,406
1,860
3045.5
4178.5

Absorbance (450 nm)

Relative absorbance (450 nm)

0.1732 1

0.16022 0.92503
0.15374 0.88761
0.14972 0.86439
0.13743 0.79345
0.13632 0.78703
0.12833 0.74093
0.1247 0.71997
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Figure 30. Relative absorbance relevant to the absorbance maximum at 0 s of light exposure and after given time

of exposure to 850 mW/cm at 450 nm wavelength under Air of the

Shin(1)LG305 — 100 ppm sample.

Table 16. Absorbance and relative absorbance relevant to the absorbance at 450 nm at O s of light exposure and
after given time of exposure to 850 mW/cm? at 450 nm wavelength under Air of the Shin(1)LG305 — 100 ppm

sample.
t/sec t/ min Absorbance (450 nm) Relative absorbance (450 nm)
0 0 0.19157 1
3600 60 0.17353 0.9058
9000 150 0.16436 0.85793
19809 330.15 0.13931 0.72722
82449 1,374 0.08297 0.43312
Bleaching UV-VIS (Nitrogen/Air)
1.0 4
_ Dow(1)FC546 N,
E 0.9 - 0s
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Figure 31. Relative absorbance relevant to the absorbance maximum at 0 s of light exposure and after given time
of exposure to 850 mW/cm at 450 nm wavelength under Nitrogen/Air of the Dow(1)FC546 — 100 ppm sample.
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Table 17. Absorbance and relative absorbance relevant to the absorbance at 450 nm at O s of light exposure and
after given time of exposure to 850 mW/cm at 450 nm wavelength under Nitrogen/Air of the Dow(1)FC546 — 100
ppm sample.

t/sec t/ min Absorbance (450 nm) Relative absorbance (450 nm)
0 0 0.2317 1
10800 180 0.23156 0.9994
86700 1445 0.2253 0.97235
151500 2525 0.21819 0.94167
178560 2976 0.21584 0.93155
249240 4154 0.2127 0.91796
1.0 4
_ Dow(1)LG305 N,
E 09 os
] — 3600
'g 08 il 9000 :
—— 94980
€ 07 15513;; s
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£ 054 171960 s
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Figure 32. Relative absorbance relevant to the absorbance maximum at 0 s of light exposure and after given time
of exposure to 850 mW/cm at 450 nm wavelength under Nitrogen/Air of the Dow(1)LG305 — 100 ppm sample.

Table 18. Absorbance and relative absorbance relevant to the absorbance at 450 nm at O s of light exposure and
after given time of exposure to 850 mW/cm at 450 nm wavelength under Nitrogen/Air of the Dow(1)LG305 — 100
ppm sample.

t/ sec t/ min Absorbance (450 nm) Relative absorbance (450 nm)
0 0 0.23854 1
3600 60 0.23697 0.99344
9600 160 0.23837 0.99928
94980 1583 0.23092 0.96805
156180 2603 0.21563 0.90396
243360 4056 0.16375 0.68648



1.0 -

- N, Shin(1)FC546
€ 094 —os
2 {1 ——82740s
£ 081 162180 s
= 1 Air
= 074 188100
@ 2529005
S 06-
£ ]
L 054
3 )
8 04-
m o
S 034
‘6 p
T 024
o
0.1 -
0.0

T T T T T T T 1
350 400 450 500 550 600 650 700
Wavelength [nm)]

Figure 33. Relative absorbance relevant to the absorbance maximum at 0 s of light exposure and after given time
of exposure to 850 mW/cm at 450 nm wavelength under Nitrogen/Air of the Shin(1)FC546 — 100 ppm sample.

Table 19. Absorbance and relative absorbance relevant to the absorbance at 450 nm at O s of light exposure and

after given time of exposure to 850 mW/cm at 450 nm wavelength under Nitrogen/Air of the Shin(1)FC546 — 100
ppm sample.

t/sec t/ min Absorbance (450 nm) Relative absorbance (450 nm)
0 0 0.15765 1
6900 115 0.14075 0.89279
68100 1135 0.12719 0.80678
153060 2551 0.12749 0.80868
214560 3576 0.11406 0.72348
1.0 4 . N
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Figure 34. Relative absorbance relevant to the absorbance maximum at 0 s of light exposure and after given time
of exposure to 850 mW/cm at 450 nm wavelength under Nitrogen/Air of the Shin(1)LG305 — 100 ppm sample.



Table 20. Absorbance and relative absorbance relevant to the absorbance at 450 nm at O s of light exposure and
after given time of exposure to 850 mW/cm at 450 nm wavelength under Nitrogen/Air of the Shin(1)LG305 — 100
ppm sample.

t/sec t/ min Absorbance (450 nm) Relative absorbance (450 nm)
0 0 0.21178 1
3600 60 0.20601 0.97279
9600 160 0.20439 0.96511
67680 1128 0.18503 0.87372
95280 1588 0.17142 0.80944
156480 2608 0.16881 0.79712
160080 2668 0.14681 0.69322
169080 2818 0.13679 0.64592
176640 2944 0.12968 0.61235
250200 4170 0.08419 0.39752



Verification of covalent bond formation between a Si-H containing polymer and
FC546

In presence of a platinum based hydrosilylation catalyst a reaction between the allyl
functionalyzed FC546 dye and the hydrid groups of Shin Etsu KJIR9022E component B under
curing conditions should lead to a cured polymer. This polymer should not show any
precipitation or any Si-H vibrational Bands in the FTIR spectrum. If there is no bond-formation

the dye should precipitate and Si-H vibrations should be present.

Shin Etsu KIJR9022E component B (0.1 g) was mixed with a stock solution of FC546 (5.0 g
[0.1wt% in Toluol]; 5 mg FC546) and Platin- Carbonylcyclovinylmethylsiloxan (Ossko-Catalyst;
0.25 ul [2.0% Pt(0) in Xylene]; 255 ug Pt(0); 50 ppm). The solvent was removed under reduced
pressure. The polymer dye mixture and the pure component B, as a reference, were
transferred into a compartment drier (150 °C, 4 h). The observed solid red but transparent

material and the liquid transparent component B were characterized by FTIR spectroscopy.

After the solvent was removed from the polymer dye mixture FC546 precipitated. The heat
treatment leads to a cured transparent red Material. FC546 was solved completely in the matrix
structure and reacted with the Si-H groups of the polymer covalent bond formation. This was
verified by FTIR spectroscopy. The B component of Shin(1) shows vibration bands due to the
silicon hydride bond respectively at 2159 cm? [v(Si-H)] and 906 cm™ [p(Si-H)]. By heating the
pure B component at curing conditions this vibrational bands are still present. By adding the
FC546 dye and a small amount of hydrosilylation catalyst the vibrational bands disappear. The

allyl groups of the dye reacted with the Si-H groups of the polymer.

]—— shin Etsu KIR9022E component B
| Shin Etsu KIR9022E component B + 5 mg FC546
| (* = FC546 vibrations)

v(Si-H)= 2159 cm™

relative Absorption

2300 2200 2100 2000

N

A AN *X %
T T T T T T T T T T T T T T T T T T T T T T T T T 1
3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavenumber / cm™

Figure 35. FTIR spectra of pure Shin component B and the dye incorporated component B after heat treatment.
The Si-H vibration band disapears completely due to the formation of covalent bonds between the dye and the
polymer.
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Fluorescence Spectrum of FC546

relative Intensity

A, = 450 nm (22222 cm™) —— LG305 in Toluene emission
Aen= 630 Nm (15873 cm™) - - LG305in Toluene excitation

T T T T T 1 ! I T T T T
350 400 450 500 550 600 650
Wavelength / nm

Figure S1. Emission and excitation spectra of diluted solutions (5 pmol L) of Lumogen®F Red 305 (LG305) in
toluene with an emission wavelength of 630 nm (15873 cm) and with an excitation wavelength of 450 nm (22222

cm?).



NMR / FTIR spectra

PMS-03: Polyphenylmethylsiloxane, hydrid terminated
OH (300 MHz, CDCl3): 7.59 — 7.40 (4 H, m, Phenyl-H), 7.33 — 7.14 (6 H, m, Phenyl-H), 4.68
(2 H, sept, J 2.8, Si-H), 1.33 (s, Impurity ~ [-OH]), 0.36 — 0.17 (7 H, m, Si-CHs chain), 0.14 —
-0.09 (15 H, m, Si-(CHs)2, end group).

PMS-03
| | Polyphenylmethylsiloxane
H—Si+0—Si+0—Si—H hydride terminated
2-5 cSt.
n 300-500 g/Mol
°
E
K
2
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5
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Figure S2. *H-NMR spectrum of PMS-03 in chloroform-D.



p(C-H [Si-(CH,),])= 786 cm™
8(C-H),, = 727,696 cm™

—— PMS-HO03

C V= -1
i v(Si-O-Si)= 1039, 1124 cm™  P(Si-H)=898 cm
PMS-03
) | | Polyphenylmethylsiloxan
H—Si+0—8i+0—Si—H hydritterminiert
| ‘k f] | 2-5 cSt.
n 300-500 g/Mol

8(C-H [Si-CH,]) = 1255 cm™)

v(C=C-C),,, = 1592, 1483, 1429 cm™

v(C-H),, = 3049, 3072 cm™

relative Absorption

v(C-H) = 2960, 2900 cm™

. v(Si-H)= 2127 cm™

T T T I ! I ! I "{/\'\ I ! 1 "_+‘ T T T T T T T T T 1
3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Energy /cm™

Figure S3. FTIR- spectrum of PMS-03.



PMV-9925: Polyphenylmethylsiloxane, vinyl terminated

O+ (300 MHz, CDCls): 7.75 — 6.94 (118 H, m, Phenyl-H), 6.23 — 5.46 (6 H, m, Vinyl-H),
3.38 (s, impurity ~ [-CH_2]), 1.33 (s, impurity ~ [-OH]), 0.55 —-0.28 (89 H, m, Si-CHj).

PMV-9925
| | Polyphenylmethylsiloxane
B PRI P vinyl terminated
J T{O Sllio TN 300-600 cSt.

n 2000-3000 g/Mol

— — —
2 ° &
N
- < ]
- o ®

T T T T T T T T T T T T T T T T T T T
90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 00 -0.5
ppm

Figure S4. *H-NMR spectrum of PMV-9925 in chloroform-D.



p(C-H [Si-(CH,),])= 781 cm™
8(C-H),, = 725,694 cm™

— PMV-9925

i v(Si-0-Si)= 1014, 1048, 1120 cm™

PMV-9925
| | Polyphenylmethylsiloxan
Aa_d A vinylterminiert
17 ?"[o ﬁo N 300-600 cSt.

n 2000-3000 g/Mol

8(C-H [Si-CH,]) = 1259 cm™)

v(C=C-C),, = 1591, 1488, 1429 cm*

v(C-H),, = 3045, 3070 cm™

relative Absorption

v(C-H) = 2969, 2902 cm™

T T T T T I ' I ' I ' IWI T T T T T T T T T T T 1
3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Energy /cm™

Figure S5. FTIR spectrum of PMV-9925.



OPS-B

45-50% Methylhydrosiloxane)-phenylmethylsiloxane copolymer, hydride terminated

O+ (300 MHz, CDCls): 7.74 — 7.01 (m, Ph-H), 4.68 (m, Si-H), 2.28 (s, [impurity]), 2.06 (s,
[Verunreinigung]), 1.33 (s, impurity ~ [-OH]), 1.28 (s, impurity ~ [-FOH]), 0.48 —-0.20 (m, Si-

CHa).

c (75 MHz, CDCls): 137.02 (Ph: Cio), 133.44 (C1, C1s), 129.88 (Ph: Cy3), 127.84 (Ph:

ClZ,C14), 1.5--1 (CH3: Cz, Cg).

8si (60 MHz, CDCls): -33.10 - -35.86 (Si-MePh: Sie).
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Figure S6. *H-NMR-Spektrum von OPC-B in Chloroform-D.
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Figure S7. 13C-NMR spectrum of OPS-B in chloroform-D.
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Figure S8. 2°Si-NMR spectrum of OPS-B in chloroform-D.
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relative Absorption

p(C-H [Si-(CH,),))= 784 cm™
| ) 8(C-H),, = 727, 694 cm
—— OPS Komponente B (Hydrid) o(Si-H)= 870, 900 cm”*

v(Si-0-Si)= 1020, 1120 cm™ __»

3(C-H [Si-CH,]) = 1259 cm™)

¥(C=C-C),,, = 1590, 1490, 1430 cm™

- V(C-H),, = 3049, 3072 cm™*

- v(Si-H)= 2150 cm™
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T T T I N I N I N T T I N T T T T T T T T T T T T 1
3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Energy /cm™

Figure S9. FTIR spectrum of OPS-B.



FC546

81 (300 MHz, CDCls): 8.15 (4 H, s, He), 7.27 (8 H, d, J
6.9, Ha), 6.86 (8 H, d, J 8.0, Hs), 6.01 — 5.83 (2 H, m, Ha),
5.33 - 5.10 (4 H, m, He), 4.73 (4 H, d, J 5.3, Hy), 1.73 (8
H, s, Hz), 1.54 (s, Water), 1.36 (24 H, s, Hs), 0.78 (36 H,
s, Hy).
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Figure S10. *H-NMR spectrum of FC546 in chloroform-D.
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PX-FC546 0.1%

P2-FC546 0.1 %
O+ (300 MHz, CDCls): 7.86 — 6.88 (m, Phenyl-H), 4.76 (sept, J 2.8, Si-H), 2.00 (s, impurity),
1.55 (s, water), 1.27 (s, impurity), 1.37 (s, FC546, Hs), 0.79 (s, FC546, H,), 0.62 —-0.26 (m,
Si-CHs).

P3-FC546 0.1 %
O+ (300 MHz, CDCls): 7.86 — 6.88 (m, Phenyl-H), 4.76 (sept, J 2.8, Si-H), 2.00 (s, impurity),
1.55 (s, water), 1.27 (s, impurity), 1.37 (s, FC546, Hs), 0.79 (s, FC546, H1), 0.62 — -0.26 (m,
Si-CHs).

P4-FC546 0.1 %
O+ (300 MHz, CDCls): 7.86 — 6.88 (m, Phenyl-H), 4.76 (sept, J 2.8, Si-H), 2.00 (s, impurity),
1.55 (s, water), 1.27 (s, impurity), 1.37 (s, FC546, Hs), 0.79 (s, FC546, H,), 0.62 —-0.26 (m,
Si-CHj).

P5-FC546 0.1 %
O+ (300 MHz, CDCl3): 7.86 — 6.88 (m, Phenyl-H), 4.76 (sept, J 2.8, Si-H), 2.00 (s, impurity),
1.55 (s, water), 1.27 (s, impurity), 1.37 (s, FC546, Hs), 0.79 (s, FC546, H1), 0.62 — -0.26 (m,

P2-FC546 0.1 %

Si-CHs).
O 45 ;
i i |i ﬂf@w@i, ‘ i i i i i’
:: P5-FC546 0.1 %
P4-FC546 0.1 %
M P3-FC546 0.1 %

A

9.0 85 80 7'5 70 65 60 55 50 45 40 35 30 25 20 15 10 05 Dl] -0.5
3 [ppm]

Figure S11. 'H NMR spectra of PX-FC546 0.1 % (X= 2,3,4, 5)
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P2-FC546 1%

O+ (300 MHz, CDCls): 8.15 (4 H, s, FC546, He), 7.78 — 6.98 (m, Phenyl-H, Polymer/FC546),
6.86 (8 H, d, FC546, Hs), 3.34 (s, Polymer [impurity]), 2.00 (s, Polymer [impurity]), 1.74 (8
H, s, FC546, H,), 1.54 (2 H, s, water), 1.37 (24 H, s, FC546, H3), 1.28 (s, Polymer [impurity]),
0.79 (36 H, s, FC546, H1), 0.50 — -0.25 (m, Si-CHs, Polymer)
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Figure S12. 'H-NMR spectrum of P2-FC546 1% in chloroform-D.



OPS-B + FC546

84 (300 MHz, CDCl3): 8.15 (4 H, s, FC546, Hg), 7.70 — 7.36 (m, Ph-H, OPS-B), 7.36 — 7.06
(m, Ph-H, OPS-B), 6.85 (8 H, d, J 8.1, FC546, Hs), 5.97 — 5.78 (2 H, m, FC546, Hs), 5.30 —
5.00 (4 H, m, FC546, Hg), 4.71 (m, OPS-B Si-H), 3.62 (s, OPS-B [impurity]), 1.69 (8 H, s,
FC546, Hy), 1.32 (24 H, s, FC546, Hs), 0.75 (36 H, s, FC546, H1), 0.49 — -0.22 (m, OPS-B,

Si-CHy).
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Figure S13. *H-NMR spectrum of OPS-B with FC546 8% before hydrosilylation reaction measured in chloroform-
D.



OPS-B-FC546 8%

O+ (300 MHz, CDCls): 8.15 (4 H, s, FC546, Hg), 7.75 — 7.02 (m, Ph-H, OPS-B), 6.87 (8 H,
d, J 6.7, FC546, Hs), 4.94 — 4.52 (m, OPS-B Si-H), 2.36 (s, OPS-B [impurity]), 1.73 (8 H, s,
FC546, H), 1.49 (s, water), 1.37 (24 H, s, FC546, Hs), 0.79 (36 H, s, FC546, H;), 0.52 — -

0.19 (m, OPS-B, Si-CHs).
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Figure S14. 'H-NMR spectrum of OPS-B-FC546 8% in chloroform-D.
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1 —— OPSB-FC546 0.06 %
—— OPSB-FC546 0.1 %
—— OPSB-FC546 1.0 %
—— OPSB-FC546 8.0 %

v(Si-H)= 2160 cm™ p(Si-H)= 900 cm™

930 920 910 900 890 880

2225 2200 2175 2150 2125 2100

relative Absorption

3000 2500 2000 1500 1000

Energy /cm™

Figure S15. FTIR spectra of the OPSB-FC546 — X % series with X=0.06, 0.1, 1.0 and 8.0. The Si-H vibration bands
intensities at 2125 cm [1{Si-H)] and 905 cm™ [p(Si-H)] are not decreasing significantly for samples with a low dye
concentration. After the incorporation of 8 wt% of FC546 the decrease is detectable and an indication for a covalent
attachment to the polymer precursor.
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| —— P2-FC546 0.025 % Samples after curing (150 °C, 4 h)
—— P2-FC546 0.05 %

—— P2-FC546 0.25 %
| —— P2-FC546 0.05 %
—— P2-FC546 1.00 %

v(Si-H)= 2125 cm p(Si-H)= 905 cm"*

2250 2200 2150 2100 2050 2000 930 920 910

relative Absorption

Q««Mr

3000 2500 2000 1500 1000

Energy / cm™

Figure S16. FTIR spectra of the Dow(1)P2-FC546 — X % series after the curing process at 150 °C for 4 h.

1 —— P2-FC546 0.025 % Samples after post-curing (200 °C, 48 h)
—— P2-FC546 0.05 %
——P2-FC546 0.25 %
| ——P2-FC546 0.05 %
—— P2-FC546 1.00 %

v(Si-H)= 2125 cm™! p(Si-H)= 905 cm™!

| Aol R
2250 2200 2150 2100 2050 2000 930 920

relative Absorption

IM' T T [‘— T T T T
3000 2500 2000 1500 1000

Energy / cm™

Figure S17. FTIR spectra of the Dow(1)P2-FC546 — X % series after the curing process at 200 °C for 48 h.



Thermogravimetric data

100

90 A
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Mass(subtr.)/%
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Temperature / °C

—— Dow(1)FC546 - 100 ppm

—— Dow(1)P2-FC546 0.1 % - 100 ppm

—— Dow/(1)P3-FC546 0.1 % - 100 ppm

—— Dow/(1)P4-FC546 0.1 % - 100 ppm

—— Dow(1)OPSB-FC546 0.1 % - 100 ppm

Figure S18. Thermogravimetric data of Dow(1)FC546 — 100ppm, the Dow(1)PX-FC546 0.1 % - 100 ppm series
(X= 2, 3, 4) and Dow(1)OPSB-FC546 with 10 K/min to 800 °C with gas flux of N2/O2 of 20 ml/min respectively.
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Figure S19. Thermogravimetric data of Dow(1)FC546 — 100ppm and the Dow(1)P2-FC546 X % - 100 ppm series
(X=0.025, 0.05, 0.1, 0.5, 1.0) with 10 K/min to 800 °C with gas flux of N2/O2 of 20 ml/min respectively.
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Table S1. The degradation temperature Tgs value of the cured Dow(1) samples with the perylene polymers or the
pure dye incorporated compared to the pure Dow(1) matrix. A higher concentration of perylene polysiloxane added
leads to a decrease of Tos value.

Sample Tes / °C
Dow(1) 465
Dow(1)FC545 - 100 ppm 468

Dow(1)P2-FC546 0.025 % - 100 ppm 433
Dow(1)P2-FC546 0.05 % - 100 ppm 450
Dow(1)P2-FC546 0.1 % - 100 ppm 474
Dow(1)P2-FC546 0.5 % - 100 ppm 472
Dow(1)P2-FC546 1.0 % - 100 ppm 470
Dow(1)P3-FC546 0.1 % - 100 ppm 469
Dow(1)P4-FC546 0.1 % - 100 ppm 472

Dow(1)OPS-B-FC546 0.1 % - 100 ppm 478
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Figure S20. DSC measurements of the post cured samples measured from -40 to 400 °C with 5K/min under N2
atmosphere (100 ml/min). The Tq value indicated by an inflection of the DSC curve increases with the hardness of

the sample caused by a higher cross-linked structure.
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Figure S21. DSC measurements of the post cured samples measured from -40 to 400 °C with 5K/min under N2
atmosphere (100 ml/min). The Tq4 value indicated by an inflection of the DSC curve increases with the hardness of

the sample caused by a higher cross-linked structure.
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Figure S22. Tq values of the of the cured Dow(1) samples with the perylene polymers or the pure dye incorporated
compared with the pure Dow(1) matrix measured after the post curing procedure (200 °C, 48 h). The decrease of
the Ty and the cross-linking is directly correlated to the amount of perylene polysiloxane incorporated.
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Figure S23. T4 values of the of the cured Dow(1) samples with the perylene polymers or the pure dye incorporated
compared with the pure Dow(1) matrix measured after the post curing procedure (200 °C, 48 h). The decrease of
the Tq and the cross-linking is directly correlated to the amount of perylene polysiloxane incorporated.
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Quantum Efficiency, Self-Absorption Coefficient and Fluorescence Spectra

Table S2. Measured quantum yield values and calculated values of Dow(1)OPSB-FC546 0.1% - 100 ppm before
and after additional heat treatments (200 °C, 48/120h) and the corrected quantum yield and the self-absorption
coefficient. The self-absorption coefficient was calculated by using the emission spectra of a very low concentrated
sample with virtually zero self-absorption (Dow(1)FC546 - 15 ppm) as described in previous studies.*%4! Goodness
of the fit is calculated and given by the pearsons chi-squared test value X2.

QE QEcorr a %2
Dow(1)FC546 1.01 1.01 0.25 65.29
Dow(1)OPS-B-FC546 0.1% 0.90 0.92 0.27 60.76
Dow(1)OPS-B-FC546 0.1%, 48h, 200 °C 0.80 0.85 0.28 66.19
Dow(1)OPS-B-FC546 0.1%, 120h, 200 °C 0.74 0.79 0.26 58.12
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Figure S24. Fitted emission spectra of Dow(1)OPSB-FC546 0.1% - 100 ppm before and after additional heat
treatments (200 °C, 48/120h) and the emission spectrum of a very low concentrated sample with virtually zero self-
absorption (Dow(1)FC546 - 15 ppm) used for the quantum yield determination, the quantum yield correction and
self-absorption coefficient calculations.
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Table S3. Measured quantum yield values and calculated values of Dow(1)P2-FC546 0.1% - 100 ppm before and
after additional heat treatments (200 °C, 48/120h) and the corrected quantum yield and the self-absorption
coefficient. The self-absorption coefficient was calculated by using the emission spectra of a very low concentrated
sample with virtually zero self-absorption (Dow(1)FC546 - 15 ppm) as described in previous studies.»*%4! Goodness
of the fit is calculated and given by the pearsons chi-squared test value X2.

QE QEcorr a %2
Dow(1)P2-FC546 0.1% 1.01 1.01 0.36 54.54
Dow(1)P2-FC546 0.1%, 200 °C, 48 h 0.82 0.88 0.39 55.45
Dow(1)P2-FC546 0.1%, 200 °C, 120 h 0.83 0.89 0.40 64.88
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Figure S25. Fitted emission spectra of Dow(1)P2-FC546 0.1% - 100 ppm before and after additional heat treatments
(200 °C, 48/120h) and the emission spectrum of a very low concentrated sample with virtually zero self-absorption
(Dow(1)FC546 - 15 ppm) used for the quantum yield determination, the quantum yield correction and self-absorption
coefficient calculations.
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Table S4. Measured quantum yield values and calculated values of Dow(1)P3-FC546 0.1% - 100 ppm before and
after additional heat treatments (200 °C, 48/120h) and the corrected quantum yield and the self-absorption
coefficient. The self-absorption coefficient was calculated by using the emission spectra of a very low concentrated
sample with virtually zero self-absorption (Dow(1)FC546 - 15 ppm) as described in previous studies.»*%4! Goodness
of the fit is calculated and given by the pearsons chi-squared test value X2.

QE QEcorr a %2
Dow(1)P3-FC546 0.1% 1.01 1.00 0.31 54.42
Dow(1)P3-FC546 0.1%, 200 °C, 48 h 0.85 0.90 0.36 58.99
Dow(1)P3-FC546 0.1%, 200 °C, 120 h 0.83 0.89 0.37 82.10
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Figure S26.Fitted emission spectra of Dow(1)P3-FC546 0.1% - 100 ppm before and after additional heat treatments
(200 °C, 48/120h) and the emission spectrum of a very low concentrated sample with virtually zero self-absorption
(Dow(1)FC546 - 15 ppm) used for the quantum yield determination, the quantum yield correction and self-absorption
coefficient calculations.
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Table S5. Measured quantum yield values and calculated values of Dow(1)P4-FC546 0.1% - 100 ppm before and
after additional heat treatments (200 °C, 48/120h) and the corrected quantum yield and the self-absorption
coefficient. The self-absorption coefficient was calculated by using the emission spectra of a very low concentrated
sample with virtually zero self-absorption (Dow(1)FC546 - 15 ppm) as described in previous studies.»*%4! Goodness
of the fit is calculated and given by the pearsons chi-squared test value X2.

QE QEcorr a %2
Dow(1)P4-FC546 0.1% 1.00 1.00 0.36 66.89
Dow(1)P4-FC546 0.1%, 200 °C, 48 h 0.83 0.89 0.39 59.09
Dow(1)P4-FC546 0.1%, 200 °C, 120 h 0.81 0.87 0.39 67.64
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Figure S27. Fitted emission spectra of Dow(1)P4-FC546 0.1% - 100 ppm before and after additional heat treatments
(200 °C, 48/120h) and the emission spectrum of a very low concentrated sample with virtually zero self-absorption
(Dow(1)FC546 - 15 ppm) used for the quantum yield determination, the quantum yield correction and self-absorption
coefficient calculations.
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Table S6. Measured quantum yield values and calculated values of Dow(1)P2-FC546 X % - 100 ppm (X= 0.025,
0.05, 0.1, 0.25, 0.5, 1.0) before an additional heat treatments (200 °C, 48/120h) and the corrected quantum yield
and the self-absorption coefficient. The self-absorption coefficient was calculated by using the emission spectra of
a very low concentrated sample with virtually zero self-absorption (Dow(1)FC546 - 15 ppm) as described in previous
studies.>*%41 Goodness of the fit is calculated and given by the pearsons chi-squared test value X2.

Dow(1)P2-FC546 X% - 100 ppm QE QEcorr a x2

0.025 0.98 0.99 0.32 54.98

0.05 0.98 0.99 0.34 55.79

0.1 1.01 1.01 0.35 47.66

0.25 1.00 1.00 0.28 48.33

0.5 0.97 0.98 0.35 55.28

1 0.97 0.98 0.38 52.97
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Figure S28. Fitted emission spectra of Dow(1)P2-FC546 X % - 100 ppm (X=0.025, 0.05, 0.1, 0.25, 0.5, 1.0) before
an additional heat treatments (200 °C, 48/120h) and the emission spectrum of a very low concentrated sample with
virtually zero self-absorption (Dow(1)FC546 - 15 ppm) used for the quantum yield determination, the quantum yield
correction and self-absorption coefficient calculations.
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Table S7. Measured quantum yield values and calculated values of Dow(1)P2-FC546 X % - 100 ppm (X= 0.025,
0.05, 0.1, 0.25, 0.5, 1.0) before after additional heat treatments (200 °C, 48 h) and the corrected quantum yield
and the self-absorption coefficient. The self-absorption coefficient was calculated by using the emission spectra of
a very low concentrated sample with virtually zero self-absorption (Dow(1)FC546 - 15 ppm) as described in previous
studies.>*%41 Goodness of the fit is calculated and given by the pearsons chi-squared test value X2.

Dow(1)P2-FC546 X% - 100 ppm

(200°C, 48h) QE QEcorr a %2
0.025 0.84 0.89 0.36 54.25
0.05 0.87 0.91 0.35 52.79
0.1 0.82 0.88 0.39 49.16
0.25 0.87 0.90 0.30 56.99
0.5 0.86 0.90 0.35 57.86
1 0.85 0.90 0.39 47.32
250

200

150

100

Intensity / cps

50

500 550 600 650 700 750 800
Wavelength / nm

—15 —0.025 —0.05 01 —0.25 —0.5 —1

Figure S29. Fitted emission spectra of Dow(1)P2-FC546 X % - 100 ppm (X= 0.025, 0.05, 0.1, 0.25, 0.5, 1.0) after
an additional heat treatments (200 °C, 48) and the emission spectrum of a very low concentrated sample with
virtually zero self-absorption (Dow(1)FC546 - 15 ppm) used for the quantum yield determination, the quantum yield
correction and self-absorption coefficient calculations.
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Table S8. Measured quantum yield values and calculated values of Dow(1)P2-FC546 X % - 100 ppm (X= 0.025,
0.05, 0.1, 0.25, 0.5, 1.0) before after additional heat treatments (200 °C, 72 h) and the corrected quantum yield
and the self-absorption coefficient. The self-absorption coefficient was calculated by using the emission spectra of
a very low concentrated sample with virtually zero self-absorption (Dow(1)FC546 - 15 ppm) as described in previous
studies.>*%41 Goodness of the fit is calculated and given by the pearsons chi-squared test value X2.

Dow(1)P2-FC546 X% - 100 ppm

(200°C, 120 h) QE QEcorr a %2
0.025 0.78 0.85 0.38 46.64
0.05 0.82 0.88 0.36 56.22
0.1 0.83 0.89 0.40 58.40
0.25 0.82 0.87 0.31 58.99
0.5 0.83 0.88 0.34 57.14
1 0.81 0.88 0.40 49.35
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Figure S30. Fitted emission spectra of Dow(1)P2-FC546 X % - 100 ppm (X= 0.025, 0.05, 0.1, 0.25, 0.5, 1.0) after
an additional heat treatments (200 °C, 72 h) and the emission spectrum of a very low concentrated sample with
virtually zero self-absorption (Dow(1)FC546 - 15 ppm) used for the quantum yield determination, the quantum yield
correction and self-absorption coefficient calculations.
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Table S9. Mw, Mn and D of the measured samples.

Refractive index detector / UV detector

Mw /g mol*  Mn/g mol? D

PMS-HO03 430/420 400/390 11

PMV-9925 2420/2500 1020/1100 24

OPS-B 1400/1150 5710/5750 4.1
P2-FC546 - 0.025 % 4980/4890 3090/3090 1.6/1.6
P2-FC546 - 0.05 % 4890/4850 3060/3060 1.6/1.6
P2-FC546 — 0.1 % 5660/5530 3360/3360 1.7/1.6
P2-FC546 - 0.25 % 5400/4820 3140/3140 1.7/1.5
P2-FC546 - 0.5 % 5030/5030 3130/3130 1.7/1.6
P2-FC546 - 1.0 % 5660/5020 3240/3240 1.7/1.6
P3-FC546 — 0.1 % 6080/5680 3600/3540 1.7/1.6
P4-FC546 — 0.1 % 8400/8080 4420/4430 1.9/1.8
OPSB-FC546 — 0.1 %  13470/14300 4440/4350 3.1/3.2
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Photostability — UV/VIS Data
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Figure S43. Absorbance spectra of Dow(1)FC546 — 100 ppm measured after given time of exposure to 710 mW
LEDs (LDW5SN, 0.45 mA [max.: 0.7 mA]) at 450 nm wavelength under ambient conditions (Air).
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Figure S44. Absorbance spectra of Dow(1)P2-FC546 0.1 % — 100 ppm measured after given time of exposure to
710 mW LEDs (LDW5SN, 0.45 mA [max.: 0.7 mA]) at 450 nm wavelength under ambient conditions (Air).
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Figure S45. Absorbance spectra of Dow(1)P3-FC546 0.1 % — 100 ppm measured after given time of exposure to
710 mW LEDs (LDW5SN, 0.45 mA [max.: 0.7 mA]) at 450 nm wavelength under ambient conditions (Air).
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Figure S46. Absorbance spectra of Dow(1)P4-FC546 0.1 % — 100 ppm measured after given time of exposure to
710 mW LEDs (LDW5SN, 0.45 mA [max.: 0.7 mA]) at 450 nm wavelength under ambient conditions (Air).
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Figure S47. Absorbance spectra of Dow(1)OPSB-FC546 0.1 % — 100 ppm measured after given time of exposure
to 710 mW LEDs (LDW5SN, 0.45 mA [max.: 0.7 mA]) at 450 nm wavelength under ambient conditions (Air).
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NMR spectroscopy

Phenyltrimethoxysilane

—O—Si—0—

By (400 MHz, CDCly): 7.71 — 7.34 (5 H, m, Si-Ph), 3.64 (9 H, s, Si-OCH,)

Bsi (80 MHz, CDCl.): -54.49

—7.26 Chloroform-d

I
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95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15
8[ppm]

Figure ESI 1. "H NMR spectrum of phenyltrimethoxysilane monomer.
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Figure ESI 2. 2°Si NMR spectrum of phenyltrimethoxysilane monomer.
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Methyltrimethoxysilane

—0-8—0—
0

84 (300 MHz, CDCly): 3.50 (9 H, s, Si-OCHj), 0.06 (3 H, s, Si-CHa)

8si (60 MHz, CDCl,): -39.17

—7.26 Chloroform-d
3.50
—0.06

3.06{ b0

9.001 L

75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05 -1.0
3[ppm]

Figure ESI 3. "TH NMR spectrum of methyltrimethoxysilane monomer.

—-39.17

T T T T T T T T T T T T T T T T T
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3[ppm]

Figure ESI 4. 2Si NMR spectrum of methyltrimethoxysilane monomer.
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Dimethyldimethoxysilane

—O0—Si—0—

84 (400 MHz, CDCly): 3.39 (6 H, s, Si-OCHj), 0.00 (6 H, s, Si-CHs)

Bsi (60 MHz, CDCls): -0.31

—7.26 Chloroform-d

—3.39
—0.00

6.00] ——
6.06]

T T T T T T T T T T T T T T T T T
75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
3[ppm]

Figure ESI 5. "TH NMR spectrum of dimethyldimethoxysilane monomer.

—-0.31

110 9 80 70 60 50 40 30 20 10 O -20 -40 -60 -80 -100
3[ppm]

Figure ESI 6. 2°Si NMR spectrum of dimethyldimethoxysilane monomer.
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Methoxy terminated Polydimethylsiloxane

—O—Si—O—Si—O1-Si—O0—

84 (300 MHz, CDCly): 3.45 (6 H, s, Si-OCHj), 0.20 — -0.01 (65 H, m, Si-CHa)

Bsi (60 MHz, CDCl,): -10.18 —-11.31 (m), -20.76 — -22.21 (m)

—7.26 Chloroform-d

L

64.63] L—

o
o
S
©

75 70 65 60 55 50 45 4.0 3.5 3.0 25 2.0 1.5 1.0 05 00 -05 -1.0 -1.5
S[ppm]

Figure ESI 7. "TH NMR spectrum of methoxy-terminated polydimethylsiloxane oligomer.
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Figure ESI 8. 2°Si NMR spectrum of methoxy-terminated polydimethylsiloxane oligomer.
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Sample 1 — after 3h of condensation

54 (300 MHz, CDCl5): 8.08 — 6.88 (5 H, m, Si-Ph), 5.16 — 4.66 (m, MeOD,/H,0%), 3.80 —
2.93 (m, Si-OMe, MeOH, MeOD,), 1.18 (t, J 7.0, EtOH3), 0.51 — -0.30 (m, Si-Me).
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8‘.5 2;.0 7‘.5 7‘.0 6‘.5 6‘.0 5‘.5 5.0 4‘.5 4.0 3‘.5 I;.O 2‘.5 Z‘.O 1‘.5 1‘.0 l;.S (;.0 -(;.5

3[ppm]
Figure ESI 9. "TH NMR spectrum of the reaction mixture of sample 1 after 3 h of condensation reaction before
methoxy-terminated polydimethylsiloxane was added.
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Figure ESI 10. 2°Si-'"H HMBC 2D NMR spectrum of the reaction mixture of sample 1 after 3 h of condensation
reaction before methoxy-terminated polydimethylsiloxane was added.
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Sample 1 — unconsolidated Gel

84 (300 MHz, CDCIs): 8.08 — 6.88 (m, Si-Ph), 5.16 — 4.66 (m, MeOD,/H,0%), 3.80 — 2.93
(m, Si-OMe, MeOH, MeQD,), 2.14 (s, Acetone®), 1.18 (t, J 7.0, EtOH%), 0.51 —-0.30 (m, Si-

Me).
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Figure ESI 11. 'TH NMR spectrum of the unconsolidated gel like sample 1.
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Figure ESI 12. 2°Sj-"H HMBC 2D NMR spectrum of the unconsolidated gel like sample 1.
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Sample 2 — after 3h of condensation

84 (300 MHz, CDCl;): 8.03 — 7.02 (m, Si-Ph), 5.12 — 4.68 (m, MeOD,/H,0%), 3.78 — 2.95 (m,
Si-OMe, MeOH, MeODy,), 1.18 (t, J 7.0, EtOH?3), 0.48 — -0.30 (m, Si-Me).
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Figure ESI 13. TH NMR spectrum of the reaction mixture of sample 2 after 3 h of condensation reaction before
methoxy-terminated polydimethylsiloxane was added.
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Figure ESI 14. 2°Sj-'"H HMBC 2D NMR spectrum of the reaction mixture of sample 2 after 3 h of condensation
reaction before methoxy-terminated polydimethylsiloxane was added.
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Sample 2 — unconsolidated gel

84 (300 MHz, CDCl;): 8.02 — 6.82 (m, Si-Ph), 5.12 — 4.68 (m, MeOD,/H,0%), 3.87 — 2.95 (m,

Si-OMe, MeOH, MeOD,), 2.13 (s, Acetone®), 0.52 — -0.47 (m, Si-Me).

g ) 3 g g
w c I o <

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1.0
S[ppm]

Figure ESI 15. "TH NMR spectrum of the unconsolidated gel like sample 2.
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Figure ESI 16. 2°Sj-"H HMBC 2D NMR spectrum of the unconsolidated gel like sample 2.
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Sample 3 — after 3h of condensation

84 (300 MHz, CDCl;): 7.95 — 7.01 (m, Si-Ph), 5.13 — 4.67 (m, MeOD,/H,0%), 3.75 — 2.96 (m,
Si-OMe, MeOH, MeODy,), 1.18 (t, J 7.0, EtOH3), 0.49 — -0.34 (m, Si-Me).

0.03 1

Figure ESI 17. "TH NMR spectrum of the reaction mixture of sample 3 after 3 h of condensation reaction before
methoxy-terminated polydimethylsiloxane was added.
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Figure ESI 18. 29Si-'"H HMBC 2D NMR spectrum of the reaction mixture of sample 3 after 3 h of condensation
reaction before methoxy-terminated polydimethylsiloxane was added.
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Sample 3 — unconsolidated gel

84 (300 MHz, CDCl;): 8.07 — 6.87 (m, Si-Ph), 5.12 — 4.68 (m, MeOD,/H,0%), 3.87 — 3.01 (m,

Si-OMe, MeOH, MeOD,), 2.13 (s, Acetone®), 0.47 — -0.43 (m, Si-Me).
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Figure ESI 19. "TH NMR spectrum of the unconsolidated gel like sample 3.
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Figure ESI 20. 2°Sj-"H HMBC 2D NMR spectrum of the unconsolidated gel like sample 3.
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Sample 4 — unconsolidated gel

84 (300 MHz, CDCl;): 7.95 — 6.83 (m, Si-Ph), 5.12 — 4.68 (m, MeOD4/H,0%°), 3.83 — 2.94 (m,
Si-OMe, MeOH, MeOD,), 1.89 — 1.82 (m, unspecific impurity), 0.55 —-0.43 (m, Si-Me).

M)ﬂg,

g § I g
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Figure ESI 21. "TH NMR spectrum of the unconsolidated gel like sample 4.

Sample 5 — unconsolidated gel

34 (300 MHz, CDCl,): 8.08 — 6.80 (m, Si-Ph), 5.12 — 4.68 (m, MeOD,/H,0%), 3.79 — 2.99 (m,
Si-OMe, MeOH, MeOD,), 0.63 — -0.52 (m, Si-Me).
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Figure ESI 22. 'TH NMR spectrum of the unconsolidated gel like sample 5.
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Sample 6 — unconsolidated gel

84 (300 MHz, CDCl;): 7.99 — 6.78 (m, Si-Ph), 5.12 — 4.68 (m, MeOD,/H,0%), 3.80 — 3.06 (m,
Si-OMe, MeOH, MeOD,), 0.53 — -0.46 (m, Si-Me).
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Figure ESI 23. "TH NMR spectrum of the unconsolidated gel like sample 6.

Sample 7 — unconsolidated gel

3y (300 MHz, CDCl): 8.02 — 6.82 (m, Si-Ph), 5.12 — 4.68 (m, MeOD,/H,0%), (m, Si-OMe,
MeOH, MeODy,), 0.57 — -0.45 (m, Si-Me).
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Figure ESI 24. 'TH NMR spectrum of the unconsolidated gel like sample 7.
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Sample 8 — after 3h of condensation

84 (300 MHz, CDCl;): 7.85 — 7.13 (m, Si-Ph), 5.10 — 4.65 (m, MeOD,/H,0%), 3.83 — 2.89 (m,
Si-OMe, MeOH, MeOD,), 1.18 (t, J 7.0, EtOH39), 0.43 —-0.20 (m, Si-Me).
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Figure ESI 25. "TH NMR spectrum of the reaction mixture of sample 8 after 3 h of condensation reaction before
methoxy-terminated polydimethylsiloxane was added.
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Figure ESI 26. 29Sj-'"H HMBC 2D NMR spectrum of the reaction mixture of sample 8 after 3 h of condensation
reaction before methoxy-terminated polydimethylsiloxane was added.
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Sample 8 — unconsolidated gel

84 (300 MHz, CDCl;): 8.09 — 6.85 (m, Si-Ph), 5.12 — 4.68 (m, MeOD,/H,0%), 3.87 — 3.11 (m,
Si-OMe, MeOH, MeOD,), 2.10 (s, Acetone™®), 0.62 — -0.38 (m, Si-Me).

Figure ESI 27. "TH NMR spectrum of the unconsolidated gel like sample 8.
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Figure ESI 28. 2°Sj-"H HMBC 2D NMR spectrum of the unconsolidated gel like sample 8.
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FTIR spectroscopy
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Figure ESI 29. FTIR spectra of sample 1 — 8 with the main vibration bands noted.
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Figure ESI 30. Enlarged segment of the FTIR spectra
of sample 1 — 8, illustrating the differences in shape of
the Si-O-Si vibration bands at 1052 and 1016 cm™' of
the unconsolidated gels.
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Figure ESI 31. Enlarged segment of the FTIR spectra of
sample 1 — 8, illustrating the differences in shape of the
Si-O-Si vibration bands at 1052 and 1016 cm of the
consolidated materials.
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Aging Experiments
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1 Heated to 30 °C for 260 h
10° 20

T T T T T T T T T T T T T T T T T T T T
0 25 50 75 100 125 150 175 200 225 250
Time/h

Figure ESI 32. Absolute value of viscosity of sample 4 measured isothermally at 30 °C for 260h with an amplitude
of 5%, a frequency of 1 Hz and a normal force value of 0.
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Figure ESI 33. Absolute value of viscosity of sample 4 at 110 °C after heating it isothermally at 30 °C for 260h.
Measured with an amplitude of 5%, a frequency of 1 Hz and a normal force value of 0.
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13C CP-MAS-NMR

Sample 1
Si-Eh -{0).SI-CH,
UL OCH,  (o)SiCHl: |
T
/ A AN
Sample 3
" I| |
|I I| I|I| Il
| o I
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| |
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140 130 |'.I“J‘ no II-I1 ' 0 ' ll-ll 5"‘””““ o 10 ' 'J-I'I 0 10 ' L] ' I-[I
Figure ESI 34. 3C CP-MAS-NMR spectra of the cured samples 1, 3 and 5.
Thermogravimetric studies
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Figure ESI 35. Thermogravimetric mass loss curve of sample 1 — 8 and the two reference encapsulation silicones
Dow Corning OE6630 [Dow(1] and ShinEtsu KJIR9022E [Shin(1)].

19

N
—



Sample 5 - Precursor Gel| |

Mass / %

262 min: -10 % |

88 T T T T T T T T T T
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t/ min

Figure ESI 36. Thermogravimetric mass loss curve of sample 5 at isothermally 250 °C for 250 min. A mass loss of
-10% was detected.

DSC measurments
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Figure ESI 37. DSC measurements of the consolidated samples 3 — 8 measured from -40 to 400 °C with 5K/min
under N, atmosphere (100 mi/min). The T4 value indicated by an inflection of the DSC curve increases with the
hardness of the sample caused by a higher cross-linked structure. Enlarged curves of samples 1 and 2 show
decrease in signal intensity.
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Transmission spectroscopy

Sample 3 (d=2mm) Sample 8 (d=2mm)
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Figure ESI 38. Transmission spectra of the consolidated samples 3 and 8 after the given time of irradiation at 450
nm with ~1600 mW/cm? and 60°C. There are no systematic changes detectable
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Figure ESI 39. Transmission and thickness of films of sample 1 — 8 after consolidation at 200 °C for 1170 h. All
samples show a minimum transmission of 0.98 in the measured wavelength range.
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Figure ESI 40. Transmission and thickness of films of sample 1 — 8 after a heat treatment at 200 °C for 1177 h.
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LED packaging demonstration

Packaging materials for optoelectronic devices needs to be castable, curable and sealed.
The subsequently consolidated matrix needs to be crack and bubble free as well as elastic.
To demonstrate the processability of the precursor polysiloxanes a polyphtalamide LED lead
frame (1.4 x 0.7 x 0.4 mm) was casted with sample 4 and 6 by hand. The filled lead frames

were heat treated to cure the polymers (160 °C, 20 h).

R RSy S

Figure ESI 41. Empty lead frame. Picture focused on Figure ESI 42. Empty lead frame. Picture focused on
the frames metal base. the upper edge of the frame.

500 um.
S00ym

Figure ESI 43. Lead frame filled with a smooth and Figure ESI 44. Lead frame with consolidated sample
transparent cast of sample 4. Color impression is 4. Color impression is caused by the metallic base
caused by the metallic base plate. plate.

Figure ESI 45. Lead frame filled with a smooth and Figure ESI 46. Lead frame with consolidated sample
transparent cast of sample 6. Bubbles caused by the 6. Color impression is caused by the metallic base
injection disappear after curing. Color impression is plate

caused by the metallic base plate.

Due to the difficult microscope supported injection by hand, the quality of the cast is not as
good as automated industrial castings, indicated by overtopping and the small bumps of the
consolidated gel on the lead frames edges. Both casted gel materials showed a very good
processability. After the consolidation no bubbles or cracks inside the material can be
detected. Shrinkage of the material is indicated by the convergence on the lead frames

flanks. In summary, the materials are suitable as packaging material for LED applications.
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7.4. Fluorescent Polysilsesquioxane Hybrid Glass Microspheres
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NMR Data
Phenyltrimethoxysilane

—O0—Si—0—

B4 (400 MHz, CDCls): 7.71 — 7.34 (5 H, m, Si-Ph), 3.64 (9 H, s, Si-OCHs)

Bsi (80 MHz, CDCls): -54.49

—7.26 Chloroform-d

U 1
n

9.18] ———

.5 3.0 2.5 2.0 1.5

[

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
3 [ppm]

ESI1. "H NMR spectrum of phenyltrimethoxysilane monomer.

—-54.49

-15 -20 -25 -30 -35 -40 -45 -50 -55 -60 -65 -70 -75 -80 -85 -90
3 [ppm]

ESI2. The ?°Si NMR spectrum of phenyltrimethoxysilane monomer.
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MG Precursor (MG LG305)

&4 (300 MHz, CDCIs): 8.07 — 6.84 (m, Phenyl), 3.96 — 2.97 (m, MeOR [R= H, CHj3]), (s,
silicone grease impurity).

8si (¥*Si-'H HMBC, 300/59 MHz, CDCls): -70 (T?), -77.25 (T?) , -22 (D?, Silicone grease)

8¢ (1°C, 75 MHz, CDCl3): -134.26, -130.67,-127.93 (Ph), -50.78 (-OMe)

v

£

£

L

=]

[~

°

=

o
oOMNMUVUITOoOLVHAMDMHOOM NOVHANAOAYTMOTNMNM n
QOARNRNRCOMMMMMANNN ARNRNOVINININTMANN b}
NNNNNNRNNRKNNNNN R R R R R R R R NN ] S
T g—— e e— |
I

I}
\ JML
e

& & &
S = S
- o o

T T T T T T T T T T T T T T T T T
85 80 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
& [ppm]

r-150
r-140
r-130
r-120
r-110

ESI3. "TH NMR spectrum of MG Precursor (MG LG305)
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ESI4 29Si-"H HMBC 2D NMR spectrum of MG Precursor (MG LG305)
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—134.26
—130.67
—127.93

—77.16 Chloroform-d

—50.78

140

125 110 95 85 75
5 [ppm]

ESI5. 13C NMR spectrum of MG Precursor (MG LG305)
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MG Consolidated (MG cons. LG305)

Bsi (P°Si CP-MAS-NMR, 80 MHz): -72 (T?), -79 (T°)

si ('3C, CP-MAS-NMR, 100 MHz,): -134.31, -130.54,-127.85 (Ph), -50.38 (-OMe)

—-72.47
—-79.40

ESI6. 9Si CP-MAS-NMR spectrum of MG Consolidated (MG cons. LG305)

Modell Lorentz
Gleichung y =y0 + (2*A/PI)*(W/(4*(x-xc)"2 +
1.0 4 Zeichnen Peak1(Normalize Peak2(Normalize
yo -0.00414 -0.00414
XxC -71.84137 -79.43259
w 6.11614 5.24838
0.8 A 5.24848 8.20594
Chi-Quadr Red 8.49377E-5
R-Quadrat(CO 0.98577
Kor. R-Quadrat 0.98575
0.6 4

0.4

normalized Intensity

0.2 1

0.0

55 60 65 -70 -75 80 -85 90  -95
8/ ppm

ESI7. Fitted 2°Si CP-MAS-NMR spectrum of MG Consolidated (MG cons. LG305)
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—134.31
—130.54
—127.85
—50.38

_ A

160 150 140 130 120 110 100 90 80
8 [ppm]

ESI8. 13C CP-MAS-NMR spectrum of MG Consolidated (MG cons. LG305)
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Untampered Microspheres (MGP LG305)

Bsi (P°Si CP-MAS-NMR, 80 MHz): -72 (T2), -80 (T°)

Osi

(*C, CP-MAS-NMR, 100 MHz): -133.59, -129.89,-127.21

(Phenyl

[Polyphenylsilsesugioxane], Phenoxy [Triton® X-405]), -70.00 (-OCH [Triton® X-405]),
-49.73 (-OMe [Polyphenylsilsesugioxane]), -37.07 (-CCH2 [Triton® X-405]), -31.24 (-
CCHg) [Triton® X-405])

—-71.90
—-79.62
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10 [} -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150
& [ppm]

ESI9. 2°Si CP-MAS-NMR spectrum of Untampered Microspheres (MGP LG305)
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ESI10. 3C CP-MAS-NMR spectrum of Untampered Microspheres (MGP LG305)
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Tampered Microspheres, 200°C, 4h (MGP-T LG305)

Bsi (P°Si CP-MAS-NMR, 80 MHz): -72 (T2), -80 (T°)

Osi (®C, CP-MAS-NMR, 100 MHz,): -133.59, -129.89,-127.21 (Phenyl
[Polyphenylsilsesugioxane], Phenoxy [Triton® X-405]), -70.00 (-OCH [Triton® X-405]),
-49.73 (-OMe [Polyphenylsilsesugioxane]), -37.07 (-CCH, [Triton® X-405]), -31.24 (-
CCHg) [Triton® X-405])

—-79.91

ESI11.29Si CP-MAS-NMR spectrum of tampered Microspheres, 200°C, 4h (MGP-T LG305)

~-133.50

—~129.77
127.07

—70.07

_JL J—

155 145 135 125 115 05 0 95 ) 9 85 8 75 70 65 60 55 50 45 40 35
ppm

ESI12. 3C CP-MAS-NMR spectrum of tampered Microspheres, 200°C, 4h (MGP-T LG305)
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Lumogen®F Red 305

6.7, He), 1.12 (24 H, d, J 6.8, Ha).

5+ (300 MHz, CDCIs): 8.27 (4 H, s, Hg), 7.47 — 7.39 (2
H, m, He), 7.31 — 7.23 (12 H, m, Hz, Hs), 7.14 — 7.07 (4
He  H, m, H;), 7.02-6.95 (8 H, m, H4), 2.71 (4 H, sept, J
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ESI13. "TH NMR spectrum of Lumogen®F 305 Red.
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FC546
H,
Hy
Hs Ou (300 MHz, CDClIs): 8.15 (4 H, s, He), 7.27 (8 H, d, J
0 6.9, Hs), 6.86 (8 H, d, J8.0, Hs), 6.01 —5.83 (2 H, m, Hs),
N_L 5.33-5.10 (4 H, m, Hy), 4.73 (4 H, d, J 5.3, H7), 1.73 (8

H, H, H, S, H2), 1.54 (s, water), 1.36 (24 H, s, Hs), 0.78 (36 H,
0 S, H1).
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ESI14. "H NMR spectrum of FC546.
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FC546- TES

64 (300 MHz, CDCI5):

8.13 (4 H, s, Hs), 7.26 (8 H, d, J6.9, H4), 6.85 (8 H, d, J 8.7, Hs), 4.08 (4 H, t, J 7.0, Hy),
3.78 (12 H, q, J 7.0, Hio), 3.63 (s, educt traces), 1.85—-1.75 (4 H, m, H8), 1.72 (8 H, s, H.),
1.56 (s, Wasser), 1.36 (24 H, s, Hs), 1.25 (s, Edukt), 1.18 (18 H, t, J 7.0, H11), 0.77 (36 H,
s, H1), 0.07 (s, silicone grease).
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ESI15. "TH-NMR-Spektrum von FC546 in Chloroform-D.
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Triton X-405

Bn (300 MHz, DzO) 7.02 (4 H, dd, J 114.5, 8.3), 4.83 — 4.76 (D20, s), 4.03 (2 H, s), 3.87
—3.51 (163 H, m), 1.66 (2 H, s), 1.28 (6 H, s), 0.70 (9 H, s).
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ESI16. "TH NMR spectrum of Triton X-405.
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ATR FTIR Data

relative Absorption

8(C-H),, =700 cm
8(C-H [CH,]) = 738 cm

PhTMS
v(Si-0-Si)= 1000, 1047, 806 cm™'
V(Si-C),, = 1128 cmx
v(C=C-C),, = 1590, 1460, 1430 cm"
v(C-H),,, = 3049, 3072 cm"* V(C-O [0-CH,]) = 1190 cm”
v(C-H) = 2953, 2909 cm"
v(C-H [O-CH,]) = 2840 cm

AL

relative Absorption

I I
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Wavenumber / cm™

ESI17. ATR-FTIR of Phenyltrimethoxysilane.

: v(Si-C) = 694 cm™
MG LG305 p(C-H [CH,]) = 734 cm"

v(Si-0-Si)= 1016, 1052, 806 cm”'

V(Si-C),, = 1130 cm”

| v(C=C-C),,, = 1492, 1430 cm"

(O-H) = 3388 cm”  V(CH)ag = 3050, 3072 cm’

v(C-H) = 2953, 2910 cm™

/ / v(C-H [0-CH,]) = 2842 cm”
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ESI18. ATR-FTIR of MG
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relative Absorption

relative Absorption

v(Si-C) = 694 cm
MG Cons. LG305 p(C-H [CH,]) = 734 cm™

v(Si-0-Si)= 1016, 1052, 806 cm™

v(Si-C),, = 1130 cm’

v(C=C-C),, = 1492, 1430 cm"

v(C-H),, = 3050, 3072 cm™

v(C-H) = 2953, 2910 cm™

/ v(C-H [0-CH,]) = 2842 cm”
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Wavenumber / cm™

ESI19. ATR-FTIR of MG Cons.

MGP LG305 v(Si-C) = 694 cm™

p(C-H [CH,]) =734 cm

v(Si-0-Si)= 1016, 1052 cm™

v(Si-C) . = 1130 cm’

v(C=C-C),, = 1492, 1430 cm”

v(C-H),,, = 3050, 3072 cm™

v(C-H) = 2953, 2910 cm™
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ESI20. ATR-FTIR of MGP
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relative Absorption

MGP Cons. LG305 v(Si-C) = 694 cm™

p(C-H [CH,)) = 734 cm

v(Si-0-Si)= 1016, 1052 cm"’

V(Si-C),, = 1130 cm’

v(C=C-C),,, = 1492, 1430 cm"'

v(C-H), = 3050, 3072 cm”

v(C-H) = 2953, 2910 cm""

/ v(C-H [O-CH,]) = 2850 cm™’
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ESI21. ATR-FTIR of MGP-T
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Microscopy and sphere size determination
MGP-1

[C_IMGP-1 - Image A (88 counts)|
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ESI22. Microscopic images and size determination of the MGP-1 particles made with 500 rpm stirring for 1h.
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MGP-2

[C_IMGP-2 - Image A (52 counts)|

Do = (6.10 = 1.86) pm

Counts

01— B e S e e e
123 45678 91011121314151617181920
Diameter / pm

[C_IMGP-2 - Image B (21 counts)|
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ESI23. Microscopic images and size determination of the MGP-2 particles made with 500 rpm stirring for 2h.
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[C_IMGP-3 - Image A (147 counts)|
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ESI24. Microscopic images and size determination of the MGP-3 particles made with 800 rpm stirring for 1h.
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MGP-UT2

[_IMGP-UT2 - Image A (100 counts)|
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L_IMGP-UT2 - Image A+B (216 counts)‘
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ESI25. Microscopic images and size determination of the MGP-UT particles made with 500 rom stirring followed by
10000 rpm with an Ultra-Turrax™ dispenser.
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MGP-US

[C_IMGP-US1 - Image A (170 counts)|

30 Do = (5.15  2.87) pm
1
25-
20
2 _
c -
3 15
(3]
10|
5
oﬂ, ,,,,,,, o TN
12345678 91011121314151617181920
Diameter / um
[_IMGP-US1 - Image B (106 counts)|
204 —r\K Do = (10.67 = 7.96) pm
15| -
]
c
3 10l
o
54
0 ] O
10 20 30 40 50

Diameter / pm

L_IMGP-US1 - Image A+B (276 counts)‘

80 Do = (7.28 : 6.04) pm

60 -

40

Counts

20

0 T t T t T f T y T
5 10 15 20 25 30 35 40 45 50

Diameter / um

ESI26. Microscopic images and size determination of the MGP-US particles made with 500 rpom stirring followed by
150 W ultra-sonic treatment.
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Thermogravimetric Data
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ESI27. Mass loss curve of MG ESI28. Mass loss curve of MG Cons
110 4 110 o,
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ESI31. Mass loss curve of MGP and a Triton™ X-405
solution at isothermally 220 °C for 80 min ESI32. TG-FTIR spectra of MGP and a Triton™ X-405
solution at isothermally 220 °C for 80 min.
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