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Abstract

Polysiloxanes are an important class of polymers for optoelectronic applications.

Novel polysiloxanes with high-refractive index (RI) based on phenanthrenyl-

substituted monomers are prepared by a polycondensation reaction starting

from various substituted dialkoxysilanes as monomers. The substitution patterns

on the Si atom are systematically changed to vary the properties of the

linear polymers as well as the final cured material. The two monomers with

polycyclic aromatic side groups 9-phenanthrenylmethyldimethoxysilane and

9-phenanthrenylphenyldimethoxysilane are synthesized and fully characterized,

including their single crystal X-ray structures. Linear polysiloxanes with varia-

tions in hydride, methyl, vinyl, phenyl, and phenanthrenyl side group content

are prepared by acid- and base-catalyzed polycondensation reactions. Both Si H

and Si vinyl substituted polymers with molecular weights up to 30 kDa and

adjustable RI's from 1.52 to 1.63 are obtained and the thermally cured by

Pt-catalyzed hydrosilylation reactions. Polysiloxane resins are obtained with

high-RI's, optical transmittance above 95% and thermal stabilities up to 420�C.
Long-term thermal stability tests show transmittance values above 85% even

after 60 days of thermal treatment at 180�C.
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1 | INTRODUCTION

In recent years polysiloxanes show a renaissance in
research due to their unique properties for optical appli-
cations, such as LED packaging, solar cells, or electrical
memories.1 Particularly their high-optical transparency
in the visible range, their chemical inertness, high-
thermal stability, excellent resistance to irradiation degra-
dation, and outstanding processability makes them ideal
materials for optoelectronic devices.1–3 An important

parameter for many devices is a tailorable refractive
index (RI) controlled by the substitution pattern in the
polysiloxane backbone. In LED encapsulants this allows,
for example, the fabrication of brighter LEDs. According
to Snell's laws, the RI difference between the LED chip
(e.g., GaN n = 2.5) and the encapsulation material leads
to a very narrow light decoupling angle,3,4 resulting in
low-output power, as calculated by Schubert5 and shown
by Mosley et al.6 The amount of light outcoupling,
assuming that the light is emitted isotropically, can be
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calculated using equation (Equation (1)), where Φca is
the critical angle, Pescape is the emitted photons and
Psource is the generated photons of the GaN chip as a
function of the RI of the encapsulation material
(Figure 1). Small increases in RI result in a large increase
in light extraction efficiency when the RI is above 1.5.

Pescape

Psource
¼ 1
2
1� cosϕcað Þ: ð1Þ

The usually low RI of polysiloxanes leads to a backscat-
tering of emitted photons into the chip, resulting in higher
operating temperatures, reduced emission of photons,5 and
overall reduced lifetime of the polysiloxane. High-energy
photons and high temperatures induce free radicals that
degenerate the polysiloxanes and lead to yellowing.7 For
a more efficient light output the RI of the encapsulation
material must be increased. In case of polysiloxanes
the RI is influenced by the substitution pattern at the
silicon atoms. By means of the Lorentz-Lorenz equation
(Equation (2)), the RI of a substance or group can be
related to its polarizability, which allows to estimate the
effects of substitution pattern changes.3,8,9 In this equation
RI equals the molar refraction of the group and Vi the molar
volume. Krevelen and Nijenhuis listed these values for
plenty of chemical groups.9 Furthermore, LED encapsulants
also require a high-thermal stability in the range of 150 up
to 270�C10 and a high-optical transmittance above 95%.

n2�1
n2þ2

¼
P

iRiP
iV i

: ð2Þ

In literature, several approaches toward increased
RIs retaining high-temperature stability are already

described for polysiloxanes. Mosley et al.8 developed a
polysiloxane with phenoxyphenyl side-groups to achieve
a RI of 1.62 while keeping a transmittance of 97–99%.
The use of phenylthiophenyl led to an even higher RI of
1.64 but a decrease of transmittance. Bae et al. developed a
polydiphenylsiloxane (PDPS) with an increased RI of
approximately 1.58 and a transmittance of approximately
90% at 450 nm.11 Other improvements were generated by
implementing epoxy groups in PDPS to increase adhesion
and decrease viscosity for better processable polymers.12,13

Increasing the amount of phenyl side-groups of polymethyl-
phenylsiloxane raises the viscosity and RI,14 while
increasing the amount of cross-linking fosters its hard-
ness, viscosity, and consequently decreases the moisture
uptake.15 Nanoparticle incorporation into the polymer
matrix is another method to influence the RI.16 But in
many cases nanoparticle incorporation leads to a
decrease of the thermostability.17–24

Increasing the number of aromatic groups in the
polysiloxane backbone and extending the aromatic
system can also increase the RI. Polysiloxanes with poly-
cyclic aromatic groups have been known since 1984.25

Beside the earlier reported phenoxyphenyl groups, biphe-
nyl, and naphthyl groups25,26 were introduced into poly-
siloxanes for Fe3+ ion sensing26 or gas chromatography
columns.25 In recent years, polysiloxanes with polycyclic
aromatic groups, such as anthracenyl27 or pyrenyl28 were
synthesized and used as fluorescence markers27 or as pre-
cursors in the synthesis of single walled-nanotubes via
ball milling.28

In our study, linear polysiloxanes with polycyclic
aromatic side groups were synthesized and their composi-
tion was systematically varied to investigate its influence on
the RI. The polymers were cross-linked by Pt catalyzed
hydrosilylation. The derived resins were investigated regard-
ing influences of the composition of the pre-polymers on
the final RI and the thermal stability.

2 | EXPERIMENTAL

2.1 | Materials

Diphenylsilandiole (97%), dimethyldimethoxysilane (MM)
(97%), phenyl-trimethoxysilane (97%), methyltrimethoxysilane
(97%), 9-bromophenanthrene (98%), and tetra-
n-butylammonium hydroxide (40% solution on H2O)
were purchased from Alfa Aesar (Germany). Tert-
butyldimethylchlorosilane (98%) was purchased
from TCI America. 9-Bromophenanthrene (98%) and
vinylphenyl-diethoxysilane (VP) (97%) were purchased
from Fluorochem Ltd. (UK). Methylphenyl-dimethoxysilane
(97%), methyldiethoxysilane (HM) (97%), and platinum
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FIGURE 1 Ideal integrated power out of idealized surface of a

hemisphere “point-like” chip with no secondary scattering
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carbonyl cyclovinyl-methylsiloxane complex (“Ossko Cata-
lyst”) were purchased from ABCR (Germany). Xylene mix-
ture (97%) was purchased from VWR International.
Concentrated hydrochloric acid, magnesium chippings, as
well as all solvents besides dry tetrahydrofuran (THF) were
purchased from the Central Chemical Depot of Saarland
University. THF (97%) was purchased from Fisher Scientific
and purified via a solvent purification system MB-SPS-800
from M.Braun (Germany). Triethylamine was dried over
calcium hydride and distilled prior to use. All other
chemicals were used as received.

2.2 | Characterization

Fourier transform infrared (FTIR) measurements were
performed under ambient air in attenuated total reflec-
tance mode (ATR, 40 scans at a resolution of 4 cm�1) on a
Vertex 70 spectrometer (Bruker Optics, Germany). Ther-
mogravimetric analyses (TGA) of the samples were mea-
sured on a TG 209C Iris (Netzsch Group, Germany) with
10 K min�1 heating rate and 40 ml min�1 nitrogen for the
inert measurements and 20 ml min�1 oxygen and
20 ml min�1 nitrogen for the oxidizing measurements.
Samples were measured up to 1000�C, while for both
methods from 900 to 1000�C oxidizing atmosphere was
used. Onset temperatures were established using 5% mass
loss method, which is equivalent to 95% residual mass.
Elemental analyses were performed with a 900 CHN ana-
lyzer (LECO, Germany). Differential scanning calorimetry
(DSC) was recorded using a DSC 204 F1 Phoenix (Netzsch
Group, Germany) with 10 K min�1 heating and a cooling
rate from �60 to 150�C using liquid and gaseous nitrogen
for cooling and 60 ml min�1 nitrogen as inert gas. RI's
were measured at 622 nm using an Abbé refractometer (A.
KRÜSS Optronic GmbH, Germany) at 20�C and
monobromo-naphthaline as contact fluid for solid sam-
ples. UV/Vis spectra were recorded using a Lambda 750
(Perkin Elmer, UK) and a 100 mm integrating sphere,
where the glass slide with the cured polysiloxane on top of
it is located in front of the integrating sphere. For the
transmission experiment, the sphere was closed, while for
the diffusion experiment, which is needed to calculate the
haze values, the primary light trap was open. The white-
ness and yellowness indices were calculated using
PerkinElmer UV Winlab (6.4.0.973) software. NMR mea-
surements were recorded either on a Avance III HD
300 MHz or on a Avance III HD 400 MHz (both Bruker
Corporation, USA) using chloroform-d as solvent and ref-
erence. The solid-state CP/MAS NMR spectra were
recorded on a Avance III HD with an Ascend 400 WB
(400 MHz) core (Bruker Corporation, USA) using a zirco-
nia 4 mm rotor with 13 kHz rotation speed. Gel

permeation chromatography (SEC) was measured using a
Viscotek VE1121 Pump (Malvern Panalytical, UK), two
PSS SDV 103 and 105 columns (PSS Polymer Standards
Service GmbH, Germany). Three detectors were used, a
Shodex RID org udc 2 (RI, Showa Denko K.K. Japan), a
UV 2487 (UV/Vis, Waters Corporation, USA) and a PSS
SLD 7000/BI-MwA (light scattering, PSS Polymer Stan-
dards Service GmbH, Germany). Measurements were car-
ried out in THF, calibrated with polystyrene standards
using WinSEC 7 software. Plasma etching was carried out
applying a Plasma-Surface-Technology Femto (Diener
electronic GmbH + Co. KG, Germany) with 15 ml min�1

oxygen and 100% power for 15 min. Single crystal X-ray
diffraction analysis were carried out on a Bruker AXS X8
Apex CCD diffractometer operating with graphite mono-
chromated Mo Kα radiation. CCDC 2073540 and 2073539
contains the supplementary crystallographic data for the
single crystal X-ray structures in the paper. These data can
be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/structures.

2.3 | Monomer synthesis

Both syntheses are based on published procedures of
Mosley et al.8 and Kondo et al.29,30

2.3.1 | 9-Phenanthrenylmethyldimethoxy-
silane

Magnesium chippings (2.00 g, 82.29 mmol) were added in
dry THF (40 ml). A solution of 9-bromophenanthrene
(20.00 g, 77.78 mmol) in dry THF (100 ml) was slowly added
at room temperature and stirred for 1 h under reflux. In a
second flask methyltrimethoxysilane (52.97 g, 388.9 mmol)
in dry THF (50 ml) was mixed. The Grignard suspension
of flask one was transferred into a dropping funnel of flask
two via a transfer cannula. The suspension was slowly
added to the mixture. After stirring the mixture at room
temperature overnight it was heated under reflux for 1 h.
The cooled suspension was filtered over a glass filter and the
solvent was evaporated. The residue was suspended in tolu-
ene (200 ml) and filtered. After removing the solvent and the
remaining methyltrimethoxysilane the raw product was dis-
tilled under vacuum (8 � 10�3 mbar, 152�C). Yield: 11.61 g
(53%) colorless liquid.

1H NMR (300.13 MHz, CDCl3, δ): 8.84 (d, J = 7.6 Hz,
1H), 8.78 (d, J = 7.9 Hz, 1H), 8.57 (d, J = 7.9 Hz, 1H), 8.43
(s, 1H), 8.08 (d, J = 7.6 Hz, 1H), 7.79 (m, 4H), 3.82 (s, 6H),
0.73 (s, 3H); 13C NMR (75.47 MHz, CDCl3, δ): 137.75, 134.57,
131.55, 131.04, 130.66, 130.11, 129.27, 128.65, 127.73, 126.90,
126.68, 126.37, 123.17, 122.53, 50.62, �3.59; 29Si NMR
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(59.63 MHz, CDCl3, δ): �13.12; Anal. calc. For C17H18O2Si:
C 72.32, H 6.45, N 0.00; found: C 72.30, H 6.42, N 0.00.

2.3.2 | 9-Phenanthrenylphenyldimethoxy-
silane

Magnesium chippings (2.00 g, 82.29 mmol) were added to
dry THF (40 ml). A solution of 9-bromophenanthrene
(20.00 g, 77.78 mmol) in dry THF (100 ml) was slowly added
at room temperature and stirred for 1 h under reflux. In a sec-
ond flask methyltrimethoxysilane (30.85 g, 155.56 mmol) in
dry THF (50 ml) was mixed. The Grignard suspension of flask
one was transferred into a dropping funnel of flask two via
transfer cannula and slowly dropped into the flask. After
stirring the mixture at room temperature overnight it
was heated under reflux for 1 h. The cooled suspension
was filtered over a glass filter and the solvent was evap-
orated. The residue was suspended in of toluene
(200 ml) and filtered again. After removing the solvent
under reduced pressure, the unreacted reactant was
distilled under vacuum (5 � 10�2 mbar, 25�C). The
remaining raw product was recrystallized in hexane.
Yield: 20.31 g (76%) slightly yellow crystals.

1H NMR (300.13 MHz, CDCl3, δ): 8.72 (tr, J = 7.6 Hz,
2H), 8.38 (s, 1H), 8.30 (d, J = 8.1 Hz, 1H), 7.97 (d,
J = 7.7 Hz, 1H), 7.72 (m, 3H), 7.63 (tr, J = 7.7 Hz, 2H),
7.53 (tr, J = 7.5 Hz, 1H), 7.40 (m, 3H), 3.71 (s, 6H); 13C
NMR (75.47 MHz, CDCl3, δ): 139.09, 134.84, 134.76,
133.03, 131.81, 131.10, 130.52, 130.15, 129.50, 129.16,
128.94, 128.14, 127.95, 126.93, 126.76, 126.42, 123.08,
122.63, 51.15; 29Si NMR (59.63 MHz, CDCl3, δ): �27.69;
Anal. calc. For C22H20O2Si: C 76.73, H 5.90, N 0.00;
found: C 76.71, H 5.85, N 0.00.

2.4 | General polymer synthesis

The synthetic procedures are based on reports of Mosley
et al.8 and Kim et al.31,32

To one equivalents of group A monomer, two
equivalents of group B monomer and two equivalents
of group C monomer, 13 equivalents of distilled water,
eight equivalents of methanol are added. Depending
on monomer A either concentrated hydrochloric acid
(0.8 equivalents, for hydride containing polysiloxane)
or tetra-n-butylammonium hydroxide (0.06 equiva-
lents, for vinyl containing polysiloxane) are added
(Figure 9). The flask was equipped with a distillation
bridge to collect methanol and water. The suspension
was stirred for 1 h at 85�C, for circa 1 h at 115�C. After no
further solvent was distilled, the distillation equipment was
removed, and the solution was stirred for an additional
hour at 115�C. While the solution is cooling down, about
250 equivalents of toluene and 150 equivalents of water
were added. After mixing the emulsion the water phase
was removed. For the hydride containing polysiloxane the
procedure was repeated with a concentrated solution of
potassium bicarbonate and four times with water. For the
vinyl containing solution the procedure was repeated two
times with 2 M hydrochloric acid and three times with
water. The organic phase was filtered with a 45 μm syringe
filter and the solvent was removed under reduced pressure
and then further removed under high vacuum for 4 h.

Group A: VP or HM.
Group B: 9-Phenanthrenylmethyldimethoxysilane

(PHM) or 9-phenanthrenylphenyldimethoxysilane (PHP).
Group C: MM, methyldimethoxyphenylsilane (PM) or

diphenylsiloxandiol (PP).

2.5 | Nomenclature

The synthesized polymers were named according to their
consisting monomers (Figure 2). For the copolymer, the
first letter is either “VP” or “HM” to indicate the type of
the reactive side group. To show the condensation of the
hydrosilylated solid polymer, it is named “CC” (instead
of “VP” or “HM”) to show the newly established
CH2 CH2 bridge. After the first letter, three letters

HO Si OHO Si O O Si OO Si O O Si
H

O SiO O
SiO O

MM PM PPVP HM PHM PHP

O Si

O Si

CC

Group B Group CGroup A

FIGURE 2 Overview of used monomers and their abbreviation. Group A shows the precursors for cross-linking and the cross-linked

units; group B contains monomers that contain phenanthrenyl substituents; group C contains other monomers used to tailor the overall

properties of the polysiloxanes
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follow to indicate the highly aromatic side group at
the silicon atom, “PH” (phenanthrenyl) with either a
methyl (M) or phenyl (P) group attached. The two pen-
ultimate letters show the high-viscous monomer “MM”
(dimethyl), “PM” (phenylmethyl) or “PP” (diphenyl).
Additionally, after each monomer group, its percentage
inside the polymer is also displayed.

2.6 | Curing of the polysiloxanes

The vinyl and corresponding hydride polysiloxane (each
330 mg) were mixed with Ossko platinum catalyst (6 ppm).
To handle such low concentrations, the as received 2%Ossko
catalyst in xylene was further diluted in xylene. The mixed
copolymers were evacuated at 2 mbar for 1 h and doctor
bladed with 120 μm onto a microscope slide. The slide was
cleaned with isopropanol and acetone, and then plasma
etched for 15 min. Finally, the films were cured at 100�C for
1 h and 150�C for 6 h to ensure complete cross-linking.

2.7 | General synthesis for end group
capping

The polysiloxane (about 50 mg) was filled in a Schlenk
flask, evacuated under high vacuum, and flooded with
argon twice to create an inert atmosphere. Absolute THF
(1.5 ml), tert-butyldimethylchlorosilane (40 mg, 0.26 mmol)
and absolute triethylamine (100 μl) were added. After the
solution was stirred for 18 h at 55�C the solvent was
evaporated under high vacuum for 6 h.

3 | RESULTS AND DISCUSSION

3.1 | Monomers

Polysiloxane resins cured by Pt-catalyzed hydrosilylation
are two-component systems consisting of a Si vinyl and
a Si H containing copolymer. We prepared the polymers
by polycondensation reactions of silicon alkoxide mono-
mers. For the polymer preparation we used 1 equivalent
of monomer of monomers containing cross-linking units
(group A), 2 equivalents of monomers containing phe-
nanthrenyl containing monomers (group B), and 2 equiv-
alents of further monomers that influence the final
properties of the polymer (group C, Figure 2). The mono-
mer ratios were chosen because preliminary studies
showed that 20% of the cross-linking monomer A is suffi-
cient to obtain a solid material. Due to their low RI these
monomers do not contribute to an overall increase of the
RI and therefore only a minimal amount of should be used

if high-RI polysiloxanes are targeted. The amount of group
B monomers should be as high as possible, but in some
cases a value above 40% will lead to a fragile material.
Monomers of group C complete to 100%, as they are rela-
tively small and therefore mobile, which lowers the viscos-
ity to obtain a processable material.

3.1.1 | Preparation and characterization of
monomers

The dialkoxysilanes 9-phenanthrenylphenyl-dimethoxysilane
and phenanthrenylmethyl-dimethoxysilane were syn-
thesized in high yields applying a Grignard reaction
between 9-bromophenanthrene and the appropriate
alkoxysilanes8,33,34 (Figure 3).

PHP formed a crystalline product immediately, while
PHM was obtained as a colorless liquid, which crystal-
lized after several months. The 1H NMR spectra of
both compounds showed the expected signals for the
phenanthrenyl (9.0–7.5 ppm) and methoxy groups
(4.0–3.5 ppm). 9-phenanthrenylphenyl-dimethoxysilane
showed five additional protons in the aromatic region,
while 9-phenanthrenyl-methyldimethoxysilane produces
one signal in the methylsilane region (1.0 to �0.5 ppm).
13C NMR revealed all theoretical signals in the expected
region. 29Si NMR was also used to determine if educts or
side-products were present, which could be excluded due
to the presence of only one signal (see spectroscopic data
in the Supporting Information). The measured RI of
phenanthrenylmethyldimethoxysilane was 1.6310.

We were able to obtain single crystal X-ray struc-
tures from the crystals obtained from PHM and
9-phenanthrenyldimethoxysilane (Figure 4, packaging

Mg abs. THF
RF, 1 h

RT, 18 h, RF, 1 h

+

R1= Me, 53 %
R2= Ph, 73 %

Br Mg

Si

O

O R
O

Si
O

R
O

Br

FIGURE 3 Grignard synthesis for dimethoxysilanes in THF.

THF, tetrahydrofuran
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diagrams are reported in the Supporting information,
supplementary crystallographic data can be obtained
from Cambridge Crystallographic Data Centre as men-
tioned in the experimental part). The typical bond angles
and distances of the crystal structures are reported in
Table 1.

The bond length between the phenanthrenyl carbon atom
(C1) and the silicon atom is marginally larger (186.8 pm for
R = Me and 186.5 pm for R = Ph) than the usually observed
Si C bond (185 pm).35 The bond length between the silicon
atoms and each of the two oxygen atoms ranges from 162.8

to 164.3 pm, which is in the expected range of Si O bond
lengths.36 The torsion angle between the two aromatic planes
in 9-phenanthrenylphenyldimethoxy-silane of is 87.28�. The
phenanthrenyl group shows an angle of 111.7� between the
methyl and a higher angle of 113.4� between the sterically
more demanding phenyl groups.

The metric of the crystalline structures is described in
Table 2. While 9-phenanthrenyl-methyldimethoxysilane
crystallizes in the monoclinic space group P21/c,
9-phenanthrenyl-phenyldimethoxysilane crystallizes in
the orthorhombic space group Pbca.

TABLE 1 Selected bond lengths

and angles of (a)

9-phenanthrenylmethyl-

dimethoxysilane and (b)

9-phenanthrenylphenyl-

dimethoxysilane obtained by X-ray

single crystal analysis

9-phenanthrenylmethyl-
dimethoxysilane

9-phenanthrenylphenyl-
dimethoxysilane

Si-C1(PH) 186.75(1) pm 186.52(11) pm

Si-C15(Me/Ph) 184.96(1) pm 185.57(12) pm

Si-O1 163.80(1) pm 162.81(10) pm

Si-O2 164.33(1) pm 163.11(10) pm

C1(PH)-Si-C15(Me/Ph) 111.705(2)� 113.37(5)�

C1(PH)-Si-O1 107.904(3)� 113.67(5)�

C1(PH)-Si-O2 109.330(3)� 102.72(5)�

C15(Me/Ph)-Si-O1 112.200(3)� 103.94(5)�

C15(Me/Ph)-Si-O2 109.676(3)� 112.49(5)�

O1-Si-O2 105.824(3)� 110.93(6)�

Torsion angle between
planes: phenanthrenyl
and Me/Ph

– 87.282(32)�

FIGURE 4 X-ray single crystal structure of (A) 9-phenanthrenylmethyldimethoxysilane and (B) 9-phenanthrenylphenyldimethoxysilane

2270 MEIER ET AL.
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RIs of all monomers used in the polycondensation
reaction were measured in transmission mode and are
shown in Table 3.

The RIs of the group A monomers (Figure 2), HM
and VP, are 1.3746 and 1.4795, respectively, which
are relatively low compared to the synthesized new
monomers. Group C monomers vary depending on the
amount of methyl and phenyl groups, in the range of
1.3707–1.5440. Note that the polymerized diphenyl
compound was diphenylsilanediol while for the RI compari-
son, diphenyldimethoxysilane was used because it is a liquid
under ambient conditions. Substituting a methyl by a phe-
nyl group increases the determined RI by 0.1088, while the
second substitution only increases the value by 0.0645. The
nonlinear increase results from the dimethoxy groups,
which also have an impact and cannot be neglected. For the
Group B monomers, only the RI of 9-phenanthrenyl-
methyldimethoxysilane can be measured with a common
Abbé refractometer as applied in our studies because
9-phenanthrenylphenyl-dimethoxysilane is a solid even at
increased temperatures (�80�C). The RI of 1.631 is superior
to all other used monomers. It can be expected that the RI
of the solid 9-phenanthrenylphenhyldimethoxysilane should
even exceed this value.

3.2 | Polysiloxanes

The polysiloxanes were synthesized using a hydrolysis
and condensation reaction of the alkoxide or diol mono-
mers shown in Figure 2.11,13,37–45 A typical synthetic
strategy is shown in Figure 5.

From each group (A, B, and C, Figure 2) one type of
monomer was selected in a specific amount and the mono-
mers were mixed with 2.6 equiv. of water and 1.6 equiv. of
methanol per silicon atom.8 The type of catalyst was
selected for the polymerization reactions depending on the
composition of the monomers. For hydride containing
group A monomers HCl was used, for vinyl group mono-
mers tetra-n-butylammonium hydroxide was applied.8

Hydride groups allow only an acid catalyzed polycondensa-
tion, because basic catalysis will lead to a loss of Si H
groups. Both acidic and basic catalysts can be used to poly-
merize the vinyl copolymer.32,46–48

3.2.1 | Characterization of linear copolymers

NMR measurements
All NMR measurements were carried out in chloroform-
d, 1H NMR spectra were referenced to the toluene CH3

signal. The 1H, 13C, and 29Si NMR spectra are presented
in the supporting information (Figures S3–S50). The 1H
NMR study reveals the signals of the methyl (1.0 to
�0.5 ppm), hydride (5.3–4.5 ppm), and phenanthrenyl
(8.8–7.0 ppm) groups. In 13C NMR both signal regions of
methyl (2.0–1.0 ppm) and phenanthrenyl (138.0–
122.5 ppm) are visible. In the 29Si NMR there are four
areas of D signals, the signals from �17.4 to �18.4 ppm can
be assigned to methylsilane and the signals from �19.6 to
�21.4 ppm are referring to dimethylsilane. From �31.3 to
�33.2 ppm signals for phenanthrenylmethylsilane in the cen-
ter of the polymer chain can be identified while the signals
from�35.5 to�37.0 ppm refer to phenanthrenylmethylsilane
close to the end of the polymer chain,32 implying the slower
reactivity of phenanthrenylmethylsilane in comparison to
methylsilane or dimethylsilane. For the other copolymer, the
29Si signals of the phenylmethyl groups are located at
�33.0 ppm,33 the vinylphenyl and diphenyl groups are
present at �42 to �46 ppm.33,34,49 The phenanthrenylphenyl
signal is located at�45 to�50 ppm.

FTIR spectra
FTIR spectra were measured for all vinyl and hydride copol-
ymers as well as the cured polysiloxanes. Here we display
only the spectra for XX20_PHP40_MM40 (poly-, hydride-,
and vinylphenanthrenylphenyldimethylsiloxane) (Figure 6).
All other spectra can be found in the supporting informa-
tion (Figures S51–S58). Characteristic IR signals of the

TABLE 2 Crystal data of the synthesized monomers

Monomer

9-Phenanthrenyl-
methyl-dimethoxy-
silane

9-Phenanthrenyl-
phenyl-dimethoxy-
silane

Space
group

P21/c (14) monoclinic Pbca (61)
orthorhombic

a (pm) 1013.11(3) 1029.28(8)

b (pm) 1531.34(5) 757.21(5)

c (pm) 2393.66(7) 1879.52(13)

β (�) – 100.0991(36)

V (pm3) 1442.17(18)�106 3713.56(20)�106

TABLE 3 RIs of the used monomers measured in transmission

mode at 20�C

Monomer RI

Methyldiethoxysilane 1.3746

Vinylphenyldiethoxysilane 1.4795

Dimethyldimethoxysilane 1.3707

Methylphenyldimethoxysilane 1.4795

Diphenyldimethoxysilane (refers to used
diphenylsilanediol [solid])

1.5440

9-Phenanthrenylmethyl-dimethoxysilane 1.6310

9-Phenanthrenylphenhyl-dimethoxysilane n.a. (solid)

Abbreviation: RI, refractive index.
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polysiloxane are 1120 and 1020 cm�1 for the Si O back-
bone.11,37–41,47,48 All other vibrations for the methyl, aryl
and Si H groups are in the expected regions.11,37–41,47,48

Molecular weight–SEC/NMR
The molecular weights of the linear vinyl and hydride
copolymer were estimated applying 1H NMR spectroscopy
and SEC. For the 1H NMR, the synthesized polysiloxanes
were treated with tert-butyldimethylchlorosilane as an end-

capping agent, which can easily be detected in the spectra
(Figure 7). The chemical shift of the methyl groups in this
end-capping substituents are in the region of 0.9–1.0 ppm.
Therefore, they are not interfering with any other substitu-
ents in the polymer. Proton integration under assumption
that the tert-butyl groups are only located at the end allows
the determination of a rough estimation of the polymer
mass. The thus calculated average molecular weights vary
from 6 to 41 kDa (Table 4). The molecular weight of the
vinyl copolymer is higher or similar to the mass of hydride
copolymer and their SEC values range between 800 and
22.000 Da. Nearly all values are significantly lower than
estimated by NMR spectroscopy. It has to be mentioned
that the SEC method as a relative determination of molecu-
lar weight compared to a calibration standard has some lim-
itations regarding molecular weight determination in case
of the obtained polymers. Absolute molecular weight mea-
surement was not possible with our instrumentation and
the SEC instrument. The obtained SEC results are cali-
brated to a polystyrene standard. NMR as well as SEC mea-
surements also have some challenges in the detection of
cyclic derivatives, which are often formed during polycon-
densation of dialkoxysilanes. Therefore, the molecular
weights given here must be handled with great caution.

The comparison of the SEC analysis of hydride and phen-
anthrenylmethyl containing polymer (HM20_PHM40_XX40)
shows a rapid decrease of MW and PDI with increasing the
size of the group C monomer, which can result from
increased activation energy due to steric hindrance. While the
vinyl and phenanthrenyl-methyl containing polysiloxanes
(VP20_PHM40_XX40) display a small MW for the dimethyl

Vinyl copolymer

+ Si
HO OH

+ Si
O O H2O, N(nBu)4OH

85 - 115 °C, 3 h
MeOH, Tol

Si
O O

Hydride copolymer

+ Si
HO OH

+ Si
O O

H
Si

O O

H2O, HCl

85 - 115 °C, 3 h
MeOH, Tol

CC20_PHM40_PP40

VP20_PHM40_PP40

HM20_PHM40_PP40

Pt O
Si

O Si
O

Si
OSi

O C

4 eq.

4 eq. 4 eq.

4 eq. 2 eq.

2 eq.

FIGURE 5 Exemplary synthesis of polyphenanthrenylmethyldiphenylsiloxane (CC20_PHM40_PP40) showing general

polycondensation for hydride and vinyl copolymer and the hydrosilylation reaction using a platinum catalyst (“Ossko”). PHM,

9-Phenanthrenylmethyldimethoxysilane; PP, diphenylsiloxandiol

FIGURE 6 FTIR spectra of vinyl, hydride and hydrosilylated

polyphenanthrenylphenyl-dimethylsiloxane (XX20_PHP40_MM40).

FTIR, Fourier transform infrared; MM, dimethyldimethoxysilane;

PHP, 9-phenanthrenylphenyldimethoxysilane
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monomer, methylphenyl, and diphenyl monomers have
very similar molecular weights. The comparison of
HM20_PHP40_XX40 shows an increasing MW in 1H NMR
studies from smaller to larger group C monomers, but in SEC
measurements the dimethyl and diphenyl containing
copolymers show the highest values. The MW's and PDI's
of VP20_PHP40_XX40 decrease with increasing size of
the group C monomer. The variation of the composition
of HMxx_PHMxx_PPxx and VPxx_PHMxx_PPxx shows
the smallest MW and PDI for the 20% H containing
sample, and the highest MW and PDI for the 20% VP con-
taining sample. For the vinyl and hydride polysiloxanes
containing low amounts of phenanthrenylmethyl (PHM)
or diphenyl (PP), MW as well as PDI increase with PHM
amount (40% PHM) and decrease with PP (40% PP)
amount. Overall, the observed results are difficult to
interpret because of the chemical different monomers
and catalysts, as well as the variations in the detection of
different species with the two methods.

Refractive indices
RIs of the polymers were determined in transmission
mode and vary from 1.52 to 1.63 (Table 5). All values,
despite for PHP with PM or PP, are higher for the hydride

copolymer. The RI depends both on molar refraction and
molar volume. Although the aromatic systems display a
higher molar refraction smaller groups like hydride or
methyl can sometimes lead to a denser packing of the
chains, which is most likely the effect of the higher RI of
the hydride and methyl substituted systems compared to
the VP. Clearly the highest impact on the RI is observed
by the phenanthrenyl groups.

Thermogravimetric analysis
TGA was carried out for each vinyl and hydride
polysiloxane under oxygen and under nitrogen atmosphere
up to 900 and 1000�C, respectively (all curves are displayed
in supporting information). The two different conditions in
the TGA analyses help to understand the difference
between the depolymerization of the polysiloxanes (inert
atmosphere) and the pyrolytic decomposition (oxidative
atmosphere) of the organic groups. Up to 900�C the mea-
surements were carried out under inert gas and at 900�C an
oxygen atmosphere was applied to decompose pyrolytically
formed graphite and oxidize all silicon moieties to SiO2.
The T95 value was used as starting point to compare
all measurements, which is the temperature at 5% mass
loss.42–45 Values for the hydride and vinyl copolymer are

TABLE 4 MW and PDI of hydride and vinyl copolymer using 1H NMR integration and SEC measurements

Hydride

MW

(g Mol�1)
NMR

MW

(g Mol�1)
SEC

PDI
SEC Vinyl

MW

(g Mol�1)
NMR

MW

(g Mol�1)
SEC

PDI
SEC

HM20_PHM40_MM40 27,200 21,900 3.12 VP20_PHM40_MM40 2200 2500 1.24

HM20_PHM40_PM40 8300 6300 1.74 VP20_PHM40_PM40 35,200 8900 2.76

HM20_PHM40_PP40 15,200 1200 1.26 VP20_PHM40_PP40 18,800 8300 2.38

HM20_PHP40_MM40 6200 11,800 3.05 VP20_PHP40_MM40 27,100 12,100 2.68

HM20_PHP40_PM40 9100 3100 1.44 VP20_PHP40_PM40 8800 800 1.09

HM20_PHP40_PP40 10,100 11,900 3.67 VP20_PHP40_PP40 12,800 1100 1.20

HM40_PHM20_PP40 9500 3400 1.43 VP40_PHM20_PP40 13,900 2700 1.38

HM40_PHM40_PP20 40,700 4900 1.50 VP40_PHM40_PP20 27,300 3000 1.47

Abbreviations: HM, methyldiethoxysilane; MM, dimethyldimethoxysilane; PHM, 9-Phenanthrenylmethyldimethoxysilane; PHP,

9-phenanthrenylphenyldimethoxysilane; PP, diphenylsiloxandiol; RI, refractive index.

FIGURE 7 End group capping reaction of polyvinylphenylphenanthrenylmethyldiphenylsiloxane (VP20_PHM40_PP40) using tert-

butyldimethylchlorosilane. PHM, 9-Phenanthrenylmethyldimethoxysilane; PP, diphenylsiloxandiol
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shown in Table 6. Figure 8 shows exemplary the TGA cur-
ves for HM40_PHM40_PP20 and VP40_PHM40_PP20
(polyvinylphenanthrenyl-methyldiphenylsiloxane respec-
tively poly-vinylphenanthrenylmethyldiphenylsiloxane).

T95 temperatures of all polymers are in the range of
160–250�C. These low values can be explained by two
decomposition mechanisms named “intramolecular back
biting decomposition” (IBBD) and “preliminary hydroly-
sis” (PLH).50–52 PLH occurs when the terminal OH group
of a linear polysiloxane reacts with the silicon atom
inside its own chain to form a cyclotrisiloxane or a
cyclotetrasiloxane. IBBD is similar, but the ring forma-
tion takes place inside the chain without opening
it. These mechanisms occur already at quite low tempera-
tures because of their low activation energy (167 kJ).
Hydride polysiloxanes show a higher decomposition tem-
perature than their corresponding vinyl polymers. An
explanation can be the higher molecular weights of the
Si H group containing systems which directly influences
the numbers of end-groups. Because depolymerization
mechanisms of polysiloxanes are often starting at the

TABLE 5 RI's of hydride and vinyl copolymer measured in transmission mode at 20�C

Hydride RI Vinyl RI

HM20_PHM40_MM40 1.593 VP20_PHM 40_MM40 1.521

HM20_PHM40_PM40 1.612 VP20_PHM 40_PM40 1.569

HM20_PHM40_PP40 1.627 VP20_PHM 40_PP40 1.578

HM20_PHP40_MM40 1.602 VP20_PHP 40_MM40 1.573

HM20_PHP40_PM40 1.618 VP20_PHP 40_PM40 1.633

HM20_PHP40_PP40 1.603 VP20_PHP 40_PP40 1.630

HM40_PHM20_PP40 1.599 VP40_PHM 20_PP40 1.596

HM40_PHM40_PP20 1.616 VP40_PHM 40_PP20 1.576

Abbreviations: HM, methyldiethoxysilane; MM, dimethyldimethoxysilane; PHM, 9-Phenanthrenylmethyldimethoxysilane; PHP,
9-phenanthrenylphenyldimethoxysilane; PP, diphenylsiloxandiol; RI, refractive index.

TABLE 6 Temperatures of the hydride and vinyl polysiloxanes at 95% residual mass under oxygen and under nitrogen atmosphere

Hydride copolymer T95 O2 (�C) T95 N2 (�C) Vinyl copolymer T95 O2 (�C) T95 N2 (�C)

HM20_PHM40_MM40 234 248 VP20_PHM 40_MM40 190 193

HM20_PHM40_PM40 254 228 VP20_PHM 40_PM40 202 207

HM20_PHM40_PP40 246 247 VP20_PHM 40_PP40 198 191

HM20_PHP40_MM40 221 237 VP20_PHP 40_MM40 213 202

HM20_PHP40_PM40 210 211 VP20_PHP 40_PM40 254 244

HM20_PHP40_PP40 184 184 VP20_PHP 40_PP40 193 177

HM40_PHM20_PP40 269 282 VP40_PHM 20_PP40 218 220

HM40_PHM40_PP20 218 224 VP40_PHM 40_PP20 202 202

Abbreviations: HM, methyldiethoxysilane; MM, dimethyldimethoxysilane; PHM, 9-Phenanthrenylmethyldimethoxysilane; PHP,

9-phenanthrenylphenyldimethoxysilane; PP, diphenylsiloxandiol.

FIGURE 8 TGA measurements of VP40_PHM40_PP20 and

HM40_PHM40_PP20 under nitrogen and oxygen atmosphere. HM,

methyldiethoxysilane; MM, dimethyldimethoxysilane; PHM,

9-Phenanthrenylmethyldimethoxysilane; PP, diphenylsiloxandiol;

TGA, thermogravimetric analyses
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chain ends a higher number can lead to accelerated
decomposition. Under oxygen atmosphere the degrada-
tion of shorter or longer polymer chains shows no differ-
ence, under nitrogen atmosphere the smaller polymers
show a higher onset temperature, because the unzipping
mechanism is dominant (PLH, percentage more hydroxyl
groups present). For longer polysiloxanes, the intramolec-
ular backbiting (IBBD) is faster than the PLH and so
determining.53–56

Differential scanning calorimetry
DSC measurements were carried out from �60 to 150�C
in two cycles (Figure 9). The first heating cycle
(Figure 9A,C) was used to determine melting tempera-
ture (Tm, Table 7) of crystalline areas inside the poly-
siloxanes. The second heating cycle (Figure 9B,D) was
used to measure the glass transition temperature (Tg,
Table 7) and additional melting temperatures which

could not be determined in the first heating cycle.
Table 7 reports the Tm and Tg of hydride and vinyl copol-
ymer as well as additional melting temperatures occur-
ring in the second heating cycle (Tm 2 and Tm 3). Tm 3 is
reported for completeness and, if observable, equals Tm

1 but with a much lower energy.
For VP20_PHP40_MM40, a second glass transition

temperature was observed, indicating the existence of a
kind of block-polymer structure57–59 with a highly methyl
side group containing region and a Tg of �22.3�C and a
highly phenyl side group containing region with a Tg of
41.6�C. Overall, the glass transition temperature of the
hydride compounds increases with increasing phenyl
content from �17 to 7�C, while the Tg of vinyl copolymer
ranges from �42 to 42�C. The only exception is
VP20_PHP40_PP40 with a low Tg of �4.4�C. The vinyl
polymers show a larger melting area compared to the
hydride copolymer because the vinyl monomer consists of

FIGURE 9 DSC curves of the first (A and C) and second (B and D) heating cycle of the hydride (A and B) and vinyl (C and D)

copolymer. DSC, differential scanning calorimetry
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an additional phenyl group while the hydride monomer of
an additional methyl group, which increases the Tg because
of the lower degree of freedom of the sterically larger phe-
nyl group. For the XXxx_PHMxx_PPxx copolymer with dif-
ferent composition, the highly aromatic ones (20% VP/HM)
have the highest value, 7.0�C respectively 5.8�C, while the
sterically least demanding (diphenyl compared to phen-
anthrenylmethyl) one (20% PHM) reveals the lowest values
with �6.6 and �18.3�C, respectively.

3.2.2 | Characterization after curing

After purifying and drying the polysiloxane copolymer,
the matched polymers (same monomers from group B
and C in equal concentration) were cross-linked in a 1 H:
1 V mixture with Ossko platinum catalyst (Figure 9).
Ossko catalyst was applied instead of the more com-
monly used Karstedt catalyst because a longer shelf life
of the components can be expected due to higher activa-
tion energies for the curing. In addition, faster turnover
number is obtained with Ossko catalyst at 150�C. The
mixture will be evacuated at two mbar for 1 h and poured
onto the desired substrate, for example a Teflon mold or a
glass support. The polysiloxanes were cured at 100�C for
1 h and 150�C for 6 h.8,11,32 Due to the small amount of
platinum (6 ppm) longer curing times were necessary. The

described procedure also decreases the formation of gas
bubbles in the cured polymer. Figure 9 shows exemplarily
the procedure for the production of CC20_PHM40_PP40
(polyphenanthrenylmethyldiphenylsiloxane). The received
films are colorless and highly transparent (Figure 14). We
systematically explored various compositions of monomers
and different contents of A (HM or VP), B (PHM), and
C (PP) in the production of the cross-linked polymers. For
three batches, the amount of either A, B, or C was set to
20% while the remaining two were set at 40%, referring to
the amount of silicon atoms.

Solid-state NMR
29Si CP-MAS NMR was recorded for the cured sample
CC20_PHP40_MM40 (Figure 10), the signal broadening

TABLE 7 Melting and glass transition temperatures of hydride and vinyl copolymer

Homopolymere

Cycle 1 Cycle 2

Tm 1 Area (J g�1) Tg 1 Tg 2 Tm 2 Area (J g�1) Tm 3 Area (J g�1)

HM20_PHM40_MM40 47.07 3.30 17.19

HM20_PHM40_PM40 2.10

HM20_PHM40_PP40 6.98

HM20_PHP40_MM40 3.31

HM20_PHP40_PM40 81.39 0.04 6.75 12.54 0.39

HM20_PHP40_PP40 83.68 24.49 4.24 58.80 3.71 82.21 12.89

HM40_PHM20_PP40 �6.55

HM40_PHM40_PP20 3.50

VP20_PHM 40_MM40 92.96 37.73 42.30 90.02 31.56

VP20_PHM 40_PM40 91.46 30.32 18.35 86.65 26.04

VP20_PHM 40_PP40 91.98 30.22 5.83 89.61 28.99

VP20_PHP 40_MM40 85.89 27.52 22.30 41.57 59.84 1.31 84.71 14.92

VP20_PHP 40_PM40 67.98 0.82 14.14

VP20_PHP 40_PP40 70.35 11.92 �4.39 54.07 0.40 62.88 1.04

VP40_PHM 20_PP40 83.38 7.51 18.23 �13.78 0.40

VP40_PHM 40_PP20 87.29 31.33 17.21 83.35 27.72

Abbreviations: HM, methyldiethoxysilane; MM, dimethyldimethoxysilane; PHM, 9-Phenanthrenylmethyldimethoxysilane; PHP,
9-phenanthrenylphenyldimethoxysilane; PP, diphenylsiloxandiol.

0 -10 -20 -30 -40 -50 -60
Chemical shift [ppm]

29Si CP-MAS NMR of CC20_PHP40_MM40

FIGURE 10 29Si CP-MAS NMR of CC20_PHP40_MM40. MM,

dimethyldimethoxysilane; PHP, 9-phenanthrenylphenyldimethoxysilane
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is related to the solid NMR measurement. The signal at
�20 ppm can be referred to the dimethyl silicon
atom49,60–62 as well as the MeSi(OR)2 CH2 CH2 X sili-
con atom33,63 which was verified by 1H 29Si HMBC mea-
surements of the HM20_PHP40_MM40 copolymer. The
peak at �35 ppm is caused by the PhSi(OR)2 CH2 CH2 X
atom33,34 which also was confirmed with 1H 29Si HMBC
measurements of the VP20_PHP40_MM40 copolymer.

The signal at �47 ppm can be referred to the silicon
atom of the self-synthesized phenanthrenyl-phenyl con-
taining silicon atom.

FTIR spectra
FTIR spectra were measured from all cured polysiloxanes,
only the spectra for XX20_PHP40_MM40 are displayed here
(Figure 6), all other spectra can be found in the supporting
information S51–S58. The characteristic IR signals of the
cured polysiloxane are the same as the ones for the hydride
and vinyl copolymer and were described earlier.1 In the
spectrum of the cured polysiloxane (PPHPMMS) signals at
2162 ν(Si H) and 893 δ(Si H) cm�1 as well as 1595, 1408
ν(Si CH═CH2) and 960 δ(Si CH═CH2) cm

�1 can still be
observed. Hence, no complete conversion was obtained dur-
ing the hydrosilylation reactions. However, a rigid and non-
sticky film was received. In accordance with other curing
reactions of polysiloxanes, a full conversion cannot be
achieved due to the increasing viscosity and reduced mobil-
ity during the hardening process.8,46,64 Post-curing processes
are possible with reactions of hydride groups in presence of
platinum and oxygen or moisture.65

Thermogravimetric analysis
TGA measurements were carried out to analyze the ther-
mal stability of the cured polysiloxanes (supporting infor-
mation S59–S74). In Figure 11 a comparison of the onset
temperatures at 95% residual mass of the different poly-
mers is displayed. Overall, nearly all polysiloxanes reveal
a higher decomposition temperature under nitrogen than
the samples treated under oxygen.

The decomposition temperatures for the cured poly-
siloxanes under oxygen change from 300 to 370�C with
increasing aromatic content. Under nitrogen the values vary
from 300�C for the highly methyl containing polysiloxane
to 420�C for the highly aromatic and phenanthrenyl-rich
polysiloxane.31,48,66 Besides the variation of monomers, dif-
ferent monomer contents for CCxx_PHMxx_PPxx (pol-
yphenanthrenylmethyl-diphenylsiloxane) were also studied
(Figure 11). The cured polysiloxanes show little difference
in their decomposition behavior under oxygen atmosphere
(336–350�C) and an increasing stability for the higher cross-
linked polysiloxanes under nitrogen, while the increased
phenanthrenyl-content excels the stability compared to a
high-phenyl content. For lower aromatic content (<70% of

side-groups), the thermal stability is independent of the aro-
matic content (30–70%) with a T95 value of 300–350�C.
With higher aromatic content, the thermal stability
increases to 360–416�C.

Refractive index
RI of the cured polysiloxanes were measured in reflec-
tance mode with a contact fluid (1-bromonaphthalene).
The RI (Figure 12) varies from 1.57 to 1.63 for the cured

FIGURE 11 T95 values of the cured polysiloxanes under

oxygen and nitrogen atmosphere

FIGURE 12 RI's of cured polysiloxanes measured in reflection

mode at 20�C. RI's, refractive indices
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polysiloxanes. With increasing phenyl content from
CC20_PHM40_MM40 (0 Ph) < CC20_PHM40_ PM40
(1) = CC20_PHP40_MM40 (1) < CC20_ PHP40_PM40
(2) = CC20_PHM40_PP40 (2) < CC20_PHP40_PP40 (3),
the RI increases from 1.57 to 1.63. Comparing the poly-
siloxanes with different monomer content, the one with
the lowest number of cross-linkers (VP/HM) has the
highest RI, while substituting PHM with PP shows little
to no impact.

UV/Vis spectra–yellowness/whiteness index
The polysiloxanes were doctor bladed onto microscope
slides (Figure 13) and analyzed with an integrating
sphere in an UV/Vis spectrometer (Table 8). All poly-
siloxanes show a transmission from 96 up to 99%. Trans-
mission decreases with increasing phenyl content and
increasing RI.3,67,68 The sample with only one aromatic
group besides the phenyl one in the vinyl monomer
(CC20_PHM40_MM40) reveals the highest value of

99.0%. Replacing one methyl group with a phenyl group
(CC20_PHM40_PM40 & CC20_PHP40_MM40) reduces
the transmission to 98.9% respectively 98.0%. By further
increasing the aromatic content the transmission is
reduced to 96.7% (CC20_PHP40_PM40) respectively 96.2%
(CC20_PHP40_PP40). The same trend can also be observed
when varying the composition of CC20_PHM40_PP40, the
sample with the highest aromatic content shows the lowest
transmission value (97.7% for 20% VH sample).

To evaluate the amount of light, which is diverted by
passing through the samples, the haze value was
calculated using Equation (3). In these calculations the
transmission values were corrected by the glass slide.

Haze %½ � ¼ diffusion %½ �
corr:transmission %½ � �100: ð3Þ

The haze value varies from 7.8 to 9.1% (at 450 nm) for the
low phenyl containing polysiloxanes, while it increases up
to 19% for the highly aromatic CC20_PHP40_PP40.

The whiteness and yellowness index (YI) were calcu-
lated using PerkinElmer UV Winlab software, the doctor
bladed polysiloxane films are shown in Figure 14. Spectra
were recorded from 380 to 780 nm using 5 nm step width.
YI values larger than zero are implying yellowish probes,
negative values bluish probes. A whiteness index (WI)
value of 100 is achievable, higher values imply bluish and
lower values yellowish samples. Measurements were car-
ried out using international standards, ASTM D 1925–88
for YI and ASTM E 313–96 for WI.

YIs vary from �0.02 to 0.91 for nearly all synthesized
samples, implying a slightly yellow color of the received
films. However, these amounts are very small and can only
barely be detected in thick films. Generally, the values are
increasing with higher phenyl content.69–73 Only two sam-
ples with the phenanthrenylphenyl containing monomer
show higher values (1.14 for CC20_PHP40_MM40 andFIGURE 13 Transmission spectra of cured polysiloxanes

TABLE 8 Transmission and haze values at 450 nm and yellowness and whiteness indexes of cured polysiloxanes

Polysiloxane Transmission (%) Haze (%) Yellowness index Whiteness index

CC20_PHM40_MM40 98.98 8.66 0.83 97.01

CC20_PHM40_PM40 98.86 7.79 0.60 97.51

CC20_PHM40_PP40 97.75 9.08 0.81 97.06

CC20_PHP40_MM40 97.96 7.96 1.14 97.01

CC20_PHP40_PM40 96.74 15.12 0.91 96.21

CC20_PHP40_PP40 96.18 18.77 1.67 93.58

CC40_PHM20_PP40 98.89 15.14 �0.02 98.74

CC40_PHM40_PP20 98.46 8.73 0.48 97.58

Abbreviations: MM, dimethyldimethoxysilane; PHM, 9-Phenanthrenylmethyldimethoxysilane; PHP, 9-phenanthrenylphenyldimethoxysilane; PP,

diphenylsiloxandiol.
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1.67 for CC20_PHP40_PP40). WI around 97 was observed
for nearly all samples. The value can be increased using
low amounts of phenyl and high amount of methyl groups
in the polysiloxanes. Increasing the phenyl content lowers
the WI, implying more yellowish films. The study using

different amounts of monomers shows the best transmis-
sion and closest to 100 value for CC40_PHM20_PP40
with only 20% phenanthrenyl content. Clearly showing
the direct correlation of delocalized electrons and the yel-
low color.

 

   CC20_PHM40_  CC20_PHP40_                      CCxx_PHMxx_PPxx 
  MM40        PM40         PP40        MM40       PM40         PP40        20-40-40      40-20-40      40-40-20 

FIGURE 14 Transmission of polysiloxanes, bottom after synthesis, top after thermal treatment, from left to right:

CC20_PHM40_MM40, CC20_PHM40_PM40, CC20_PHM40_PP40, CC20_PHP40_MM40, CC20_PHP40_PM40, CC20_PHP40_PP40,

CC20_PHM40_PP40, CC40_PHM20_PP40, and CC40_PHM40_PP20. MM, dimethyldimethoxysilane; PHM,

9-Phenanthrenylmethyldimethoxysilane; PHP, 9-phenanthrenylphenyldimethoxysilane; PP, diphenylsiloxandiol

FIGURE 15 (A) First and (B) second heating cycle of DSC measurements of cured polysiloxanes. DSC, differential scanning calorimetry

TABLE 9 Differential scanning calorimetry of cured polysiloxanes

Cured polymer Tm (�C) Tm area (J g�1) Tg (�C)

CC20_PHM40_MM40 – – 17.01

CC20_PHM40_PM40 59.04 3.688 49.05

CC20_PHM40_PP40 52.54 2.597 39.25

CC20_PHP40_MM40 55.47 0.043 33.56

CC20_PHP40_PM40 61.31 3.956 51.33

CC20_PHP40_PP40 60.65 0.401 25.34

CC40_PHM20_PP40 53.59 2.014 34.68

CC40_PHM40_PP20 53.41 1.819 43.20

Abbreviations: MM, dimethyldimethoxysilane; PHM, 9-Phenanthrenylmethyldimethoxysilane; PHP, 9-phenanthrenylphenyldimethoxysilane; PP,

diphenylsiloxandiol.
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Differential scanning calorimetry
DSC measurements of the cured polysiloxanes were car-
ried out from �60 to 150�C in two cycles analogously to
the DSC measurements of the copolymer, the data for the
first (a) and second (b) heating cycle are shown below
(Figure 15). Curing generally increases the Tg.

74,75 The
measurements of the cross-linked polymers were carried
out although cross-linking decreases the ability of crystal-
lization. Therefore, smaller or no signals are observed.74–
82 The method therefore can be used as an indirect mea-
surement of cross-linking.74,82 The integrated area
decreases with increased cross-linking, also a shift of Tm

to lower temperatures is visible.78 The melting tempera-
tures of the cured polysiloxanes (Figure 15, Table 9) are
consequently lower than the ones of the vinyl copolymer
with the same monomer composition,78 this only

partially applies for the hydride copolymer. Some of the
copolymer with higher amounts of methyl groups which
contain PHM respectively MM monomers show a lower
value. The Tm of all cured polysiloxanes varies between
9�C, a higher phenyl content leads by trend to higher
values, whereas the polysiloxane with high concentra-
tions of methyl groups (CC20_PHM40_MM40) shows no
Tm. The Tg's of all cured polysiloxanes are significantly
higher than their corresponding hydride and vinyl copol-
ymer. Tg first ascends with increasing phenyl content
from 17 to 51�C, except the polymer with the highest aro-
matic content which shows a value of 25�C. Varying the
number of monomers shows no difference in Tm, while
the Tg increases with increasing amount of sterically
larger groups and lower amount of degrees of freedom:
PP < VP/HM < PHM.

Aging test
To simulate the thermal aging inside the LED, the cured
polysiloxanes were treated under operating temperatures of
high-energy LEDs (150–200�C)10 to test their thermal resis-
tance. The thermal stability was verified by discoloration of
the samples using UV/Vis measurements. The synthesized
polysiloxanes, doctor-bladed onto a microscope slide, were
thermally treated for 63 days at 180�C in air atmosphere
(Figure 16). UV/Vis measurements were carried out regularly
during this study (Figure 16). YI and WI were compared
before and after the thermal treatment. The phen-
anthrenylmethyl containing samples show-decreasing trans-
mission (Figure 16) after 63 days with increasing phenyl
content (94.4%à 91.5%à 82.1%). The phenanthrenylphenyl
containing polysiloxanes CC20_PHP40_MM40 and
CC20_PHP40_PM40 lose transmission to 82.7 and 66.1%.

The varied composition of CC20_PHM40_PP40 shows
decreasing transmission after 63 days with increasing
phenyl content from 94.2% for 20% PHM over 85.7% for
20% PP down to 82.2% for 20% VH, which agrees with
earlier results. The YI and WI implicate an intense
yellowing of the polysiloxanes (Figure 17). With increas-
ing phenyl content from CC20_PHM40_MM40 to
CC20_PHM40_PP40 the yellowing increases linear, from
0.8 YI for the as synthesized polysiloxanes up to 18.7 YI
and from 97 WI down to 42 WI.

The phenanthrenylphenyl samples CC20_PHP40
_MM40 and CC20_PHP40_PM40 display high yellowing
with increasing phenyl content, the YI increases from 1.1
(0.9) to 17 respectively 28 YI, the WI shows the same
trend, it decreases form 97 (96) to 48 respectively 5.8 WI
for CC20_PHP40_PM40. Interestingly, the sample with
the highest phenyl content (CC20_PHP40 _PP40) shows
little yellowing, comparable to the highly methyl con-
taining sample CC20_PHM40_MM40. YI increases from
1.7 to 4.4, while WI decreases from 94 to 80. Varying the
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FIGURE 16 Transmission of synthesized polysiloxanes during

thermal treatment at 180�C under air atmosphere
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composition of the monomers for CCxx_PHMxx_PPxx
shows little to no difference (YI 0.0 to 0.8, WI
97.1 to 98.7) before the treatment. The yellowing
also increases with increasing aromatic content
from CCxx_PHMxx_PPxx with 20% PHM < 20%
PP < 20% VH, indicating highly diphenyl < highly phe-
nanthrenyl < highly diphenyl and phenanthrenyl con-
tent, from 4.2 over 11 to 19 YI and form 88 over 66 to
42 WI. The yellowing most likely occurs due to the for-
mation of phenyl radicals, which are produced from
cleaving from backbone chains.7,69

4 | CONCLUSIONS

Several novel high-RI polysiloxanes were fabricated using
an acid respectively base catalyzed polycondensation
approach to synthesize the linear hydride and vinyl
copolymer out of newly synthesized arylic monomers.
The resins show increasing RIs with increasing arylic
content varying from 1.52 up to 1.63. These advanced
copolymers were hydrosilylated using low amounts of
platinum catalyst. The cured phenanthrenyl containing
polysiloxanes show high-thermal stability under oxygen
respectively inert atmosphere from 300 up to 420�C,
which rises with increased arylic content and culminates
in the CC20_PHP40_PP40 polymer. A tunable RI, which
increases with rising aromatic content from 1.57 up to
1.63 can be fulfilled. A transmission over 96% could be
achieved for all synthesized samples. It decreases from
99% for the highly methylic one to 96% for the highly
arylic one. The glass transition temperatures can be
tuned from 17 to 51�C with increasing the arylic and
decreasing the methylic content. These outstanding prop-
erties are maintained for over 60 days under simulated
LED operation temperatures at 180�C for all the poly-
mers ranging from the high amounts of methyl con-
taining ones (CC20_PHM40_MM40) to the high amounts
of phenyl containing ones (CC20_PHP40_PP40). How-
ever, an increase of yellowing and whitening can be
observed, which correlates with the number of aromatic
groups in the polymers.
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FIGURE 17 (A) Yellowness and (B) whiteness indices before

and after thermal treatment at 180�C for 63 days under air

atmosphere
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