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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 (LRI)
polydimethylsiloxane (PDMS) and a high refractive index (HRI) polymethylphenysiloxane (PMPS) based

influence of the composition and structure of a low refractive index
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
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
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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
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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
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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

m0—Si—0—Si—0—Si—0w H
Amr0—8i—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 w-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 (Kéfer 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 = 75— ™ 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 Fgympie 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(3)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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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.

18132 | RSC Adv., 2018, 8, 18128-18138
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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)xx]; 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.t

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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