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Abstract

Abstract

Rare earth emitters are of great interest in optedacommunication for converting electrical
pulses into optical pulses and for amplificationlight at certain wavelengths in the visible
and near infrared region. The raising need forcaptielecommunication systems entails the
demand for cheap and easy processable materiatgmniOr systems would fulfil these
requirements better than inorganic systems, whiehrainly used till now.

In this thesis the principle and the synthesis wthsorganic systems are described. The
characterisation of different systems was perfornid absorption spectroscopy and
photoluminescence spectroscopy.

The use of synthesised organic rare earth systeragganic light emitting diodes (OLED’s)
is described and OLED - devices are characterisecléctroluminescence studies and

current — voltage — characteristics.

Zusammenfassung

Seltenerdmetall enthaltende Emitter sind in deisopen Telekommunikation von grof3em
Interesse um elektrische Impulse in optische Ingulsnzuwandeln und um Licht mit
gewissen Wellenlangen im sichtbaren und nahen rotka Bereich zu verstarken. Die
steigende Nachfrage an optischen Telekommunikatystsmen zieht den Bedarf an billigen
und leicht verarbeitbaren Materialien nach sich.gadische Systeme wirden diesen
Anforderungen besser gerecht werden als anorganisktaterialien, die bis jetzt
hauptsachlich verwendet werden.

In dieser Diplomarbeit sind das Prinzip und die t8gsen solcher organischen Systeme
beschrieben. Die Charakterisierung verschiedeneste8ye wurde mit Hilfe von
Absorptionsspektroskopie und Photolumineszenzspgkbpie durchgefihrt.

Die Verwendung der synthetisierten organischene8etdmetallsysteme in organischen
Leuchtdioden (OLED’s) wird beschrieben und die @kgerisierung der OLED’s wird mit

Hilfe von Elektrolumineszenzmessungen und Stronpan8ungs — Kurven durchgefihrt.
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1 Introduction

1 Introduction

1.1 Motivation

The field of optical telecommunication has drawaagrattention since the first demonstration
of low-loss optical fibres in the 1970’s. After tfiest introduction of long-distance optical-

fibre transmission systems in the late 1980's d&wedeimergence of the erbium doped fibre
amplifier in 1987 there is a growing demand foraghe@nd easily processable materials for

the production of optical data transmission systgifig].

The accessibility of the Internet for more and mpeople (“global wiring”) entailed an
enormous growth in data traffic an so there is gnewing need for a large bandwidth
(information — carrying capacity). But Internet bandth is only a small part of total
bandwidth in use [3]. Ostensible other broadbanices (HDTV — High Definition
Television, Video-On-Demand, interactive televisiopice traffic etcetera) and applications
which process a huge amount of data (multimedidiGgins, video conferencing etcetera)

will be available to more and more people (FTTHxAReept “Fibre To The Home”).

Copper wires cannot satisfy the need for high va@udata transfer because of low
transmission speed and small signal bandwidth.rimétion transmission by using optical
cables, which transport pulses of light instead edéctricity, increases bandwidth

tremendously [4].

Since their first introduction in the late 1980lgh capacity long distance optical fibre
transmission systems have advanced from transmisgieeds of 140 Mbitsfor the first
transatlantic system to exceed 1 Thit(@ Thit s* = 10" bit s%) in just 10 years. Laboratory
demonstrations of optical transmission at 100 Gbiper channel and the use of over 100

channels in one single fibre are in progress.

The telecommunication systems installed now arekingrat 40 Gbit 3. At these speeds the
electronics is becoming difficult to work with, andry elaborate design is necessary. Could
one stay in the optical domain when amplifying,hegsng, routing etcetera the electronics

will no longer be a issue. The speed limit workiwgh all optical components has been
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1 Introduction

foreseen to be up to 1 Thit'.sThis new technology requires new materials fanegation,
guiding, switching, multiplexing and amplificatiar light.

Beside of that there are several economical artthieal disadvantages of glass fibres. High
costs and inconvenient processibility (especialgxibility) opens the field for polymer
optical fibres (POF’s) [5] [6].

Polymer optical fibres are nowadays of great concrakmterest because they can maintain
flexibility at thicker fibre sizes making them moeasy to handle and to install. For creation
of an optical transmission system totally made afanic compounds new materials are
needed, which are transparent at certain wavelsngtidl can be optically and electrically

illuminated.




1 Introduction

1.2 Applications in Optical Telecommunication

1.2.1 Silica and Polymer Optical Fibres

The principal of optical fibres is the transmisstbinough transparent media on the basis of
total internal reflection, which is possible in earladding configuration. It consists of a
circular core of uniform refractive index surrouddgy a cladding of slightly lower refractive
index.. In the case of step-index optical fibreptfie high refractive index is constant along
the fibre core cross-section and changes at ondeettow refractive index of the cladding.
The second technological important type is the egaithdex fibre, for which the refractive
index gradually changes from a high value in thetreeof the core to a lower value at the
perimeter of the core. Different refractive indexas be attained by using two different
materials or by surface treatment of the optidaiefi
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Figure 1 The regions of great bandwidth where apfibres work well are defined by the regions of

low attenuation. The dotted line shows the fundaaidRayleigh scattering limit. (Figure taken from

[8])

The primary limit on the amount of transferableadist the available transmission bandwidth

of the medium itself. The transmission bandwidth sifigle-mode optical silica fibres
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1 Introduction

(operation at a certain wavelength) can provider & nm optical bandwidth, which is
defined by the low spectral attenuation region &0 nm — 1620 nm called third
telecommunication window (100 nm represents ovefH3 of potential frequency space for
the transmission data). Between 1250 nm and 136CGheme is an other low attenuation

region that can provide additional 14 THz (see Fadl).

The recent research on optical fibres resultechimaimal attenuation of about 0.1 dB Km
Removal of especially the hydroxyl ion (QHmpurities in the silica fibre lowers losses due
to the absorption around 1.4 pm almost down to ftrelamental limit defined by the
Rayleigh scattering (see Figure 1). The basic titmaof hydroxyl ions at 2.37 pum is
responsible for that high absorption around 1.4 lpgoause it is the region of the first
overtone of the O-H vibration. The developmentt@ hew low loss optical fibres was very

important for the success of optical telecommuinoat

Recently there has been increasing interest indéheslopment of polymer optical fibres
(POF’s). The ductility of polymers is an importatvantage that entails properties like easy
processing, easy handling, low cost and large d@ameters. The large core diameter of up to
more than 1 mm enables high efficiencies of fimwaping [9], which is much more difficult
to design for glass cores. Glass optical fibrersmaller core diameters ranging from just a
few micrometers for single mode up to 125 um foitrmode fibres. Therefore glass fibres
are not often used for local area networks (LANdsfause a lot of connections have to be
realized. Another advantages of polymer opticatefbare the low density (light-weight-
properties) and good flexibility.

Besides of that is the low loss window remarkabldacl is in the visible region with its

absolute minimum of about 70 dB Knat 580 nm (for polymethylmethacrylate, PMMA, see
Figure 2). Nowadays the minimum of about 130 dB'kat 650 nm is used exclusively
because there are no high-performance light emittiodes at the wavelength of 580 nm,

which are necessary for converting electrical mula& optical ones.

A serious problem is the low thermal resistance polymer optical fibres. Recent
investigations on exchanging H-atoms with halogemma or deuterium atoms resulted in a
better heat resistance up to f80and attenuations of 20 dB Knat 650 nm [10]. Because of

-9-



1 Introduction

the high costs fully deuterated or halogenated @amg@s are more of academic interest until
now. However DuPont's Teflon AFand Asahi's Cytop are two commercially available
amorphous perfluoropolymers for which reductiorpate in the future can be expected due

to development of line production for low loss aried optics [13].
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Figure 2 Spectral attenuation of polymethylmethkateyfibre. (Figure taken from [7])

In the near infrared region (1000 nm — 1600 nm)pitedlem of vibrational absorptions due to
C-H and O-H bonds is more serious than in the Msibnge. Pure PMMA has an attenuation
of about 10 dB kmi* at 1.55 pm. For using polymer optical fibres in fame spectral region
like glass fibres, elimination of O-H bonds and &ithtion of C-H bonds with fluorine
compounds (C-F) or deuterium compounds (C-D) israss [11] [12].

Examples for such modified polymers are the groupFECB-type polymers (perfluorinated
cyclobutene type polymer), Teflon AFand Asahi’'s CytoP which have their theoretical
attenuation minima below 1 dB Kh(see Figure 3) in the near infra-red region arofir
um. Even for the third telecommunication wavelengttl.55 pm the attainable attenuation
would be lower than 10 dB K A theoretical loss spectrum of such polymershiswa in
Figure 3.
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Figure 3 Theoretical loss spectrum of PFCB-type/melrs (Figure taken froni[)

1.2.2 Optical Amplifiers

For long distance communication it is necessargdmpensate the losses in the fibre by
regenerating the signal typically every 50 —150 (depending on the data rate). This is
currently done by optical amplifiers. An amplifyimgedium contains a material capable of
luminescence at the signal beam wavelength. Théenksoent material needs to be pumped
with a laser, which excites the molecules to a &igbnergy level, thus generating a
population inversion between the first excited estahd the ground state. A signal beam
travelling through the amplifying medium will stitatie the emission of light, which is of the
same wavelength and phase [14]. For amplificatioanol.55 pm - signal erbium doped fibre
amplifiers (EDFA’s) are used due to tfigs;— *l15,, transition (see 1.3.1). In 1987 the still
increasing effort of research and development ef étbium doped fibre amplifier started,
which was an important invention for toady’s imp@orte of optical telecommunication

technologies.

The core of the fibre is doped with erbium ionsindgrfibre fabrication. The amplifier is
pumped at either 1.48 pum or 0.98 um with a comraltycavailable semiconductor diode

laser coupled into the amplifier with a wavelengtltiplexer.
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[
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Figure 4 Erbium doped fibre amplifier (EDFA). Udied amplification of light around 1.55 um by

pumping with a diode laser.

1.3 The Lanthanoids

The rare earths form a group of chemically simgiments, which have in common an open
4f shell. The valence shell of the atoms is madeotufhe 4f, 5d and 6s electrons. The 4f
orbitals in the lanthanoide elements are locatéatively close to the nucleus and so these
electrons are shielded very effectively by outexcebns (555p° 6<). The fact that the 4f

electrons do not behave as valence electronsrdbest the chemical similarity of the rare

earth elements.

For luminescence processes the properties of thelyntivalent ions are much more
important than those of the neutral atoms. (Cer{@®), Praseodymium (Pr) and Terbium
(Tb) may also be tetravalent; Samarium(Sm), Europ{&u) and Ytterbium (Yb) are often
divalent; the rest of the group is always trivajetl trivalent ions have xenon like rare gas
shell and in addition N 4f electrons (N = 0-14)isTmeans for erbium [Xe]#16s* and for the

trivalent ion [Xe]4f,

1.3.1 Photophysical properties of trivalent lanthanoide ons

Absorption: Lanthanoide ions absorb radiation in very shar@fmed bands (f-f transition).

According to the selection rules for atomic spedtfatransitions of free lanthanoide ions are

-12 -
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forbidden (LaPorte selection rule). This rule st in a centrosymmetric molecule or ion,
the only allowed transitions are those accompabied change of parity [15]. When the

symmetry of the ion is removed with an asymmetr@aiernal crystal field, the transitions

become allowed. The shielding of the 4f electrasse accounts for the observation that the
absorption spectra of the lanthanoide ions are welgkly perturbed upon complexation with

a ligand. The effect is limited to slight displacamts of the bands to higher wavelengths.

Luminescence: The emission of a complexed trivalent rare earth aoses from radiative
transitions among the energy levels in fheelectronic configuration of these ions. In the
absence of any interaction between these n elexttoa levels would be degenerate. Because
of interelectronic Coulombic repulsion, howevere ttlegeneracy is removed and the levels
are split over a range of about 20000°cr further splitting in the order of 1000 ¢hoccurs
due to spin-orbit interactions but is neglectedsiansequent discussions.

) A
[1000 eni'] |
5D2 e
20— 5D1 [— - 2H11f2
—T T T T 4%12
——m T
o1
- —e T
I 11
[
. T Lo
10 |— —+—— Tz
P
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i 1372
— ¥ T
— v — T
— ¥
0 — —/m/ — 5, — s
Euct Nd& Bt

Figure 5 A cutout of important energy levels ofthrare earth ions. Full line indicates radiative

decays. The dashed lines indicate non-radiativayde¢Data taken fronip][17])

In Figure 5 the main energy levels of three lanthda ions, which will be discussed in more
detail in the experimental part, are shown. Theartgnt levels are identified with their

Russell-Saunders symbols.
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The Europium ion (EYl) is a strong emitter in the visible region. Afeecitation with energy
of at least 2.18 eV the energy stai® is populated and, by recombination to {Re state,
light with 614 nm is emitted. For the Neodymium-idto®*) a minimum excitation energy of
1.07 eV is required to get an emission of threfedéht wavelengths according to the, —
132 (890 Nm),*Fsp — “1112 (1050 nm) and'Fs, — g (1350 nm) transitions. For the
Erbium-ion a minimum excitation energy of 1.28 eMequired to get an emission in the near
infrared region around 1.55 pfig» — %115 transition). If the excitation energy is greater
than 2.34 eV also green emission according td3he — 155, transition around 540 nm can

be observed.

The group of rare earth elements contains alsor airessive ions in the visible and near
infrared region. In principle the rare earth ioas e classified in three groups [18] according

to their strength of luminescence.

1. Tb*, Dy**, EW** and Smi" are the strongest emitters, which all have a @scence in the
visible region. (TB" 545 nm,’D4— Fs; DY**: 573 nm,*Fen—°Hizz EV": 614 nm,
Dy 'Fz; ST 643 nm,*Gsj2— *Ha1).

2. Er, PPY, Nd®*, HO*, Tm*" and YB* are weak emitters in the near infrared region. The
weakness of their luminescence is based on thetHattthese ions have closely spaced
energy levels, making the non radiative transiteasy. For the erbium ion there are,
besides some other very weak spin forbidden lieegs @4f'5d — 4f"), two characteristic
transitions: one in the visible region at about 580 (‘Sz;»— *l151) and the other, the most

important one for commercial use as described befirl.55 um*(1a— “15).

3. La**, Gd®* and Ld* exhibit no ion fluorescence because the lowesiglyesonance level

lies far above the triplet level of any of the coomty used ligands.

-14 -



1 Introduction

1.4 The Concept

1.4.1 Rare Earth Complex Systems

To manage the problem with low absorption coeffitseof the free lanthanoide ions, the
trivalent ions can be complexed with high absorbiggnd systems, which transfer energy to
the central ion (antenna effect [19]). Differenpag of chelating ligands likB-diketones

[20,21,22], pyridines [23], bipyridines [24], crgrtds [25], calixarenes 26], cyclodextrins
[27], crown ethers [28] and some others are kno8uch complexed systems have great
attributes of solubility in a lot of common orgarsiclvents like chloroform, benzene, toluene,
etc.. Therefore they are also good soluble in pelymatrices in contrast to pure salts of

lanthanoids.

1.4.1.1 Structure of Rare Earth Complex System

All complex systems studied in this thesis are mhjxectacoordinated rare earth chelate
systems [29] containing 3 molecules ofadiketo-system and 1 molecule of a nitrogen
containing heteroaromatic system as bidentate digard a trivalent rare earth ion as central

ion.

Figure 6 Simplified octacoordinated structure aéraarth complex system. [O] Indicates the central

atom (rare earth ion)®] indicates oxygen or nitrogen atoms of the ligagstem.
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The B-diketo-system is the unit, which is responsibledbsorbing the excitation energy and
transferring this energy to the central ion. Theogen containing heteroaromatic system that
is the same one in every studied complex systeras dwrmally not contribute to the

absorption. The role of this ligand is to get tltacoordination and to ban water out of the

complex, which is very important because of disnghDH-vibrations (see 1.2.1).

1.4.2 Polymer Host-Matrices

For the design of totally organic luminescing raarth solid-state devices appropriate
polymers are used. The polymers may act both gslsihost materials and as systems, which
transfer energy after any excitation (optical atecteical) to the embedded complex that

gives the characteristic luminescence of the ckiutna

1.4.3 Energy Transfer Mechanism

emission

¥ e

Figure 7 lllustration of the concept of polymeanhthanoide-complex system. (exc.= excitation, ET =

energy transfer)

The energy level diagram in Figure 8 shows the reetie positions of energy levels for
polymer / lanthanoide-complex systems illustratedrigure 7. The path indicated by a full
line shows the ideal way of successive energy teasniso achieve lanthanoide luminescence
originating from exciting the polymer.
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Singlet Singlet Triplet Lanthanide 1on
states
—
o I
Energy I
I I CT state
| |l
I | ISC T
: Ligand
|  fluorescence _ I
| Ligand
Polymer | Phosphorescence Rare Earth
Polvmer T |
- fluorescence I Lumiescence
absorption | I I

Ground state

Figure 8 Schematic positions of energy levels ilyer / lanthanoide-complex systems. The full
lines show the desired way energy should go. Thheathlines show possible radiative decays. (ET =

energy transfer, ISC = inter system crossing, @Charge transfer)

As a first step the polymer is excited and eneggiransferred from excited polymer singlet
state to an excited state of the ligand systems Transfer mechanism can be described as a
Forster transfer, so the best yield of energy feans obtained when the energy difference of
excited and accepting level is small. If the eneggps of the polymer and the ligand system
do not fit, no energy transfer takes place whicults in simple polymer luminescence. After

a successful transfer of energy to the excitedlsingtates of the ligands five different
possibilities besides radiationless recombination further transfers and transitions are

conceivable:

1. Ligand fluorescence (S> &) if no or low inter system crossing (ISC) takeaqga.

2. Direct energy transfer from the-fvel to a rare earth ion state (not allowed as it

spin forbidden).

3. Another possibility involves electron transfer t€& state of the complex. [30].

-17 -



1 Introduction

- after an intersystem crossing, there are two gibssibilities
4. Ligand phosphorescence is possible if there isppoagriate lanthanoide level.
5. If there is a suitable level of a lanthanoide ienergy can be transferred to this level.

As can be seen, the energy of the triplet levehencomplex system is of great importance.
The position of the triplet state and the reson@miitting) energy levels of the ions is
responsible for the luminescence efficiency ofdiistem. The lowest triplet state energy level
of the complex must be nearly equal to or mustbeve the resonance energy level of the
rare earth ion [31] [32] [33].

1.5 This Thesis

This work will deal with the synthesis and charasggion of organic systems, which emit
light in the visible (614nm) and near infrared (88, 1.05 pm, 1.35um, 1.55 um) region.

All these wavelengths are standard wavelengthegbtical telecommunications.

Different conjugated and non-conjugated polymert mostrices for various appropriate rare

earth complex systems are studied.

The fabrication and characteristics of organic phwhinescent and electroluminescent

devices containing the rare earth ion§'ENd®* and EF* are presented.

-18 -



2 Experimental

2 Experimental

2.1 Synthesis of Ligand Systems

2.1.1 2-Phenylazo-1,3-diphenyl-propane-1,3-dione

o o
TR Sy 2-Phenylazo-1,3-diphenyl-
‘ propane-1,3-dione (azoDBM)

M

M

C21H16N20;

= ‘ M = 328.36 g mct
Sy

Figure 9 Structure of 2-Phenylazo-1,3-diphenyl-jarog-1,3-dione

The 2-phenyldiazo-1,3-diphenyl-propane-1,3-dionkefyylazodibenzoylmethane, azoDBM)
ligand was synthesised by an azo-coupling rea¢88hwith dibenzoylmethane (DBM) and a

diazonium salt.

Diazotisation [35]:

+ NaNO, [HC/H,0], 0°C @ a®

\_/ \ /

Figure 10 Formation of aryl-diazonium chloride @itisation).

4.54 ml (50 mmol) aniline were dissolved in a metof 15 ml of concentrated hydrochloric
acid and 15 ml of water contained in a 250 ml flafiter cooling down to 6C to 5°C with a
mixture of ice and water; 3.45 g of powdered sodnitrite in 20 ml of water were added in

portions of about 2 - 3 ml to the cold, well-st@reolution of phenylamine hydrochloride. The
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2 Experimental

temperature was always betweerf® and 5°C. After complete addition some urea was

admixed and stirred again for 20 minutes.

Azo-coupling:

a O
— a® T ™
Q%EN N O)% Na-Acetate, [Ethanol], 0 °C
\ 7/ - y
O O 0] 0]
s N\\N/> = L N\NI/H) e

= =4 =

R S S

Figure 11 Azo-coupling reaction with aryl-diazoniwmoride and dibenzoylmethane.

To a mixture of 5 mmol (1.12 g) dibenzoylmethaneltihml ethanol and 7.5 mmol sodium
acetate in 6 ml ethanol, 5 mmol of aryl-diazoniumodde was added under stirring and
cooling between GC and 5°C. A strong yellowish precipitate formed immedigteihich
was washed with water after complete addition amcrystallised from a water-alcohol
mixture.

(m.p.: 85-87°C; 'H-NMR (200 MHz,5, CDCk): 7.95-8.05 (m, 6H), 7.48-7.60 (m, 9H), 6.88
(s, 1H) ppm). Also the spectroscopic data showrFigure 19 point the validity of the
structure (see Figure 11) out [45].

All 'H-NMR characterisations were carried out on a BrudRX 200. All mass spectra were

taken on a Fisons MD 800 (solids probe® Ohethane 3.5; source temperature 180 °C)
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2.1.2 1,3-Dithienylpropane-1,3-dione

1,3-Dithienylpropane-1,3-dione
(DTPD)

C12H10:S,
M = 252,35 g mot

The synthesis of 1,3-dithienylpropane-1,3-diondofes the classical way of a so called

Claisen-condensation [36].

Claisen-Condensation:

+HMaH, [Carlolezane], 100°C
s
5 ; /"‘\\

'\ | %ﬁ EIDI'H

A solution of 5 mmol (630 mg) acetylthiophene afdmol (1.56 g) thiophene-2-carboxylic
acid ethyl ester in waterfree cyclohexane was pop @vise to a boiling suspension of sodium
hydride in water free cyclohexan€he solution was refluxed till the gas processingsw
finished. After cooling down to room temperaturmixture of 4 ml glacial acetic acid and 20
ml of water was added carefully. Past the additbextra 20 ml of water the organic phase
was separated and the aqueous phase was extraotéiches with 50 ml ether. The collected
organic phases were washed with some water and avier NaSQO,.

After evaporation of the dried organic phase trenge coloured oily substance was cooled
with ice and after addition of few drops of n-perda yellowish precipitate formed and was
recrystallised from methanol.

(m.p.: 94-96°C; 'H-NMR (200 MHz,3, CDCk): 7.79 (d,J = 3.3 Hz, 2H), 7.63 (d] = 4.4 Hz,
2H), 7.18 (dd,) = 4.4 Hz and) = 3.3 Hz, 2H), 6.56 (s, 2H) ppm; CI-M81/z =237 [M-H]")
[37] [38].
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2.2 Synthesis of Complex Systems

2.2.1 Overview on Used Ligand Systems

Ligand

(Trivial-)Name / IUPAC-Name / Shortcut

]

A

Acetylaceton&
Pentane-2,4-dione
ACAC

o]

o8

Benzoylacetorfe
1-Phenyl-butane-1,3-dione
Bac

Dibenzoylmethane
1,3-Diphenyl-propane-1,3-dione
DBM

o]

“OO ~ CF3

Trifluoracetoacetylnaphthalehe
4,4,4-Trifluor-1-(2-naphthyl)-1,3-butanedio
TFACACN

o
(¢}
(o}

Dithienylpropanedione
1,3-Dithienyl-1,3-propanedione
DTPD

(¢}
o}
(e}
(e}
(¢}
(¢}
‘)Hi‘\‘
N

Phenylazodibenzoylmethane
1,3-Diphenyl-2-phenylazo-propane-1,3-dig
azoDBM

ne

</ \; 2 \>

[1,10] Phenanthrolirfe
Phen

Figure 12 Overview on used ligand systems.

! Purchased from Sigma-Aldrich Gmbh
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2.2.2 Formation of Complex System

All complexes were prepared with the following blily modified method according to the
literature [40].

To a solution of 3 ml of 2 M sodium hydroxide i@ Bl ethanol p.a. were added under
stirring 6 mmol of theB-diketonate system and 2 mmol of 1,10 phenantrdlpieen) (see
1.4.1.1). After complete dissolving an ethanolituson of 2 mmol of rare earth(lll) chloride
was added drop wise to the well stirred solutiorprécipitate formed immediately and after
complete addition of the rare earth chloride, thgtumne was stirred for an additional hour.
The precipitate was filtered, washed with absoktteanol and purified by recrystallisation

from absolute ethanol or acetonitrile. The produatse characterized by mass spectrometry.

o o _ o o
tautomer sim ‘
=~ S
R‘I t R2 Fy Fa
H H
H
deprotonation
=
@] @] o] [®]
j resonance
\\
R1 (_{ e Rg R’l R?

Figure 13 Complexation mechanismpafliketonate systems initiated by deprotonation.

Three mol of this negative charged unit and 1 nia trivalent (rare earth-) ion are used to
form 1 mol of the hexacoordinated neutral complé&ne additional mole of 1,10-
phenantroline is used to get the stable and watedctacoordinated form (see 1.4.1.1).

Characterisation bjH'NMR spectroscopy was not possible because of siftroperties of

rare earth complex materials [39] and a strongdeoang of the signals.
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Characterisations were done by absorption spedpys¢see Figure 20 and Figure 21). In
these spectra it is clearly observable that eaaptex (Eu-, Nd-, and Er-complexes) consist

of 1,10-phenanthroline and the particular 3-dikatersystem.

The melting points of synthesised complexes giveddit@mnal information for
characterisation. Melting points of rare earth ctames, which contain more than one
molecule of 1,10-phenanthroline are higher compaoethe melting point of the favoured
composition [40]. Melting points of rare earth cdexes, which contain only R-diketonate
ligands are lower compared to the melting pointhef favoured composition [29] [40] [41]
[42]. The central atom of the studied rare eartm@lexes does not have much influence on
the melting point of the complex. Melting pointg ftcharacterisation were taken from [29]
[37] [40] [43] [44]. All measured melting pointsgs Figure 14) agree with the literature

values.

Complex Melting Point [°C]
Eu(AcAc)phen > 230
Eu(Bac)phen 195-197
Eu(DBM)sphen 185-187
Eu(azoDBM}phen 181-183
Eu(DTPD)phen 173-175
Eu(TFAcAcN)phen 193-195
Er(AcAc)sphen > 230
Er(Backphen 198-200
Er(DBM)sphen 181-183
Er(azoDBMXphen 180-182
Er(DTPD)phen 178-180
Er(TFACAcN)phen 198-200
Nd(DBM)sphen 180-182
Nd(DTPD)phen 170-172

Figure 14 Melting points of synthesised rare eadmplexes.
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2.3 Polymer Host Materials

Different conjugated and non-conjugated polymersewased for embedding various rare
earth complexes for photoluminescence and electiolescence studies. The preparation of
the complex polymer mixtures is described in 2.fe Tphotophysical properties of the

materials are described in 3.1.

O-CyoH21
n - — - n
N
- -on
Polystyrene (PS) Poly-2-decyloxy- 1,4- Polyvinylcarbazole
paraphenylene
(DO-PPP) (PVK)
L NN
CH F F
[ A S VA S
{Qc@o o NI
FOF F F Q O
n \VAR
/\
FsC  CFq
P F Copolymer of tetrafluoroethylene (TFE) and
I_|—l
of perfluoro-2,2-dimethyldioxide (PDD)
Perfluorinated cyclobutene
(Teflon AF®)

type polymer
(PFCB)

Figure 15 Structures of different polymers usedefmbedding rare earth complexes for

photoluminescence and electroluminescence studies.
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2.4 Polymer — Complex Mixture Preparation and Film Fabrication

Polymers were dissolved in different solvents withconcentration of 1 mg thl The
solutions were used for film fabrication by spimting (1500 rpm) and dropcasting (70 pl).

To remove almost all the solvent films were driegronight in vacuum at about 40.

For dropcast films polymers were dissolved in obflorm. For spincast films polymers were
dissolved in toluene because of better film quesiti

The proper amount of rare earth complex was dissbin different polymer solutions (1 mg
ml™) and stirred over night to provide good homogandihe Eu(AcAciphen : polymer ratio
was 1:5 (based on mass). 0.2 mg mBU(AcAckphen is equal to 0.32 mmol Thlwhich is the

concentration for all complexes in 1 m-% polymdusons.

2.5 Absorption Measurements

All absorption measurements were carried out orPa8H53 UV-Vis spectrophotometer. For
all measurements polymer or complex / polymer fionsa glass substrate were used.

2.6 Photoluminescence Measurements

2.6.1 Setup for Photoluminescence Measurements

For all the photoluminescence measurements disguss®1.2 the setup shown in Figure 16

was used. Excitation was done with an Innov&laser or with a xenon lamp. Luminescence
was detected with a combination of an ARC Actondaesh Corporation Spectro Pro - 300i

grating monochromator (slit: 1 mm) and silicon {vie region up to 1 um) / InGaAsSb (near

infrared region) detector. To avoid oxygen quengleffects measurements were carried out
in vacuum (10 - 10° mbar). Recording of the data was done by a setfemr Test-Poirit-

program.
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—— g Leck
cw Ar - laser / [0 n
Xe-lamp
modulated
monochrommator
_f\\ Computer

Figure 16 Setup for photoluminescence measurements.

2.7 Electroluminescence Measurements

2.7.1 Device Preparation of Organic Light Emitting Diodes(OLED’s)

Al (B0 nirr

LiF{0.6 nirm

Arthie larer (~100 nim
PEDOT (-~20 nrm)

Glazs

Figure 17 Design of organic light emitting diod€d_ED’s)

ITO (indium tin oxide) coated glass (1.5 cm x 1M)owas used as substrate material for
device fabrication of organic light emitting diod@€SLED’s). The advantage of ITO which

makes it interesting for OLED’s applications isttbanductive and optically transparent films
can be fabricated. So the ITO is an electrode (@nad this system. On the ITO layer a
PEDOT (poly-3,4-ethylenedioxythiophene) layer ofoab 100 nm was spincast as hole
injection layer. After the PEDOT layer was driedledst over night the active layer which
was a mixture of a conductive polymer solution amddissolved rare earth complex
(preparation see 2.4) was spincast. The thicknés$seoactive layer was controlled by the

rotational speed (1500 rpm) and the concentratioth® polymer solution (1 m-%). The
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thickness of the active layer was measured witAlM (Atomic Force Microscope; tapping
mode AFM Dimension 3100, Digital Instruments).

After deposition of the active layer the substratese dried again over night in vacuum
atmosphere to remove all of the solvent. The &gt sf the OLED-device fabrication was the

evaporation of the top-electrode (cathode), whimhststs of 6A LiF and 80 nm Al.

2.7.2 Setup for Electroluminescence Measurements

All measurements were carried out inside a glovetbavoid influences of oxygen or water.
For recording current-voltage characteristics (ElMves) a certain voltage was applied and
the resulting current was measured by a Keithl€§028ource Meter. Recording of data was
performed with a self-written Test-Pofaprogram. To study the occurring
electroluminescence during recording the I-V-chemastics the setup shown in Figure 18
was used.

OLED
[

1 electrolununeseence glass fibre
el I {1 —— detector—|  computer

glove-box

Figure 18 Setup for electroluminescence measureniesitie the glove-box.

The detector was an AVS-S2000 (Avantes Spectroinetith the corresponding software

SpectraWin 5.0 for recording the luminescence spect
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3 Results and Discussion

3 Results and Discussion

3.1 Optical Studies

3.1.1 Absorption

3.1.1.1 Absorption Spectra of Ligand Systems

In Figure 19 absorption spectra of 1,10-phenamieoljphen) and six R3-diketonate ligand

systems are shown (shortcuts are explained in)2Rath ligand (except acetylacetone which

is liquid) was embedded in polystyrene, which doatsabsorb any light in the shown region.

—&— Phen
—+— AcAc
—0— BAC
—O— DBM
—A— azo-DBM
—4— TFACACN
—4— DTPD

10F

0.8F

0.6

0.4

OD [a.u.]

Ay
m A
L \NARAAANANRA

250 300 350 400 450
Wavelength [nm]

Figure 19 Absorption spectra of different ligangdteyns used for complexation of rare earth ions.

AcAc was measured in liquid form. All other liganglere embedded in polystyrene films.

It can be clearly observed that additional aromgticups shift the absorption maximum

towards lower energies. The absorption maxima rémge 275 nm up to 380 nm.
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3 Results and Discussion

The spectrum of phenylazodibenzoylmethane (azoD8M)vs, compared to the spectrum of
dibenzoylmethane (DBM), a shoulder that ranges a8 nm to 450 nm. This absorption

band originates from the phenylazo group [45]. Tdwe intensity of this band compared to

the band from 300 nm to 400 nm indicates a tranfiguration of the phenylazo group. If the

conformation of the phenylazo group would be cis iand between 400 nm and 450 nm
would be much more intense than the peak betwe@m®0and 400 nm [45].

The absorption peak of the dithienylpropanedion@RD) ligand, which consists of two

heteroaromatic thienyl-units, is the most red elitbne.

3.1.1.2 Absorption Spectra of Complex Systems

Eu-Complexes:

—#— Eu(AcAc) phen
—0— Eu(BAc),phen
—&— Eu(DBM)_phen
—O— Eu(azoDBM)_phen
—A— Eu(TFAcAcN)_phen
—4— Eu(DTPD),phen

0.6

OD [a.u.]

350 450
Wavelength [nm]

Figure 20 Absorption spectra of europium complestesyps embedded in polystyrene films.
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3 Results and Discussion

Compared to the absorption spectra shown in FidgQr¢he position of the maxima of the
absorption peaks do not change very much. Onlysttepes of the peaks change slightly.
Every complex shows a clearly observable band a@1® nm, which is an indication of the

presence of phenantroline in every complex system.

The only remarkable difference shows the absorpsipectrum of the Eu(azoDBhphen
complex compared to the ligands spectrum. The #itenf the shoulder from 400 nm to 450
nm got weaker. The cause for that may be a conprgaindrance of the azo dye because of

complexation.

Comparison of rare earth complexes:

In Figure 21 complexes with DTPD - ligands with tentral atoms Elj, EF* and Nd* are
compared (all of the same concentration). For eystem no significant differences can be
seen. This is also true for the other synthesisedptexes but because of better clearness only

one example is demonstrated below.

—=&— Nd(DTPD)_phen
0.4 —0— Eu(DTPD) phen
—4— Er(DTPD),phen

OD [a.u.]

0.0

250 300 350 400 450
Wavelength [nm]

Figure 21 Comparison of rare earth dithienylprojplmee complexes in polystyrene films with

different central atoms.
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3 Results and Discussion

In all spectra the phenantroline absorption peakbaut 260 nm and the absorption peak of
the particular 3-diketonate ligand system is clealbservable what indicates reproducible

and similar formation of the complex systems witffedent central atoms.

3.1.1.3 Absorption Spectra of Polymers

In Figure 22 the absorption spectra of three diffiepolymers (perfluorocyclobutene (PFCB)
type polymer, Teflon AF and polystyrene see Figlis are shown. The polymers were
measured as films on glass substrate. Glass almsorprevents spectral results at
wavelengths lower than 270 nm. In the region wheseally 3-diketonate systems absorb

(300 nm - 400 nm), no absorption is observable.

1.0
osl —&— PFCB type polymer
' —+— Teflon AF
—A— Polystyrene
0.6
>
S, 0.4}
QO
O 0.2
0.0
250 300 350 400

Wavelength [nm]

Figure 22 Absorption spectra of three differentypwérs.
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3 Results and Discussion

The absorption spectra of the two polymers polye2ytbxy-1,4-paraphenylene (DO-PPP)
and poly-vinylcarbazole (PVK) (see Figure 15) aneven in Figure 23. Each polymer has

broad absorption features from 300 nm to 380 nm.

1.2

1.0

0.8}

0.6

OD [a.u.]

0.4

0.2

00 L 1 L 1 L
300 320 340 360 380 400

Wavelength [nm]

Figure 23 Absorption spectra of two different pogns
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3.1.2 Photoluminescence

3.1.2.1 Ligand Systems

In Figure 24 the photoluminescence of R-diketosgtems is shown. Emission resulted from
excitation at the absorption maximum of each compleor acetylacetone (AcAc) no

emission was observable. The intensity of the ghotmescence of dithienylpropanedione
and trifluoracetoacetylnaphthalene are three to tiowes higher than the intensity of the other
ligands but anyhow quite weak compared to europgwminescence (see 3.1.2.2) or polymer

luminescence (see 3.1.2.5).

4.0 —m— TFACACN
—Q—— DTPD
—e— DBM

3.2 —O— azoDBM

—A— BAC

Luminescence [a.u.]

Wavelength [nm]

Figure 24 Photoluminescence spectra of 3-diketditgted systems embedded in polystyrene films.

Excitation for each complex at its absorption maxim
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3.1.2.2 Europium — Complexes

In Figure 25 and Figure 26 the photoluminescencallaynthesised europium complexes is
shown. Each complex was excited at its absorptiarimum. It is clearly observable that the
dithienylpropanedione (DTPD) containing and triflacetoacetylnaphthalene (TFACACN)

containing europium complexes show the most intphst¢oluminescence.

No significant luminescence except the europiumseion bands is detectable in the range
from 370 nm to 800 nm, which indicates a high epergnsfer rate from the ligand (f3-

diketonate ligand) to one of the excited europiurergy states.

The main red emission peak at 614 nm originates tte°D, — F; transition. The two other
much weaker europium-peaks at 580 nm and 590 nginate from the’Dy — 'Fy resp.

Dy - 'F1 transition (see 1.3.1)

250 F | —m— Eu(azoDBM) phen
—0— Eu(DBM)_phen

200 | | —&— Eu(BAc),phen
—4— Eu(AcAc) phen

150

100

Luminescence [a.u.]
al
o

Wavelength [nm]

Figure 25 Photoluminescence of europium complexeitesl at the absorption maximum of each

complex.
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1500 | | —®— Eu(TFAcAcN)_phen
— —t— Eu(DTPD),phen
5 1250
@, I
o 1000
= I
3
& 750
U’) L
2 500
g L
= 250 _
0 T W .
550 575 600 625 650

Wavelength [nm]

Figure 26 Photoluminescence of europium complexetesl at the absorption maximum of each

complex.

3.1.2.3 Erbium — Complexes

The typical erbium emission occurs around 1.54 prd B usually much weaker than
europium emissions because of a lot of non radiadiecay possibilities after the excitation
via a R-diketonate complex system. All erbium ca®rpk embedded in polystyrene films
were excited with a cw-Arlaser at 350 nm with a power of 60 mW in avera&fe raW on

the substrate surface, due to chopper wheel amomhisses).

In Figure 27 the photoluminescence of differenilerbcomplexes is shown. Excitation of the
erbium complexes with acetylacetone (AcAc) and wldogyimethane (DBM) resulted in a
weak erbium emission around 1.54 um after cooliogrdwith liquid nitrogen to 77 K. At

room temperature there was no erbium emission @étiec

- 36 -



3 Results and Discussion

The same behaviour was observed for Er(Bptag@n and Er(azoDBMphen complexes. For

the erbium ion these four ligand systems are nptaiate to achieve acceptable emission.

3 —m—Er(DBM) phen T =77 K
2.0x10 —@— Er(AcAc) phen T = 77 K
| I |
c:é 1.5x10° } T\'}i . ‘
[4)) ,'l'
2 1.0x10°%F ut b
o} /.;. L
(@] I u
N ")
()] LTI 1
£ 5.0x10™ e
E }
= |
- )

1400 1450 1500
Wavelength [nm]

Figure 27 Erbium photoluminescence of differentiftbnate complexes.

Figure 28 shows that exciting the erbium complethwlithienylpropanedione as 3-diketonate
ligand system gives a more intense photoluminegcandiquid nitrogen temperature. Even
the intensity of the photoluminescence at room tampre is comparable with the intensities

of the erbium complexes shown in Figure 27.

Similar intensities of the erbium emission compatedEr(DTPD}phen were observed by
exciting the erbium trifluoracetoacetylnaphthalestanplex (see Figure 29). The signal to

noise ratio is better for this substance (see 1.2.1

An  explanation for the Dbetter properties of ditlyi@nopanedione and

trifluoracetoacetylnaphthalene as ligands for ewésgrbium complexes could be that the
triplet levels of the ligands which are always ilwed in energy transfer mechanisms (see
1.4.3) are more suitable to transfer energy tSfge energy level of the erbium ion instead of

transferring energy to tH&;, level. So there are less possibilities for radiggss decays.
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4.8X10-3 N —Q— Er(DTPD)sphen, T=77K
lp}| —=— Er(DTPD) phen, T=298 K
— 3L
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Figure 28 Erbium photoluminescence of dithienylnogdione containing complex

4.0x107 1 —m— Er(TFAcACN) phen, T=77 K
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Figure 29 Erbium photoluminescence of trifluoraeegtylnaphthalene containing complex.
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3.1.2.4 Neodymium — Complexes

Neodymium is known to have three different emisdinas in the near infrared region. The
three emission lines appear at 890 fRy{ — “l132), 1050 nm {Fs» - *l112) and 1.35 pm
(“Far2 - “lop) (see 1.3.1).

—H®— Nd(DBM),phen

- —®— Nd(DTPD)_phen
=16
3- F 8.0x10™
S 3
L] : t
o i . \I\ % 6.0x10° |
LC) 12 L | % 4.0x10™
] 3
(Qn) é 2.0x10™*
o 08f = l. é 0.0
= l £
E l 20610 50 1300 1350 1400 1450
% 04} .ﬁ“\ Wavelength [nm]
N
= |
: g
ol

900 1000 1100 1200 1300 1400
Wavelength [nm]

Figure 30 Photoluminescence of two different neadymcomplexes. The inset shows the enlarged

region around 1.35 um.

In Figure 30 the photoluminescence spectra of tvfferdnt neodymium complexes

embedded in polystyrene are shown. A very interesk @round 890 nm and the emission
peak around 1050 nm were observed. The third dogudf transition is, compared to the
other two neodymium emissions lines, very weak,cWwhs corresponding to strong emission

guenching properties of polymers in this near mefdaregion.
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3 Results and Discussion

3.1.2.5Polymers

The blue photoluminescence spectra of the two petgmoly-2-decyloxy-1,4-paraphenylene
(DO-PPP) and poly-vinylcarbazole (PVK) (see Figligg which are absorbing light around

350 nm are shown and compared to the absorptiartrage Figure 31 and Figure 32.

0.10

0.08

+40.02
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Luminescence [a.u.]

P b

L ' 0.00
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Figure 31 Blue photoluminescence (dashed linepbf-p-decyloxy-1,4-paraphenylene (DO-PPP).
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Figure 32 Blue photoluminescence (dashed linepbf-pinylcarbazole (PVK)
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3.1.3 Photoluminescence in Different Host Matrices

In the following chapters the various influences different host matrices on the

luminescence properties of rare earth complexedeseribed.

3.1.3.1 Eu — Complexes

To realise the concept described in 1.4.3 polynost matrices, which provide a good overlap
of their luminescence spectra and the absorpti@ttsp of the embedded complex are

needed.

In Figure 33 the overlap of the absorption spectafmEu(DTPD)3phen complex and the
photoluminescence spectra of the two polymers Reliecyloxy-1,4-paraphenylene (DO-
PPP) and poly-vinylcarbazole (PVK are shown. Thisopium complex overlaps best of all

studied complexes (see Figure 20).

0.4 150
—=&— Eu(DTPD),phen
—o—DOo-PPP 1120 —

]

0.3

1
(o]
o

w o
o o
Luminescence [a.u

@
(@ 2
S

0.0 : :
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Figure 33 Overlap of Eu(DTPEPhen complex absorption with different polymer lngscence.

Closed symbols indicate absorption spectrum; ogatbels indicate luminescence spectra.
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3 Results and Discussion

The photoluminescence spectra of different eurogiomplexes that were embedded in poly-
vinylcarbazole films (see 2.4) are shown in Figd4e

"L
o

a1
Q

Luminescence [a.
o
o

Figure 34 Photoluminescence spectra of differeragum complexes embedded in PVK films.

By comparison of the absorption spectra of theedifit europium complexes and the
luminescence spectrum of PVK (see Figure 32) tifecebf the increasing overlap of the
absorption spectra of Eu(AcAphen to Eu(TFACACNphen with the luminescence
spectrum of PVK is noticeable. The diagram showRigure 34 proves the assumption of the
theory. The absorption spectrum of Eu(Acftlen does not overlap with the polymers
luminescence spectrum and so there is no europiomss®n observable and the
luminescence of the polymer well detectable. The womplexes Eu(DTP)hen and
Eu(TFACACN)phen with the most red shifted absorption speciréghe studied group of
complexes show the best overlap and according 1a2.2. the most intense europium
luminescence accompanied by a complete quenchirtbeopolymer luminescence. In the
case of Eu(DBMgphen and Eu(azoDBMphen the polymer luminescence is also completely

guenched and again the intensity of the europiumascence corresponds with the results
shown in 3.1.2.2.
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3 Results and Discussion

This is also an indication for a working energynsfer cascade from the polymers excited

singlet state to the excited europium state foretlm®pium complexes with the ligands DBM,
azoDBM, DTPD and TFACACN.

Another indication for energy transfer is the queng of the polymer luminescence for some
polymer-complex mixtures.

As demonstrated in Figure 33 the overlap of th@gum complex absorption band and the

photoluminescence of DO-PPP are lower than for Ptke consequences of this result are
shown in Figure 35.

2001

a1
Q

Luminescence [a.u.]
o
o

Figure 35 Photoluminescence spectra of differeragum complexes embedded in DO-PPP films.

Eu(DBM)sphen and Eu(azoDBMphen are not able to quench all the polymer lunteese

of DO-PPP. Because of a low energy transfer rat@ the polymer to the europium complex
the intensities of the europium luminescence arerespondingly weaker. These are

additional proofs for neglecting direct excitatioh the complex system because of less
capability of polymer luminescence quenching anaelointensity of europium luminescence

although the concentration of the complex embedii¢lge polymer film is the same.
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3 Results and Discussion

Eu(DTPD)3phen and Eu(TFACACN)3phen are able to gaeal the polymer luminescence
but the intensity of the europium emission compaoethe europium complex — PVK system
is very low. This is an indication of a very loweggy transfer rate and because of the absence

of the polymer luminescence a lot radiationlessagleoccur.

Compared to the intensities of the europium emissaf complexes embedded in polystyrene
films which originate from direct excitation (seel.2.2) the luminescence intensities of
europium complexes excited by energy transfer fRMK or DO-PPP are lower. However

since the energy transfer cascade shown in Figlv@s&een proved to work, increased rare

earth luminescence can be expected by usage ahpddywith better matching energy levels.

3.1.3.2 Er — Complexes

15
—&— PVK
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Figure 36 Total quenching of PVK photoluminescemaget shows the region around 1.54 pm.

As described in 3.1.2.3 the erbium emission at JuB%is much weaker than the europium
luminescence. Embedding different erbium complareBO-PPP or PVK matrices did not
show any positive effect. The erbium luminescenes aimost absent although the polymer
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3 Results and Discussion

luminescence was completely quenched. This is andieecause we should expect an energy
transfer upon quenching of the host luminescentleeguest lanthanoide.

As described in 1.2.1 polymer host matrices likeygigrene, DO-PPP, PVK and some more
are responsible for lowering the emissions in tearninfrared, the region of the erbium
luminescence. Reducing the content of C-H bondsrdpfacing this polymer host with

fluorinated polymer matrices should lower the attgion of erbium luminescence.

The effect on the erbium luminescence by using diglig fluorinated polymer called

perfluorinated cyclobutene type polymer (PFCB, Begire 15) is shown in Figure 37. The
erbium luminescence at liquid nitrogen temperatgranore intense compared to excited
erbium complexes in polystyrene matrix (see Fig2Bg The intensity at room temperature

does not change significantly. But at both tempeest the much better signal to noise ratio is

remarkable.
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Figure 37 Photoluminescence of Er(DTR)en embedded in PFCB type polymer films.
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3 Results and Discussion

By using a totally fluorinated polymer like Teflé=® (see Figure 15) the intensity difference
of the erbium luminescence at room temperature ligrad nitrogen temperature is much
lower compared to the intensity difference in ntrofinated or partially fluorinated host

matrices.

The cause for the lower intensity of the erbium s=ioin in the system Er(DTP{phen /
Teflon AF® compared to Figure 37 might be the bad dissolutfathe complex in the solvent
of Teflon AF®. The solvent of commercially available Teflon AR solutions is a
perfluorinated alkane. These polymer solutionsrareable to dissolve an erbium complex
completely. By stirring over night only a suspemsis achievable. However, the quality of

the films, which were fabricated of the polymeroemplex suspensions by spincasting were

acceptable.
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Figure 38 Photoluminescence of Er(DTRien embedded in Teflon EI—Toonmer films
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3 Results and Discussion

3.1.3.3Nd — Complexes

The exchange of the polymer host matrices for g@dgmium complex Nd(DTP)hen to
fluorinated polymers is also promising as demotetran Figure 39. The intensities of the
three luminescence peaks in the near infrared megid890 nm, 1050 nm and 1.35 pum are

greatly enhanced (see 3.1.2.4, Figure 30).

Especially the peak at 1.35 pm which is an impdrtamavelength in optical

telecommunication has beside the higher intemsityuch better signal to noise ratio.
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Figure 39 Photoluminescence of Nd(DTRen embedded in PFCB type polymer films.
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3 Results and Discussion

3.2 Organic Light Emitting Diodes (OLED'’s)

3.2.1 Polymer Electroluminescence
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Figure 40 Electroluminescence of PVK — OLED’s iffiedent voltages indicated by open symbols.

Corresponding photoluminescence is indicated bsetlcsymbols.
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Figure 41 Current-voltage characteristics of PVRLED. (Inset shows the logarithmic scale)
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3 Results and Discussion

In Figure 40 the voltage dependent electrolumineseeof polyvinylcarbazole (PVK) is
demonstrated. The current-voltage characteristicsve in Figure 41 indicate a good diode
behaviour. In backward direction there is a105 lower current running through the cell. At

both polarities the cell was stable at least adngloltages.

The electroluminescence of DO-PPP shown in Figtesdred shifted compared to the
photoluminescence. Organic light emitting diodeslenaf this polymer are not so stable than
made of PVK. As shown in Figure 43 the LED blodks turrent in backward direction quite
good and opens at about 1.5 V. The DO-PPP — LEDtisble to accept more than about 7 V
but the polymer luminescence intensity is evenhat voltage comparable with the PVK

electroluminescence at 21 V.

0.10 500
= =
< >
— 0.08} 375 &
@ ()
O o
c c
@ D)
O o
@ 0.05F 250 &
= 2
= =
= 003/ 125 5
g =
3]
o @
0.00 i,

x | ' | n O
350 400 450 500 550 600
Wavelength [nm]

Figure 42 Electroluminescence at different voltagephotoluminescence of DO-PPP. Closed

symbols indicate photoluminescence; open symbdisdte electroluminescence.
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Figure 43 Current-voltage characteristics of DO-RPRBLED. (Inset shows the logarithmic scale)

3.2.2 Europium Electroluminescence

The usage of polymer — europium complex mixturebr{tation described in 2.4) as active
layers in organic light emitting diodes in ordergiet the red europium electroluminescence at

614 nm is described in the following chapter.

In Figure 44 the electroluminescence of the Eu(D)gpien complex in PVK is shown. The

characteristic europium emission can be obsen@augare with the results of 3.1.2.2).

The current-voltage characteristics of the Eu(DT#pbgn / PVK — OLED shown in Figure
44 illustrate a lower operational voltage to gehimescence compared to the pure PVK —
OLED.

According to the photoluminescence measurements 3Jrl.3.1 the polymer
electroluminescence is again completely quenchesl Eggure 46)
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Figure 44 Electroluminescence at different voltagfelSu(DTPD}phen / PVK — OLED
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Figure 45 Current-voltage characteristics of Eu(DJ4phen / PVK — OLED. (Inset shows the
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Figure 46 Full spectrum of Eu(DTPiphen / PVK — OLED

The europium electroluminescence intensity of ttéTEACACN)phen / PVK mixture is
according to 3.1.3.1 larger than of the Eu(DT#bgn / PVK mixture. Figure 47 shows the

characteristic europium electroluminescence atrti4
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Figure 47 Electroluminescence of a Eu(TFACAgMen / PVK — OLED
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3 Results and Discussion

The current-voltage characteristics shown in Figd8eare equal to the characteristics of
Eu(DTPD}phen what means that with the same voltage a motende europium

electroluminescence is achievable.

The polymer electroluminescence is again completagnched in this system.
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Figure 48 Current voltage characteristics of Eu(TRLN)sphen / PVK — OLED. (Inset shows the

logarithmic scale).
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4 Summary

4 Summary

To get the luminescence of rare earth elements hwhie important for the optical
telecommunication an external crystal field of thee earth ions is required. Because when
the symmetry of the ion is removed with an asymiv&tiexternal crystal field, the intra 4f
transitions, which are involved in absorption andhinescence processes become allowed.
Embedding this rare earth complexes in approptiat@nescent polymer hosts makes an

energy transfer from the excited polymer to the earth complex system possible.

In this work the synthesis of some R-diketonatard) systems and some corresponding
complexes of the rare earth elements Eu, Er angs Ndown. Photoluminescence at 614 nm,
890 nm, 1.05 pum, 1.35 um and 1.55 um of various earth complexes is demonstrated (see
Figure 48).
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Figure 48 Photoluminescence of EINd®* and EF*. (Intensities are not comparable)
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4 Summary

For achieving the characteristic emission of eaafe rearth element the ligand systems
dithienylpropanedione (DTPD) and trifluoracetoatephthalene (TFACACN) are

demonstrated as the best matching ligands, whiegimaestigated (see Figure 12).

DTPD and TFACACN are also best applicable for thergy cascade mechanism to get rare
earth luminescence by exciting the polymer hosticiwhis successfully demonstrated with
europium systems. The excitation of the erbium demp PVK system shows a complete

guenching of the polymer luminescence and a wdakrarsignal.

A better overlap of the complex absorption and plo&/mer luminescence would transfer
more energy to the complex energy states and sinteesity of rare earth luminescence
could be increased. This will be possible with &ddal aromatic groups in the ligand system

or the synthesis of polymers, which have emissemdls at higher energies.

For infrared emitting devices there are strong ghary effects in commonly used transparent
polymers like polystyrene (PS) or polymethylmetlytate (PMMA). This is a main problem

for the applications in optical telecommunications.

The usage of fluorinated polymer host matrices I6FefAF® and PFCB type polymer) for
embedding rare earth complexes shows for inframedtiag devices an increase of the
emission intensity. Excitation of Er(DTPiphen and Er(TFAcAcNphen embedded in

Teflon AF® shows characteristic erbium emission even at rmsnperature.

The synthesis of luminescent fluorinated polymerkich emit at about 400 nm would be
very interesting for the application of the enemascade mechanism for infrared emitting

systems.

Polyvinylcarbazole (PVK) and poly-2-decyloxy-1,4rpphenylene (DO-PPP) were
successfully used as active layers in organic leghitting diodes (OLED’s) to achieve blue
electroluminescence at about 450 nm. The curreltdg® characteristics of fabricated

devices indicates good diode behaviour.
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4 Summary

Embedding of Eu(DTPDRphen and Eu(TFAcAcNphen complexes in the active layer of
PVK — OLED’s changed the diode behaviour. Turn oltages are reduced from about 15 V
to about 4-7 V. By applying a certain voltage tharacteristic europium luminescence is

observable. No polymer electroluminescence ocautbe energy cascade mechanism is also

working in organic light emitting diodes.
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