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Abstract

Organic light emitting diodes (OLEDs) have gainadreasing attention because of there
remarkable properties and application potentiabréfore chemists are aiming for suitable
organic materials for optoelectronic applicatioRsominent materials are semiconducting
polymers e.g. polyfluorenes. A major problem herébythe colour purity of the blue-

emitting polyfluorene-type materials caused by ddgtion processes during device
operation. Besides the well-characterized ketoatiefe degraded polyfluorenes which emit
at a peak maximum of approximately 530-550 nm, nuestigated an additional emission
feature localized at 485/515 nm. This particulagegr emission feature was attributed to
alkylidenefluorene defect structures. This propasaupported with the synthesis of model

copolymers and their optical characterization asdleed in chapter 2.

One focus of material chemists is to design mdsemdth increase of performance in
optoelectronic devices. There has been much intereke application of cyclometalated
complexes as emitting components in such devidas.nietal complexes may allow for the
efficient utilization of both singlet and triplek@tons generated upon electronic operation.
Consequently, internal quantum efficiencies apprmar100% may be achieved. Tuning of
the emission colour by manipulating the ligand sphef the metal atom is also a very
attractive goal. Up to the present, there are otédlatively few examples of
electrophosphorescent (co)polymers as single—coempddLED materials. These examples
include semiconducting polyfluorenes with side-ohar main-chain iridium complexes,
ladder polypara-phenylene)s with electrophosphorescent palladiamets, self-assembled
Schiff base polymers and platinum-based side cbapolymersTransition metal (Co, Ni,
Zn) Schiff base polymers have been prepared byatx&l polymerisation, transesterification
and condensation of salen-type monomers but thes et been applied in OLEDs.

An often observed disadvantage of blend-based eevica phase separation of polymer and
phosphorescent dye. One strategy to inhibit thiasphseparation is to incorporate the
electrophosphorescent dye into the polymer backbbme approach presented in chapter 3
describes the covalent incorporation of phosphote ithe backbone of a solution-
processable semiconducting copolymer. The syntloégpatinum(ll) salen complexes and
the corresponding polyfluorene-based copolymenrsperted in this chapter.

OLEDs were subsequently fabricated and showed giogiefficiencies and also

demonstrated the potential of this stratagem. Euribptimization of the copolymer



structure includes modification of the ligand sghas well as a variation of the backbone
e.g. incorporation of suitable comonomers suchemzdphenone which should allow for a
more efficient and directed energy transfer betwé#em backbone polymer and the
chromophore.

Another remaining task is to improve the lifetimedathe efficiency of these materials
during their application in OLEDs. The synthesigd atharacterization of new matrix
polymers for triplet emitters is presented in clkapB.3. The incorporation of
benzophenone units into the main chain of poly#nes resulted in an improved lifetime
for operating OLEDSs. Further investigations inclutie variation of the benzophenone
content and the incorporation of phosphorescenalnoeimplexes into the main chain of

such copolymers.
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1. Introduction

1.1. Polyfluorenes - An Important Class of
Semiconducting Polymers

Electroluminescence (EL) of organic compounds west flescribed by Bernanose in
1953 The work of Tang and Van Slykeat Kodak in 1987 led to a breakthrough for
organic light emitting diodes (OLEDs) and their Bggttion in commercial products. They
built an OLED device utilizing aluminium tris(8-hgakyquinoline)1 as the luminescent
material.

The discovery of conducting polymers (i.e. polysitsate) in 1977 led to intensive research
activities in the field of conducting and semicoatitg polymers® The importance of this
novel class of polymers was recognized by awartiiegNobel Prize in Chemistry to H.
Shirakawa, A. G. MacDiarmid and A. J. Heeger in @30This research area is highly
interdisciplinary and strongly affected by collabtbon between chemists, physics and

engineers.

Figure 1. Commonly used electroluminescent materials.

Burrougheset al published the first example of a polymer-baseghtliemitting diode
(PLED) in 1990% The polymer which they used as the light emittiger was polygara-
phenylene-vinylene) (PPV2. This discovery led to the development of a sepés
conjugated polymers used in light emitting diodeS[¥s) like poly[(2-(2-ethylhexyloxy)-
5-methoxyp-phenylen)vinylen] (MEH-PPV3, and polyfluorene (PH.
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However, the use of-conjugated materials is not limited to their apation in OLEDE>

8 Due to their interesting optical and electronioparties resulting from the extensiwe
electron delocalization along the polymeric baclddhese polymers can be applied as the
active material in several applications, e.g. oigdield effect transistors (OFETS}?,
photodiode%®, sensofd”, polymer laset$*® and organic solar celf®?? The
commercialization process of organic electronicscaupled to the availability of
appropriate production processes. OLEDs can beXample manufactured based on the
technology used for the production of liquid crystegsplays (LCDs). Whereas organic
transistors have not found a reasonable market notv, they have great promise for
highly customized, small-volume products using tigi patterning techniqués’
Polyfluorenes (PF)s are a particularly attractime @aromising class of blue light-emitting
polymers which exhibit high luminescence quantumdg in solution as well as in the
solid staté?*?® High brightness at acceptable thermal stabilityoie of their most
outstanding featurd®?”! The physical properties of PFs, e.g. thermal Btgbicolour
stability, liquid crystallinity, etc. can be optimad either by modifying the chemical
structure or by copolymerization with appropriatemonomer&®?? Grell et al. first
described in 1997 the thermotropic liquid crystatfi of PFE% This feature led to the
development of an OLED, using an aligned PF laydich emits linearly polarized light
with a polarization ratio of 15 at a reasonableglbimess®"!

The first report on the synthesis of polyfluoreneas published by Yoshino and co-
workers in 1989. The polymers were prepared byaikid coupling of fluorene monomers
using FeC) as the coupling ageli’ This non-specific oxidation process produces
branched polymers which contain defect structure4991 also blue electroluminescence
of polyfluorenes was first described by the Yoshigmup®?2®*" |nvestigations on
polythiophenes showed that more defined polymergiwiare free of defects leads to
materials with an increased performance of thetrmactive and photoactive conjugated
polymers>33% Organic chemistry provides a wide range of suétaelactions to produce
structurally more defined polyfluorenes. Therefdhes utilization of coupling procedures
like Stille-, Heck-, Suzuki- and Yamamoto-type ma@as to synthesize fluorene-type
polymers and copolymers led to significant improeets. Suzuki- and Yamamoto-type

reactions deserve closer attention in particulathag have been very successfully used to
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synthesize poly[2,7-(9,9-dialkylfluorene)]d)(and their derivatives with high molecular

weight in a well-defined fashion (Figure &Y.

INiOPPh),] (R = H)

BrBr
Ni(0) (R = -(GH40),-CHg)

R R
5

oy

Pd(0) 4

Polyfluorene
(HO)ZBB(OH)Z ]
R R
6

Figure 2. Synthetic pathways to polyfluorenes.

The reductive coupling according to Yamamoto is allgu performed using 2,7-
dibromofluorene monomers)( but chloro- and iodo-monomers are also viabldeun
these conditions. Percec and co-workers have pdpaelated polyphenylenes by
nickel(0)-mediated coupling of bistriflates and rbisylate$®®=% Good results were
achieved by using bis(cyclooctadiene)nickel(0) @QOD)) and 2,2"-bipyridyl as the
catalyst system. Due to the mild reaction condgjdhis procedure has been developed as
a valuable alternative to the copper-catalyzed ®fimcoupling, which requires drastic
conditions!® A disadvantage of this coupling procedure is tioéchiometrical use of the
expensive nickel(0) catalyst. Procedures utilizimgxpensive nickel(ll) compounds and a
reducing agent such as zinc do not give as goodltseas those utilizing expensive
nickel(0) catalyst§'?! Nevertheless, the use of catalytic systems, foampte with
manganese or aluminium as the reducing agent, edeftblymers with high molecular
weights and similar puritid$? Suzuki-type cross-coupling polymerizations betw@en
dihalofluorene and 2,7-diboronylfluorene derivativ@) have also been developed to give
polymers with reasonable high number average mtaeeweight M, of up to ~ 50,000
g-mol* using phase transfer agents and boronic ester mensoin a two-phase solvent
system***4 Also such Suzuki-type reactions can be carriedimat controllable fashion

yielding narrowly distributed polyfluoren&§:4!
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Figure 3. Monomers used to alter the band-gap of PF-type lgopms.

Polyfluorenes exhibit a blue photoluminescence @raximately 420 nm. Modified
polyfluorene-type copolymers have been synthesizatiemit light in the whole range of
the visible spectrum. This could be achieved byodification of the band-gap energy, e.g.
by incorporating monomers with a lower HOMO/LUMOpgauch as 5,5 -dibromo-2,2"-
bithiophene7 or 2,1,3-benzothiadiazok resulting in yellow and yellow-green emission,
respectively. Efficient green and white light enessfrom appropriate polyfluorene-based
copolymers witt9 as comonomer was achieved byékwal (Figure 3)+748!

Investigations of the emission behaviour of polgfene derivatives are still underway.
Different phenomena as the occurrence of red shiémission components have been
intensively studied and have been related to thedtion of excimers or aggregat&s>?
However, as derived from spectroscopic investigatidhe appearance of this undesired
spectral features is mainly caused by oxidativaat#afion under formation of fluorenone

sites at the polymer backboli&>3¢*!
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1.2.  Organic Light Emitting Devices

This chapter will provide a short introduction infBl.ED devices including the physical
processes of light generation The basic devicetsrel of an organic light emitting diode
(OLED) consists of an electroluminescent materigliclw is sandwiched between two
electrodes. The material which is used for the adghshould have a low work function
and is typically calcium or aluminium/lithium flude. The cathode can be vacuum
deposited onto the emissive layer. Indium tin oXid®) is mostly used as the anode. It is

transparent and can be deposited onto a glasdyon@osubstrate.

Light Emitting Layer

Electrode (Ca/Al/LiF)

/

/

Electrode (ITO) Substrate Hole-Transporting Layer

Figure 4. Typical structure of a two-layer electroluminescerganic diode.

This so-called sandwich structure can be modifiedifferent ways (e.g. by optimizing the
outcoupling of the light, the use of optimized éledes, etc.¥*%% One strategy to
increase the efficiency of OLEDs is to use mor@thae organic layer in order to optimize
the charge injection, the charge transport anatiaege recombination (Figure 4).

The external quantum efficiency depends dramayiaail a balanced injection of charges
and the recombination rate of the injected chaigethe emission layer. The external
quantum efficiency is the product of the radiatinmntum efficiencyr of the emitter and
the probability @¢y that photons, which are generated in the emiskgar, leave the
device.Greenhanet al predicted a range between 15 and 25%Zigrdepending on the

refractive index of the active lay&P! Due to the separate injection of electrons andgol
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their spin is uncorrelated and therefore, no spladivity is taking place in recombination
processes. Simple spin statistics give a thrediatier probability for the formation of

triplet states than singlet states (see also chapte.

Radiative transitions from triplet to singlet stai@e spin-forbidden so that overall only
25% of the excited states formed could be utilifzed light emission. However, some

experiments indicate that this limit can be higlethe order of 45%%% To reach 100%

internal efficiency, it is essential to use alse thiplet states for radiative emission. The
fundamental steps in OLEDs yielding in emissiorigiit are shown in Figure 5: (a) and
(@") electrons and holes injected into the LUMO #mal HOMO, respectively; (b) charge
transport and recombination resulting in an excieate; (c) radiative relaxation of the

singlet excited states; (d) non-radiative decatheftriplet excited states.

Cathode & singlet (25%) triplet (75%)
(@) \ :
LUMO | I

- %* .

HOMO | I I

e
. . . . . @)
radical anion exciton radical cation
(c) (d) Anode

hv non-radiative

Figure 5. Electron and hole injection forming excitons anéitldeactivation channels. (a) and (a") injection
of electrons and holes (b) transport through onmaire organic layers resulting in an exciton (dgxation

of the excited singlet state through radiative glerad (d) non-radiative decay of the triplet extistate.

These steps influence the different material regnents for OLED applications. The
ionization potential and electron affinity are élgy, an important issue of the organic
materials. Materials having a low ionization potaintor electron affinity) may function as
hole-transporting materials. At the same time nia@®emwith a high electron affinity (or

ionization potential) can act as electron-transpgriaterials. This clarifies that electron-



1. INTRODUCTION 7

donating or electron-accepting properties affeceé thole-transporting or electron-
transporting properties of the materials, respettivlherefore, a sufficient emitting layer
in single-layer devices needs to fulfil both requients. The emitting layer acts as the

recombination layer for holes and electrons as aglihe transport medium for the charge

carriers.

1.3.  Properties of Polyfluorenes

The thermal stability of polyfluorene homo- and clymers are very good as their
decomposition temperature exceeds 400°C. Polyfhe&reor to be more precise,
dialkylated PFs in solution typically emit bluehigat a wavelength region of 415-420 nm
(2.99-2.95 eV) in combination with two additionabronic side bands at 439-445 nm and
470-475 nm assigned to 0-0, 0-1 and 0-2 intraclsaglet transition. In the case of
poly[2,7-(9,9-bis(2-ethylhexyl)fluorene)] (PF2/6)et emission properties in the solid state
and in solution are more or less identical wherthassolid state properties of poly[2,7-
(9,9-dioctyl)fluorene] (PFO) strongly depend on fite preparation and the posttreatment
conditions of the film (see chapter 1.3.1 and 2@tical spectra of PF2/6 are shown in
Figure 6. The relative low intensity of the 0-Oniséion in the solid state is most probably
due to self absorption effects. In diluted solutiRfa polymers exhibit an unstructuread*

absorption with a maximum at ca. 383 nm (3.24 eV).
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Figure 6. Absorption and emission spectra of polyfluorene.
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The photoluminescence quantum vyield in solution ces 80%° and very high
photoluminescence quantum vyields in the solid si&te50% have been report€d’ PF
homopolymers are characterized by high ionizatioergies. Different values are reported
for the absolute energy of the LUMO varying fronb 50 5.8 e\f**"? This leads to
differences in the reported values for the band-eysrgy between 3.5 and 3.2 ¥ The
difference between the optical gap=£2.95 eV (as defined by the absorption onset) and
the reported band-gap energies of 3.2-3.5 eV asrmdeted by cyclovoltammetry

represents the so-called exciton binding energppfox. 0.3-0.5 eV

The sensible interplay between the optoelectroropgrties, the solid state structure and
defects in polyfluorenes has been the subject ¢énswe investigations in the last
years?*">® Hereby, the chain conformation defines an very drtant parameter.
Comparing for example PFO and PF2/6 (Figure 7),i@omchange in the side chain
structure results in distinct differences of thggbal properties of these two polymers.
PF2/6 adopts a helical conformation of individudtaims. They form crystalline
(hexagonal), nematic and isotropic phases withessing temperature. Absorption and
photoluminescence properties of thin films of PF&/é not much dependent on the phase

and processing history.

oot oot

n
PF2/6 PFO
4a 4b

Figure 7. Chemical structures of PF2/6 and PFO.

The photophysical properties of PFO vary strongljthwthe morphology of the
sampld?*7""® Different solid-state phases have been observedPfO, such as a
disordered glassy phase and crystalinandg-phase$’® The solid-state structure of PFO

as hairy-rod polymer is heavily dependent on tlee@ssing historif80%3!
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1.3.1.Relationship of Structure and Emission Behaviour -The g-
Phase

Comparing the absorption maximum of PF2{82~383 nm) and PFO /=389 nm) in
dilute solution the maximum of PF2/6 shows a sligigpsochromic shift of ~ 6 nm. This
can be attributed to a somewhat larger distordiogle between two neighboring fluorene
units in PF2/@%4

In the solid state, PFO shows the formation ofghér ordered phasg-phase) in addition

to the common hexagonatphasé’™ This g-phase is characterized by a bathochromic
shift of the absorption and emission spectra. Thidue to the formation of a sheet-like
solid-state structure forced by side-chain cryiztation®® Several approaches to suppress
the formation of thegg-phase such as the use of bulky side groups ointdweporation of
spiro-bifluorene units into the main chain haverbdescribed®®!

One other approach, which was investigated in cougis the incorporation of non-planar
1,1"-binaphthyl structural units into the main chaiff polyfluorenes to suppregsphase
formation. In fact, it was found that the randomarporation of binaphthyl units into the
PFO backbone sufficiently suppresses fhghase formation in the solid state (Figure
8)81 PFO homopolymers (0%) exhibited PL features odtjing from thes-phase with
the main band peaking at 442 nm. With increasingcentration of binaphthyl units (4.2,
9.4 and 12.1%) the contribution originating frone thphase at 442 nm becomes weaker

and is even absent for a copolymer with 12% of fitlay!| units.

428 nm442 nm
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Figure 8. Emission of PFO homopolymer (0%) and binaphth@rdipctylfluorene-copolymers at low

temperature (T=30K). Films were spin cast froméeolk solutions
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1.3.2.0rigin of the Green Emission

Polyfluorenes have been the subject of intensarelsas they are promising materials for
blue light emitting diodes. One major problem ofyfloorenes is their colour instability
especially in electroluminescence (EL) leading tbread low-energy EL band with its
maximum located at 525-540 nm. The pure blue epmsshanges as a result of this
degradation to a blue-green emission. The origith@fgreen emission is still the subject of
intense research. More and more accepted by tharitgayf research groups, this emission
is caused by defects, which may result from an atid degradation of only
monoalkylated fluorene units which are present asall impurity. The defects have been
assigned to keto defects (fluorenone defects). rOthsearchers have postulated the

formation of crosslinked fluorene units as the iorigf the defects (Figure &f'°54°6:63:88:89]

Figure 9. Possible degradation products of fluorene-baseghpens (A: keto defect, B: crosslinked units).

The origin of residual monoalkylated building blscghould be caused by monoalkylated
fluorene monomers that remain after the workup e monomer5. The amount of
monoalkylated fluorene monomer is difficult to deténe. These monoalkylated building
blocks are expected to form fluorenone defects nnoaidative degradation process.
Standard analytical detection methods of organienuktry failed since low impurity
levels within the monomers can not be detected. GiBhd GCMS do not show any traces
of impurities in the monomers purified by columnrainatography. The process of
fluorenone defects generation can be explainedlisving: The monoalkylated fluorene
units are deprotonated into fluorenyl anions. Sgbsatly, the formed fluorenyl anions are

oxidized by oxygen to hydroperoxide anions.
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Figure 10.Possible pathway for the generation of fluorenoafects

Finally, the fluorenone defects are formed in aregayement step. This oxidation pathway
is shown in Figure 10. In polyfluorenes these fermne defect sites can act as traps for
excitons or electrons. Excitons can be accumulatettiese traps and this results in the
emission of the lower energy light (keto-defect sitn)®*%°!

The typical featureless emission band of such Kefects is peaking at ca. 535 nm. Meijer
et al prepared polyfluorenes starting from speciallyiff)ed monomers® They observed
the absence of the green emission band for polghes synthesized from such monomers

of highest purity.

As outlined, the origin of the green emission isiradsed to oxidatively formed defects
within the polymer backbone as origin of emissioatability**>*°5°%heyond simple
quenchind® A dispute about the role of chain conformation #&mgbarticular interchain
or intersegmental interactions is still activelyitay placé®®® especially due to the
formation of intermolecular excimerdetween two polyfluorene chains with or without
the participation of fluorenone defect urdiBliznyuk et al. first assigned the formation
of a green emission band at 520 nm to an excimesseon. However, they also carried out
in-situ FTIR studies during device degradation and obsketlie formation of fluorenone
defects which quench the blue luminescence companfethe polymef*¥ Scherfet al.
extensively studied the degradation of polyfluoseaed the green emission band at 535
nm. They concluded that the emission is not caliyedn excimer formation and can be
addressed to a monomolecular pro¢&s¥! In contrast, Simst al related the green

emission to excimers of two fluorenone defects tiedaat adjacent chains or chain

" An excimer (short for excited dimer) is a dimemolecule or complex formed from two species whére a

least one of them is in its electronic excitedestat
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segment&* Montilla and Mallavia described an additional gré®nd located at 485/515
nm which preferably occurs in degraded light-emgtdevices which were fabricated and
operated under inert conditioli$*2°* For this electrochemical degradation they proposed
the occurrence of crosslinked polyfluorene chairss saipported by IR and FTIR
spectroscopy.

1.4.  Electrophosphorescence

The following section gives a short introduction toin the application of
electrophosphorescent materials in OLEDs. As roart before, it is favourable to also
utilize triplet excited states in operating OLE@s dchieve, at least in principle, a four
times higher electroluminescence efficiency comgat@ singlet emitters. Electrically
driven phosphorescence in OLEDs without phospherdscopants have only been
observed at low temperaturé¥. Impurities of heavy metals into organic molecutes
lead to an electrically driven phosphorescence(@phosphorescenc§®” Remarkably,
whether it is due to design or serendipidity, oalirace amount of the heavy metal atoms
is necessary for efficient triplet emission. Howgveo efficient OLED has yet been
reported based on such approaches. Batal showed in 1998 that the use of
phosphorescent dyes as dopants improves the afficisf OLEDS*® The phosphorescent
dye octaethyl-porphyrine platinum (PtOEP)0Y (Figure 11) was doped into a small
molecule organic host at low concentration. In 199f&nd and Tessleet al applied
PtOEP as a dopant in a semiconducting polymer'fibst.

Et Et

Et Et

Et Et

Et Et

PtOEP

10

Figure 11.Structure of PtOEP.
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Research on the application of such phosphoresteall molecule dopants has revealed
efficiencies of 11.698°% 19.204'°11%2 and 10.3%%! for blue, green and red emission,
respectively.

Recombination of charges in the organic materogdedl with a triplet emitter occurs in
different steps. The first step is trapping of aarge carrier at the emitter molecule
(electron or hole}t® This trapped charge carrier can induce an eleictrfce to its
neighbourhood. If the opposite charge carrier néggaalong the matrix towards the
electrode (due to the applied external voltage)iamibt close to the trapped charge, it will
not be influenced by the Coulomb attraction of trepped charge. Thus, it migrates
independently towards the electrode.

If the charge (e.g. a hole) comes under the tragbactron’s influence, it will result in a
bound hole-electron pair. The two spins of electamal hole are coupled to four new
combined states, a singlet state and a triple¢,staith the triplet state having three sub-
states. The Coulomb attraction forces the holedwertowards the trapped electron. When
the hole reaches the hole-trapping triplet emisierexcited state is formed. The system
will then show the typical behaviour of an optiga#ixcited molecule with its emission
propertied!® Herein, the heavy metal of the triplet emittere@ls the spin forbidden
transition resulting in phosphorescence. Very fesqly used phosphorescent emitters are

often based on iridium complexes (Figure 12, Tdble

| X
Z2N{| o=
Ir
\
S o 7
- -2
Flrpic Ir(ppy)s Btp,lr(acac)
11 12 13

Figure 12. Electrophosphorescent iridium complexes: bis(2-@f@orophenyl)pyridyl-
N,C?%)iridiumpicolinate (1) (FlIrpic), fac-tris(2-phenylpyridine)iridium 1@) (Irppys) and bis(2-
(¥ benzothienyl)-pyridianto-N,E)iridium(acetylacetonate)L@) (Btp.Ir(acac)).

There has been much progress in the applicatimyadbmetalated complexes as emitting
components in electroluminescent (EL) devic®s!'? Consequently, internal quantum

efficiencies approaching 100% by utilizing of balinglet and triplet excitons (which are
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generated upon charge injection from the electiodesy be achieved. Although many
examples of electrophosphorescent metal compleaes heen described, there are still
relatively few examples of electrophosphorescem)p@ymers as single—component
OLED materials.

Table 1.Properties of common Ir-emitters and their colooordinates in the International Commission on

Illumination (CIE)-diagram (right).

091
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Examples include semiconducting polyfluorenes vditie-chain or main-chain iridium
complexedt¥14 |adder polypara-phenylene)s with electrophosphorescent palladium
centred?”) self-assembled Schiff base polymiErs and platinum-based side chain
copolymerd™® Transition metal (Co, Ni, Zn) Schiff base polymbese been prepared by
oxidative polymerisation, transesterification amshdensation of salen-type monomers, but
they have not been applied to OLEfE!

1.4.1.(Matrix)polymers for Electrophosphorescence

To guarantee an efficient energy transfer fromntiarix polymer to the triplet emitter, the

matrix has to be designed in a well-defined fashiost phosphorescent dyes used in
OLEDs have their absorption maximum in the UV-wawejth region. To insure efficient

energy transfer, wide bandgap materials are seitabéts. Two commonly used hosts are
shown in Figure 13. The function of the guest Has & be taken into account. The dye
can act as a charge trap and a recombinationf ¢itere is a significant offset between the
HOMO (or LUMO) positions of the host and the gu&&!.This has also a great impact on
the operating voltage of OLEDs. For example, arati¥e injection and transport of

charge carriers lowers the operating voltafé.However, the charge-trapping by the
dopants increases the driving voltage of OLE®E?*2U|f the dopant material acts as a

hole trap, the HOMO level could be above that @& ttost material. For efficient triplet
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exciton harvesting it is necessary that the triplegrgy of the emitter is lower than that of
the host. Using high-energy triplet emitters (&ghe green or blue) the “back”-transfer of

triplet excitons from the triplet emitter to thestanaterial has to be avoided.

reond
O

14 4ab n

Figure 13.Typical Host Polymers

Contrary to small molecule based OLEDSs, usualladditional charge injection layers are
used. Therefore, the HOMO and LUMO levels of thethmlymer should be close to the
Fermi-levels of the anode and cathode, respectiv@he approach to highly efficient
polymeric OLEDs was presented by Neher and co-werkéased on the
poly(vinylcarbazole) 14) (PVK) host doped with the electron-transportinglecule 2-(4-
biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazolé5( (PBD) and a soluble Ir-dye as
guest*®? A promising but more expensive approach is theidation of multi-layers
devices where a hole blocking/electron transportayger is finally evaporated onto a
solution-processed emissive lafér*?* The multi-layer fabrication of solution-processed
OLEDs can also be achieved by the conversion afilbd®lprecursors to an insoluble
polymer film via crosslinking of reactive side gpsuas extensively demonstrated for hole-

transport layer§2°127]

A schematic representation of the electronic levalsphosphorescent dyes, charge-
transporting materials and some host materialsvisngin Figure 14. For example, in the
case of green-emitting dyes, PVK4] is an ideal host because its triplet energy iy on
slightly higher than that of Ir(ppy) The HOMO of PVK is rather low so the charge
injection at the ITO electrode is hindered due targe hole-injection barrier. The electron
mobility of PVK is very low causing the need of #&duhal electron-transporting dopants
such as PBE?*? or other electron-transporting molecules (Figusgt” The lifetime

of PVK-based OLEDs is rather short. Therefore, dpplication potential in commercial

products is limited.
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Figure 14.Positions of the HOMO and LUMO levels for variousogphorescent dyes, charge-transport- and
host materials commonly used in OLEDs. [AlGAluminium(lll)-tris(8-hydroxyquinoline), Btlr: t8(2-
phenyl-benzothiozolato-n2iridium(acetyl-acetonate), Btp(Ir): biip(acac), NPD: 4,4 -bis(N-(1-naphthyl)-
N-phenylamino)-biphenyl, CBP: 4,4 -N,N"-dicabazapgtenyl, Irppy: Ir(ppy3, niBr: N-2,6-dibromophenyl-
1,8-naphthalimide, PF: polyfluorene, PVK: poly(Vicgrbazole)]

N-N

. [\
PBD

15

N-N
/N
e aat .
9 “
RN
Figure 15.Electron transporting moieties based on 1,3,4-@@udés

As alternative to PVK, only few host polymers hdeen successfully applied to red and
green phosphorescent dyes. One example is poly¢®gBo-6-methyl)-heptyloxy-1,4-
phenylene) (CNPPPYY Polyfluorenes are suitable hosts for red but apgfeen emitting
iridium dyes because of its small triplet energyl{2.3 eV)*%**3 Brunneret al. studied
carbazole-based homo- and copolymers as hosts rigngemitting phosphorescent
dyes™! They found that the triplet energy of the hosti&ermined by the maximum
length of conjugated oligpéra-phenyl) segments in the macromolecule. This figded

to a valuable design rule towards host polymersfoertain triplet emitter.
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1.5. Aim and Scope

The interplay between the chemical structure efconjugated polymers or oligomers and
their macroscopic optical or electro-optical prdigsris complex in nature and not fully
understood at the moment. It is crucial to desigmeh materials at the molecular level to
tune the electronic properties and to improve tedgomance of devices made of these
materials. Moreover, the nature of impurities aefedts has also attracted great attention
because of their remarkable influence on devicéopaance.

Therefore, the first part of this thesis (chapted@als with the origin of unwanted lower
energy emissions in polyfluorenes. There is solitlence that the formation of green
PL/EL bands is not only caused by the formatiorketb defects. To get a better insight
into the degradation-based lower energy emissioldaf polyfluorenes, novel polymeric
model systems containing a certain amount of alkyle “defects” incorporated into the
main chain have been synthesized. Optical charaatem is presented which implies that
the green emission component observed preferablyel@ctroluminescence can be

addressed to additional defect structures besidekdto defect.

The second part of this work deals with the synthesnd characterization of
electrophosphorescent copolymers. The synthesepleft emitters which are suitable as
monomers for the preparation of electrophosphorggeelymers are described. Hereby,
triplet emitters based on Pt(ll)-salen complexesevaynthesized and tested in OLEDSs. In
this first case the emitting layer (as blend) wakitton-processed by mixing the dye as
dopant into a polymeric host. The main target waim¢orporate the triplet emitter into the
main chain of a conjugated polymer (polyfluoren@his strategy should avoid
morphological problems like phase separation. THes@olymers were then tested as
light emitting materials in phosphorescent OLEDs.

Chapter 3. also describes the synthesis of noval imaterials with the aim of realizing
improved device lifetimes. Consequently these tesaile adopted onto the synthesis of

main-chain electrophosphorescent copolymers.



2. Polyfluorenes

2.1. Motivation

Polyfluorenes emerged as important candidatesléer light emission in OLEDs with its
emission maximum located at approx. 420 nm. Soméhefremarkable properties of
polyfluorenes have been described in chapter 1@, their thermal stability, high
photoluminescence quantum yields etc. However liteeme of OLEDs with PF as the
emitting layer especially concerning the coloubsiiy of electroluminescence is limited.
Therefore, this issue is very important and shi# subject of intense research. There are
several reports in the literature which deal witffedent explanations for the origin of
additional green emission components in polyflueserMoreover, different types of such
green emissions at different spectral positionsehlagen observed. The green emission
located at 535 nm has been mainly addressed todefexts. An alternate assumption
involving interchain crosslinks as defects formadimy the degradation was made by
Zhaoet al'**! Another green emission band has been observeteinegion of approx.
480-515 nm, especially in electroluminescenceidintlemitting devices which were build
under inert conditions this particular green batsb @appears. Possible pathways for an

oxidation of PF segments in the absence of oxygee been discuss&d %

The oxidation of monoalkylated fluorene under fotioa of keto defects has already been
discussed in the introduction. The prerequisitedoroxidation of fluorene to fluorenone
units is the presence of oxygen either during wapkof the polymer or during device
operation. Polyfluorene-type copolymers containiman-planar binaphthyl-spacers have
been used to investigate if a spacial separatidheotiefects is possible in order to avoid

exciton migration to the defect sites.
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2.2.  Polyfluorenes containing Alkylidene Building Blocks

As the nature of different green emission bandspahyfluorenes is still not fully
understood at the moment we started to deal withh&n potential class of defects which
probably maybe also involved in the degradatiorcgssees. The formation of alkylidene-
type defect structures (alkylidenefluorene units)proposed in Figure 16. This kind of
defect formation has not been investigated unti n@ the best of our knowledge. In the
generation of such alkylidenefluorene defects ainduketo defect formation, the acidic
hydrogen of the methylene bridge of only monoaltedafluorene unitsl) can easily be
deprotonated to the corresponding aromatic fludremyon (l). Radicals [l ) can be
formed by abstraction of an electron (e.g. at ththade). A second deprotonation step
finally results in the formation of alkylidene spes (V). This pathway for the formation
of alkylidene species (Figure 16) should probaliglude the formation of hydrogen
produced in the reduction of protons at the cathbudestigations to prove this assumption
are ongoing, e.g. the possible detection of hydrogen operating OLED device.

As mentioned, the green emission band localizet8&f515 nm has been reported several
times but not identifie*13¢2*8 Scherf and Liset al. observed this emission component
and attributed it to interface defects but with@umy assignment of a concrete defect
structurd®® In 2006 Galambosi and Schef al proposed the occurrence of alkylidene
defect structure$®!

As done in the modeling of keto (or fluorenone)edts where different amounts of
fluorenone units were randomly incorporated inttyfi@orenes, we decided to synthesize
a new model copolymer with randomly incorporateklylidene unitd>¥4% The random
incorporation of alkylidene-defects into the PF mahain should allow for an detailed
insight into the origin of the green emission comgas. Copolymers with different
amounts of an alkylidenefluorene comonomer havenbdieerefore, synthesized and
investigated for a correlation between the conegioin of the alkylidene units and the

emission behaviour.
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Figure 16.Possible pathway to alkylidene defects

2.2.1.Results and Discussion

2.2.1.1. Monomer Synthesis

Alkylidene-substituted fluorenes containing methyld ethyl side chains have previously
been prepared by Lecleet al by the reaction of fluorenones with the correspog alkyl
Grignard reagent® They synthesized copolymers containing such aylidéne moiety
to prepare base-doped, anionic polyfluorenes whlatwed an electrical conductivity of
up to 107 S/cm. These materials are expected to be usefpblysneric electrolytes in
solid-state electrochemical devices as well aspe-tglectrically conducting polymers.
McCulloch et al prepared alkylidene-substituted fluorenes withgler side chains in two
steps starting from dibromofluorel&’ The first step involves the formation of a ketene
dithioacetal by condensation of a preformed flugteanion with carbon disulfide,
followed by an in situ alkylation of the resultikgtene dithiolate anion with methyl iodide
to give dimethylated thioacetal. Treatment of tleéeke dithioacetal with alkyl Grignard
reagents resulted in the dialkylated products wikthds varying from 20-60% (Figure 17).
The OFET properties of poly(alkylidenefluorene)srevénvestigated with regard to the

ability to form a closely packedi-stacked morphology. However, none of the above
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described alkylidene-substituted fluorene (co)paysnwere examined concerning their
luminescent properties.

Different synthetic strategies can lead to 2,7-@hho-9-alkylidene fluorene monomers
(18) (Figure 17) which are suitable for a copolymeticza with 2,7-dibromo-9,9-
dioctylfluorene. The synthesis according to Bachraad Polansky via a condensation of
fluorene with the corresponding aldehyde underdasenditions gave product mixtures
which were difficult to purify (Figure 17j*®! Better results were obtained utilizing
fluorenone in a Wittig-type reaction with the capending ylide. The pure produl® was
obtained after column chromatography with hexant@®luent and recrystallization from
ethanol in a yield of only 15% following procedue(Figure 17) (reaction conditions not

optimized).
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Figure 17.Synthetic pathways towards alkylidene substitubedréne monomers.
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'H NMR analysis of18 shows the formation of the alkylidenfluorene. Tylidene

proton shows a triplet at 6.76 ppm with a coupbogstant ofl = 7.4 Hz (Figure 18).
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Figure 18."H NMR of the aromatic region df8in CDCk with residual CHGlat 7.27 ppm.

Compared to 2,7-dibromo-9,9-dioctylfluorenBb) where the mirror symmetry of the
molecule leads to a simplified NMR spectrum, theranisymmetry is not given fd8 due

to the presence of the alkylidene substituent.tWeedoublets at 7.87 and 7.69 ppm can be
assigned to C and'CTwo AB systems are peaking between 7.6 and 7m wih 4
pseudodoublets as an AB& spinsystem. The pseudodoublets of B andaB7.43 and
7.37 ppm are coupled to two doublets of doublets.

9,9-Dioctyl-2,7-dibromofluorene 5¢p) was obtained by the alkylation of 2,7-
dibromofluorene 17) under basic conditions (Figure 18!

1. KOH
Br Br ———~ Br Br
2. CSH17—Br

Figure 19.Synthesis of 9,9-dioctyl-2,7-dibromofluorebb.

To avoid residues of mono- or non-alkylated mono§igrthe purification obb has to be
done very carefully. The crude product was puritigdcolumn chromatography. Hexane

was used as the eluent under generous fractionatoravoid the presence of
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monoalkylated monomer. Recrystallization from etiiagave the pure product which was
not contaminated with byproducts in the sensitiVityit of standard analytical methods
(HPLC, NMR and MS). Our experience has shown thelting of the monomers under
high vacuum is suitable to eliminate traces of ladtp which remain from the

recrystallization, necessary to obtain high molaculeight polymer§-+*!

2.2.1.2. Polymer Synthesis

Subsequently, the copolymers were synthesized ugiagstandard nickel(0)-mediated
coupling method according to Yamamoto (Figure 2@ synthesis was slightly modified
using THF instead of DMF/toluene mixtures as thévesu to stabilize the reactive
nickel(0) specie8*®**"|t has been shown that this synthetic protocallted in increased
molecular weights and in a more convenient reagiimceduré*®

Two series of “defect” containing polymers were thgsized. One was made with a
“standard” monomebb (P4-P7) and the other with a monom&e which was additionally
purified according to Meijeet all®®! (P1-P3). To exclude the formation of fluorenone
defects originating from an oxidation of residuabnmoalkylated fluorene units the
monomersb was treated three times according to this proeeduth the use of Schlenk
technigues and with extensively dried basic alunmmbxide to give the monome8c. The
additional purification was performed by treatinge tmonomer with potassiurtert-
butoxide in dry THF to deprotonate monoalkylatedcips followed by filtration through

aluminium oxide to remove the deprotonated, anispicies.

Bipy, COD

H
\
Br + B
o O'O r r Q'O B Ni(COD),

THF, 80°C

18 5b

Figure 20.Synthesis of the alyklidene-containing polyfluoreRd-P7.
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In the case of the monom&e copolymers with three different defect concentragiof 1, 2
and 5% P1, P2 andP3) were synthesized. Four different concentratiorsewised for the
synthesis of the copolymers based on the “standaatiomersb (0.5, 1, 2 and 5%). The
monomers$b and5c should be incorporated into the copolymers innaloan fashion.

After 5 days of reaction bromobenzene as monofanatiendcapper was added and the
mixtures were stirred for further 24 hours to remawnreacted bromine end-groups.
Thereafter, the reaction mixtures were treated ditxane/HCI and stirred for 15 minutes
to stop the reaction. This reaction protocol iswndo yield in polymers containing only a
very small amount of bromine end-grodfé! The crude polymers were precipitated from
a concentrated chloroform solution into methanol.

The polymersP1-P3 (made of monomesc) were Soxhlet extracted with ethyl acetate for
one day to remove low molecular weight fractionssudinmary of the molecular weights

and the thermal properties of the copolymers arergin Table 2.

Table 2.Molecular weight and thermal properties of polymietsP7.

Polymer Defect M M i T4[°C] Teoic[°C]
[%] [a/mol] [g/mol] [M/M]
P1 19 63,700 125,200 2.0 97 160
P2 2% 59,800 115,200 1.9 n.o. 158
P3 5 58,200 108,900 1.9 78 151
P4 0.5" 44,000 103,000 2.3 n.m n.m
P5 1 28,700 60,300 2.1 n.m. n.m.
P6 2 58,700 223,000 3.8 n.m. n.m.
P7 5 91,300 281,500 3.1 n.m. n.m.

a) monomebc purified according to Meijeet al®™! b) “standard” monomesb;

n.m.: not measured; n.o.: not observed

The incorporation of the alkylidene monomer shduédquantitative due to the structural
similarity of the monomers. The glass transitiomperature (J) and the phase transition

temperature &LC (T.c) show no significant difference to polyfluorenes.
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2.2.1.3. Optical Spectroscopy

The optical properties of the polymers have beeestigated both in chloroform solution
as well as in thin films. The absorptionf-P7are coincident with the typical absorption
spectra of polyfluorenes with a maximumcat 380 nm (Figure 21). An additional low
energy shoulder can be observed at ca. 435 nm.shiislder could either be assigned to
the 0-O absorption band of thephase or the absorption of the alkylidene-fluorene

defectl’

—s—P1(1% defect)
—+— P2 (2% defect)
P3 (5% defect)

Intensity [a.u.]

T T T T T T
300 400 500 600
Wavelength [nm]

Figure 21.UV-Vis spectra of thin films of the copolymerd-P3.

The intensity of the absorption shoulder in thim§ of P1-P3 at approx. 435 nm depends
on the amount of alkylidene units, increasing an®wh the defect units suppress the low
energy absorption band. Therefore, the absorptias to be assigned to @&phase

formation. Figure 21 therefore indicates that theuorence of this shoulder is not caused

by the alkylidene defects.
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Figure 22.Photoluminescence of alkylidene-containing polyfereesP1-P3 in dilute solution X,=390nm)
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Figure 23.Photoluminescence of thin films of alkylidene-caonitag polyfluorene$1-P3 (Ae,=390nm)

The emission maximum in the solid state shifts fitB nm forP1 to 462 nm foP2, and

to 481 nm foP3 (Figure 23) whereas the emission in dilute solutbR1 andP2 remains
nearly the same. Only a minor shift of the 0-1 8r2l transition ofP3 of ca. 5 nm can be
observed. Both transitions shows increased intensiimpared to the corresponding
emission bands d?1 andP2 (Figure 22). The optical properties B1-P3 are summarized
in Table 3. The optical properties of the alkylidecontaining polyfluoreneB4-P7 in

dilute solution are presented in Figure 24.
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Table 3.Optical properties of alkylidene-containing polyhenes.

Polymer Amax.(CHClz-solution) [nm] Amax. (thin film) [nm]
absorption emission absorption emission
P1 (1% defect) 391 418, 441, 470 393 455
P2 (2% defect) 391 418, 442, 470 391 462, 513
P3 (5% defect) 391 418, 446, 472 396 481
1.04 0
e fﬁ%%
bho
L
fed
— i % —o—P4(0.5 % defect)
3 .‘jf s £ —o—P5 (1 % defect)
= l'fl LS f P6 (2 % defect)
g os{ | Wi ——P7(5 % defect)
8 i X
= h
i
¥
W ]
>
i
0.0 @ . . - S SR
400 4|50 E';OO 550 600 650 700

Wavelength [nm]

Figure 24.Photoluminescence of alkylidene-containing polyferesP4-P7 in dilute solution Xe,=390nm).

Figure 25 shows the photoluminescence of a thm {$pin cast from toluene) and of a
dilute chloroform solution of the polyfluorerfé7 containing 5% Alkylidene units. The
solid state fluorescence is strongly influenced éygreen emission component. This
spectral feature is in good accordance to the tegodefect emission of degraded
polyfluorene-based emissive layers in OLEDs asrdsestt by Gameritlet al. (Figure 26).
They studied defect-related emissions of PF-basé#D3 which are observed at
479/506 nm. This emission feature was attributed imberface defects at the
polymer/cathode interface. The similarity of theadged green emission maximum at 479
nm (Figure 26(a), open squares) and the observessiem maximum oP7 in the solid
state located at 481 nm suggest that the emissigrabably caused by the proposed

alkylidene defects. Gameritbt al. also observed an emission component at 530 nm in
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28
devices which were heated in air or prepared tal@sg care to exclude oxygen during

device preparation which was addressed to wellrtest keto defects.
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Figure 25.Photoluminescence and absorption of polyfluofeAeontaining 5% alkylidene units
(Aex=390Nnm).
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Figure 26.Normalized PL and EL spectra of PF Films and PLEBsDegradation of the
electroluminescence of PF-based OLEDs. Filled sssaqristine device emission; open squares: after
operation in argon atmosphere; filled triangleterabperation in argon atmosphere and storage {@ai
min. at 150°C); open triangles: device preparetiauit proper exclusion of oxygen. (b) Voltage demzrod
of the electroluminescence: triangles: 5.3 V; eiscl6V pulsed (100 kHz 50% duty cycle); squaresv 50
pulsed (100 kHz 5% duty cycle). (c) PL measuremehtery thin (triangles: approx. 20 nm; squares:
approx. 4 nm) films before (open symbols) and gfided symbols) deposition of Ca/Al electrode.
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One interesting finding of Gameri#t al. was that the spectral feature at 479/506 nm could
reversibly be reduced as the driving voltage umgsed operation was increased (Figure
26(b)). The spectral change of the EL with drivirgdtage can be understood as a shift of
the recombination zone into a device region wiffedent optical properties (e.g. with less
emissive defects). Figure 26(c) shows PL measuremeinthin films (20 and 4 nm,
respectively) before and after deposition of a CalActrode. The contribution of the blue
PF emission is more intense in the 20 nm-film afteposition of the electrode. The
emission of the 4 nm-film displays a 2-fold increas the relative contribution from the
emission feature at 479 and 506 nm compared t@@hem-film. This indicates that this
emission feature is caused by defects located theapolymer/metal interface. A direct
analysis of the chemical nature of these defectsdsficult task as the detection of only

very small amounts of impurities is necessary.

2.3.  Polyfluorenes containing Fluorenone Building Blocks

As mentioned before, fluorenone defects are knawpetthe source for the occurrence of
green PL bands in the presence of oxygen. Invegtigaon fluorenone defects (keto
defects) have been based on fluorenone-contaimpglymers and cooligomers as model
compound$>*14815% The incorporation of fluorenone building block$arPF can lead to
materials that emit white ligit”! The additional incorporation of non-planar bindyyht
units is expected to decouple the fluorenone-coimgisegments and may allow for a fine-
tuning of the relative contributions of the emigssegments.

Novel fluorene/fluorenone/binaphthyl copolymers édeen, therefore, synthesized with
different molar ratios of the building block®&P10). Figure 27 shows the chemical
structure of the copolymers. For comparison a #aone containing PAP(1) without
binaphthyl units was also synthesized. The polyra¢éion was done in a random fashion

utilizing the Yamamoto protocol.
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Figure 27.Chemical structure of binaphthyl-fluorenone-fluceeropolymer$8-P10.

2.3.1.Results and Discussion

2.3.1.1. Synthesis

6,6"-dibromo-2,2"-dihydroxy-1,1"-binaphthyR1) is commercially available or can be
made by bromination of the 2,2 -dihydroxy-1,1"-tghthyl****5? The corresponding
ether is accessible by treatment2dfwith n-octyloromide under basic conditions to give
22 in good yields (Figure 28)°**%% 2 7-Dibromofluorenonel@) was prepared from 2,7-
dibromofluorene 17) via oxidation with sodium dichromate in acetieoac

O RS
OH

KOH OCgHy7

e

T e
B

r
21 22

Br

Figure 28.Synthesis of monome&x2.

The copolymers were synthesized via a standard ¥aotatype polymerization.
Synthesis of the copolymers is outlined in Figude 2
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Figure 29.Synthesis of copolymeR8, P9 andP10 containing various amounts of fluorenone; reaction
conditions: a) Ni(COD) bipyridyl, COD, THF, 80°C, 3d.

The polymers were precipitated after aqueous worfkap a chloroform solution into
methanol. To remove low molecular weight fracticemsd oligomeric byproducts the
polymers were Soxhlet-extracted with ethyl acetateone day. The molecular weights of

P8P10are summarized in Table 4.

Table 4. Molecular weights of copolymefg8, P9 andP10.

Feed Ratios [%]

Pol [binaphthyl @2) : i 19 Mo Ma Fb
olymer Ina| . fluorenone .
Y Py [g/mol] [g/mol] [M/M]
fluorene gh)]
P8 15 :0.06 : 84.94 164,000 357,000 2.2
P9 15:0.1:84.90 172,000 368,000 2.1

P10 15:0.5:84.50 169,000 443,000 2.6
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2.3.1.2. Optical Properties

The optical properties of the copolymers have hiaeestigated in dilute solution as well
as in thin films. Electroluminescence and low terapge spectroscopy measurements
were carried out in the group of Prof. E. List (TGraz). Figure 30 shows the
photoluminescence spectrum of copolymedg0.06% fluorenone)P9 (0.1% fluorenone)
and P10 (0.5% fluorenone). Copolymd?10 (0.5% fluorenone) shows a dominant green
emission with a maximum at 539 nm which is charsstie for the fluorenone building

block and resembles the emission of fluorenonectiefa degraded polyfluorenes.

1.0+ % —o—P8 (0.06 % Fluorenone)
s —o—P9 (0.1 % Fluorenone)
08 % P10(0.5 % Fluorenone)

Intensity [a.u]

0,0 : : , , T ;
400 500 600 700 800

Wavelength [nm]

Figure 30.Photoluminescence of copolymét8, P9 andP10in dilute solution X=380 nm).

Competition occurs after photo-excitation betwedre tblue photoluminescence of
oligofluorene segments and energy transfer to tice@or (fluorenone) via a Forster-type
dipole-dipole energy transfer proc&S& At low acceptor concentrations the emission in
the PL is dominated by the oligofluorene segmentstd the inefficient energy transfer to
the acceptor. This is the case 8 and P9 with fluorenone concentrations of 0.06 and
0.1%, respectively. By incorporation of higher cemications of fluorenone’(0, 0.5%)
the emission is dominated by the fluorenone acceptoiety which implies a more
efficient Forster energy transfer (Figure 30). Thas also shown by Heeger and Moses
al.**" They studied PL and EL of polyfluorene copolymesstaining 1% fluorenone.
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-OHO-OF

Figure 31.Chemical structure of fluorene-fluorenone copolym&d (1% fluorenone).
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Figure 32.Photoluminescence of thin films of copolyni&t0andP11 (A,=380 nm).

A comparison of the emission characteristics ofotgper P10 (15% binaphthyl and 0.5%
fluorenone) and copolymePl1l (1% fluorenone) in Figure 31 shows that the energy
transfer from the fluorene segments to the acceptots is more efficient at room
temperature (Figure 32) and hindered at lower teatpees (T = 33 K) (Figure 33). This
results in an increased relative intensity of thassion of the oligofluorene segments at
lower temperatures. The green emission at lowepégature is more structured and two
maxima are observed at 530/565 nm for copolyRigrand 521/553 nm for the copolymer
P11, respectively. The hypsochromic shift of the emisdands ofP11 if compared to
P10 may illustrate the presence of shorter oligoflmersegments iR11 or the electronic
influence of the on chain 2-alkoxynaphth-6-yl uraf$210
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Figure 33.Photoluminescence spectrum of copolyntet® andP11at a temperature of T = 33 K
(Aex=380 nm).

In electroluminescence the excitons are generatgdclrge recombination. The
fluorenone units hereby act as a charge carriprana the recombination will take place at
the defect-containing fluorenone sites. The inadantensity of the lower energy (green)
emission forP10 (Figure 34) cannot be simply explainé&tfi**®! Heegeret al. found that
the amount of the green EL emission componentuarénone-containing polyfluorenes
results from a combination of efficient energy #fem, charge carrier trapping, and
improved charge injection into the fluorenone trap$
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Figure 34.Electroluminescence spectrumRifOandP11
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Table 5 summarizes the emission properties of tivestigated fluorenone-containing

copolymersP8-P11

Table 5.Optical properties of fluorenone-containing polygitanes.

Defect concentration Amax. (CHCls- o
Polymer ) Amax. (thin film) [nm] Amax.(EL) [nm]
[%] solution) [nm]
P8 0.06 421, 446, 520 422, 447, 481, 522 n.m.
P9 0.1 421, 446, 520 423, 447, 520 n.m.
P10 0.5 538, 426, 446 424, 452, 481, 530, 865 539
P11 1.0 417, 441 419, 446, 472, 521, 553 546

a) measured at a temperature of T = 33K

2.4. Conclusion

The chapter focuses on model experiments towamshharacterization of defect-related
electroluminescence emissions in polyfluoreneseEigfly a green emission band peaking
at 479/506 nm which is formed in degraded OLED dewiunder exclusion of oxygen is
investigated. Model copolymers containing dioctydilene and alkylidenefluorene units
exhibit solid state emission bands peaking in @mge of 455 nmR1) to 481 nm P3) with
increasing amount of alkylidene units (1%-5%). Rdogwy this and other results
alkylidenefluorene units has to be taken into aot@s the origin of the green emission
feature at 479/506 nm. However, the real occurreficeich defect structures in degraded
OLEDs has to be investigated in further experimeiitse low concentration of such
defects limits the possible analytical methods Wwioan be applied.

The incorporation of non-planar binaphthyl spadats polyfluorene chains affects the
solid state morphology (suppressiorpgbhase formation) resulting in improved amplified

spontaneous emission (ASE) propertted.
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3. Electrophosphorescent
Polyfluorenes

3.1. Introduction and Motivation

Semiconducting materials are gaining much inteassthey have found to be important
materials for an application in organic light emiit devices (OLEDs). Organic materials
have to match basic prerequisites e.g. colouryart long-term stability (see chapter 1).
There has been much progress in the applicatiotrigiet emitters as light emitting
components in OLEDs to increase their efficiencyffdent techniques of utilisation of
such triplet emitters have been reported. One premi method is doping the triplet
emitter [e.g. Ir(ppyg] into a polymer matrix [e.g. polyfluorene or pohytylcarbazole)].
Another important strategy is to incorporate thetaheomplex into the polymer chain.
This can be realized by attaching the complex @mécside-chain or into the main-chain of
the polymer.

Prominent examples of triplet emitters are basedel@atrophosphorescent iridium(lll)
complexes which are mostly incorporated into theegihain**'% The strategy to
incorporate the phosphor into the polymer-chaidgsihain or main-chain) seems to avoid
morphology problems like phase separation. Frécdmed Thomsonet al utilized
platinum(ll) which was incorporated into the sideam, whereas Swager and his
coworkers synthesized a copolymer containing a ylpgndine (ppy) Pt(ll)acac complex
in the main-chaift’®*® Our strategy towards main-chain electrophosphergsc
copolymers involves the covalent incorporation dfllRsalen phosphors into the
backbone of a solution-processable semiconductipglgmer. A recent paper by Cle¢
al. described the utilization of vapour-deposited sélen complexes as efficient
electrophosphorescent dyes in multilayer OLED devmvith a maximum efficiency of 31
cd/A**? Schiff base ligands based on N,N’-bis(salicylijeh@-ethylenediamine and
related structures have been investigated in a rumibresearch areas for at least the last
decade, with enantioselective organic oxidatioméehe most prominent exampte’

However, application of metal-salen-type derivagive material science is still relatively
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meagré1%162164-166l gang et al investigated the utilization of zinc(ll) Schiffabe

complexe€23 and24 in OLEDs as shown in Figure 35"

CHy /(CH<)6

Oj ) —N, N=

\Zn\/ Y 4

_ ~oo n\

O N o o
HsC

24

Figure 35.Zinc(ll) Schiff base complexes of Saabal ")

3.2. Results and Discussion

3.2.1.Metal-containing Complexes

To incorporate a phosphorescent dye into the baeklbba polymer, the ligand-sphere has
to be suitably modified resulting in an AA- or ABpe monomer. We started our
investigations with the synthesis of suitable Schifse ligands as precursors for
polymerizable Pt(Il) complexes. Chloro-aryl monomean also undergo Yamamoto-type
couplings and are also viable under Suzuki conuf3” During this work some non-

functionalized complexes were also synthesized nestigate the properties of the
monomeric molecules by doping them into a polymatrix. The chemical target for a

variation of the ligand-sphere of the Schiff bagands was the bridging diamine unit as

well as the corresponding aromatic aldehyde unshasvn in Figure 36.

Figure 36.Possible variations of the Schiff base ligands.
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3.2.1.1.Synthesis of Schiff Base Ligands

A series of different Schiff base ligands which geuitable for copolymerization were
synthesized by a condensation reaction of the sporeding aldehydes and the bridging
diamines by heating them to reflux in toluene witle use of a Dean Stark apparatus.
2-Chloro-5-hydroxy-benzaldehyde25) was commercially available, whereas the
naphthalene derivativ€6 was synthesized according to Royer and Bui§$8nThe
reaction of 1,1-dichloromethyl-methylether with aeel-Crafts catalyst (AlG] TiCly)
gave the reactive electrophil which subsequentygter with the naphthalene to give the
corresponding aldehyd26 after aqueous work up. The reaction mechanismtlier
formylation of aromatic systems with the use of hthcomethyl-methylether in the

presence of AlGlas Lewis acid is outlined in Figure 37.

©
Cl Cl Cl Cl
O-CH+* ACl3 —— |CIFAI-Cl |[H-C® = H-C,
HC  Cl cl O—CHs O~ CHs
cl cl CH
® ot
Cl Q
T g, — (5
\
o (=
OH
OH

cl cl
R Cl fe)
H O LH H,0 Q /7 + HCl + CHOH
\
(=, oo O
OH OH
26

Figure 37.Formylation of 1-chloro-4-hydroxynaphthalene tovs26.

The use of aluminium trichloride led to reactionxtares with various amounts of side
products and subsequently difficult work up. The aéthe softer Lewis acid titanium(IV)
chloride gave reaction mixtures which allows anyeasrk up (Figure 38). The crude
product was purified by column chromatography usiiktf-’/hexane (10:90) as the eluent.

Recrystallization from ethanol gave the produatiasonable high yield of 65 %.
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Figure 38.Synthesis of 4-chloro-1-hydroxy-naphth-2-aldehy2i@).(

TheH NMR of 26 shows a AA'BB spin-system with two doublets at 8nd 8.1 ppm
with a coupling constant afxg andJag- Of 8.65 Hz and two triplets at 7.85 and 7.69 ppm
with a coupling constant afgg of 7.63 Hz (Figure 39). The singlet of the proion3
position is observed at 7.82 ppm. Isomer&@ivere not observed in tHel NMR.
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Figure 39. *H NMR spectrum oP6 in deuterated DMSO.
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A subsequent reaction with commercial availablendi@s with the use of a Dean stark
apparatus gave the salen ligands in good to extelields (50-90%) after recrystallization
from acetonitrile/DMSO or ligroin/DMSO mixture (Rige 40).

—N N=—
adw HO@CI
30
—N N=—
=0 28
:< HN  NH, cl OH HO cl
cl B
31
—N  N=
HoN NH,
- udw HO@CI
32
—N N—
HN  NH, O 33 O
N N=—
. Q-
cl OH R
) ) = W

—N N=—
H,N  NH,
29 cl O OH HO Q cl
2 . W

Figure 40.Synthesis of Schiff base ligands.
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Three different commercially available diamines-di@minoethane27), o-benzodiamine
(28) and 1,2-diamino-cyclohexane (as a mixture of am&l trans) Z9) were used to
synthesize the salen ligands shown in Figure 4@ mMetal complex of the latter one
should in principle be useful to fabricate OLEDsiethemit circularly polarized light if
the chiral transisomer (R,R or S,S) o029 is used. The synthesis of corresponding
naphthalene-based ligands (Figure 41) gave lesblsatalen ligands. The solubility of the
corresponding complexes was also lower (see negteh. Indeed, the synthesis 38
and 39 failed probably because of the low solubility, wdes36 and 37 were accessible
with a yield of 48 and 63%, respectively.

—N N= fN\ /Nf
/Pt\
cl OH HO cl cl o o cl
36 37

—N N= =N N=
N_/
/Pt\

o= W L o* W

Figure 41.Naphthalene-bridged salen ligands and complexes.
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3.2.1.2. Synthesis of the Platinum(Il)-Schiff Base Complexes

The Pt(ll)-salen complexes were prepared from thaction of KPtCl with the
corresponding ligand in the presence of a bas¢hdbase aqueous solutions of NaOAc or
KOH were used (Figure 42).

= = KOH, H,0 =N_ N=
Py
OH HO KoPtCly cl g o cl
40

N N N N
B a NaOAc hae
cl O OH HO O cl DMF, DMSO Cl O o o O of
O = O Twa OO

Figure 42 Synthesis of Pt(Il) Schiff base complexes.

Figure 44 summarizes the synthesized Pt-compléeMes.incorporation of the platinum
was proved by mass-spectroscopy and by NMR anallysithe latter, the absence of the
OH-protons and the platinum satellites of the atleshe protons which shows a coupling
constant of approx. 70 Hz proved the incorporatbthe platinum(ll) into the complex.
The'H NMR of 42 is presented in Figure 43 where the platinum Etelare highlighted.
The coupling constant of tH&°Pt doublet is) = 70.7 Hz.

J=70.7 Hz
1

BN \/\&,WMHJ | U & R

-
8.5 8.0 7.5 7.0  [ppm]

Figure 43.’H NMR spectrum of Pt(Il) Schiff base complég.
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Figure 44.Chemical structures of Pt(ll) Schiff base complexes
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For the naphthalene-based Pt(Il) complexesthBIMR of 43 is exemplarily presented in
Figure 45. Again, the platinum satellites of thieyatlene protons are highlighted. The
doublet of the platinum satellite shows a couptingstant ofJy.e; = 65.0 Hz at 9.40 ppm.

J=65.0Hz
1
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Figure 45.'H NMR of Pt(ll) Schiff base comple43.
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3.2.2.0ptical Properties

3.2.2.1. Optical Spectroscopy

The Pt(Il)-salen complexes show long wavelengthogdiion maxima between 455 and
557 nm and emission maxima varying from 563 to 882 Figure 44 shows the chemical
structures of the used Pt(ll) complexes. Absorptaond emission characteristics are
summarized in Table 7. It was not possible to prepalequate films of the complexes, so

only the absorption and emission properties intéiolution are reported here.

Table 7. Absorption and emission parameters of the used) Bt{inplexes in dilute chloroform solution. The

listed maximums are ordered regarding to their eleding intensities

Compound Absorption Emission
(CHCI3) Amax [NmM] (CHCl3) Amax [nm]
37 257, 359, 557 652, 716
40 383, 365, 321, 475, 541 642
41 331, 450, 480 592, 655
42 352, 321, 433, 455 563
43 302, 324, 385, 367, 505, 556 647, 708
44 351, 323, 431, 456 554, 600
45 331, 451, 478 589, 640

Figure 46 shows the absorption spectra in diluteroform solution of the complexetl,

42, 44 and45. The absorption spectra of compled@sand43 are shown in Figure 47.

1,04
0,8 -

v o
. g
0,6 5
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€
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0,24
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T
300
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Figure 46.Absorption spectra of complexég, 42, 44 and45.
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Figure 47. Absorption spectra of complexd8 and43in dilute solution.

In addition to the intensen absorption bands at300-400 nm all complexes display low
energy absorption bands in the region of 420 - mM0Owhich can be attributed to metal to
ligand charge transfer (MLCT) transitioh&" When excited at their absorption maxima,
the complexes exhibit efficient room temperatureggihorescence in chloroform solution.

Excitation into the -t or MLCT absorption bands can be used to promote
phosphorescence in these complexes.

Intensity [a.u.]

Wavelength [nm]

Figure 48.Emission spectra of complexé& (Aex= 480 nm) 42 (Aex= 455 nm) 44 (Aex= 455 nm) and
45 (hex= 480 nm).



46 3. ELECTROPHOSPHORESCENT POLYMERS

1,04

0,8 -

0,6 4

0,4

Intensity [a.u.]

. :
700 800
Wavelength [nm]

900

Figure 49. Emission spectra of complex48 (A.,= 475 nm) and
43 (hex= 505 nm).

The alkyl-bridged Pt-complexes show phosphorescenith well-resolved vibronic
sidebands peaking at 592, 563, 554 and 589 ndlfaet2, 44 and45, respectively (Figure
48). The Pt-complexe40 and43 show phosphorescence emission peaking at 6424hd 6
nm, respectively (Figure 49). The shoulders at @xapb75 nm are probably caused by
residue ligand emission.

Some non-functionalized Pt(ll)-salen comple®dss3 were also synthesized (Figure 50)

and subsequently used for the built up of OLED dewvibased on the Pt(Il) phosphors
doped into a polymer matrix [polyfluorene and puigglcarbazole)].

The complexes also show efficient phosphorescenceo@n temperature in dilute

chloroform solution. Absorption and emission prdigsr of complexe$1, 52 and53 are
shown in Figure 51-53.



3. ELECTROPHOSPHORESCENT POLYMERS 47

() -
H,N  NH, dOH HO
29

=0 =N N=
HoN o8 NH,
OH OH HO

50
K,PtCl,
fN\ /Nf
Pt
N\
OH HO 0] @]
51
K,PtCl,
fN\ /Nf
/Pt\
OH HO 0] O
52
- &)

=N_ N=
/Pt\
OH HO (e} O
53

Figure 50.Synthesis and chemical structures of non-functined|Pt(ll)-salen complexésl, 52 and53.
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Figure 51.Absorption and emission spectrasdf (Aex= 430 nm).
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Figure 52. Absorption and emission spectraS® (Ae,= 385 nm).
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Figure 53. Absorption and emission spectraS® (Aex= 370 nm).

Again the absorption spectra show the MLCT absonpbiands ai ~ 431-542 nm beside
then-n absorption bands locatedjat: 300-400 nm. Comple%2 emits orange-red light
and its emission maximum is located at 621 nm witthoulder at 687 nnd3 is a red
emitter with an emission maximum at 635 nm and #d-mesolved vibronic side band at
700 nm (Figure 53). The shoulder at approx. 570sprobably caused by residue ligand
emission.51 emits greenish-yellow light with the maximum loaétat 547 nm. Table 8

summarizes the optical properties of these thré8-Balen complexes.

Table 8.Optical properties of Pt(Il) complex&4, 52 and53.

Polymer Amax.@absorption [nm] Amax.€mission [nm]
51 250, 346, 319, 431 547, 585
52 385, 365, 257, 316, 461, 537 619

53 259, 352, 377, 475, 508, 542 569, 635, 700,
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3.2.2.2. Electroluminescence Properties

OLEDs based 0B1-53 were fabricated and tested in the group of Prehey (University

of Potsdam). The emitting layers of doped polyniend were produced by spin casting
the polymer solutions containing the dissolved phoss. The devices were prepared as
described in the following: Poly(3,4-ethylenedidxgiphene) doped with poly(styrene
sulfonate) (PEDOT:PSS) (Baytron P purchased fro. Khtarck) was spin-coated onto
pre-cleaned and £plasma treated indium tin oxide (ITO), yieldingyéas of ca. 60 nm.
The PEDOT:PSS layers were heated to 80°C for ali@ur to remove residual water.
Solutions of polymers (PF or PVK) and Pt-phospheese spin-coated on top of the
PEDOT:PSS films. The thickness of the emissiverlayes ca. 80-100 nm as measured by
Dektak profilometry. The devices were completedh®rmal deposition of 5 nm layers of
Ca and 100 nm layers of Al. The brightness of teeiaks was recorded with a Minolta
CS100A camera. EL spectra of the devices were measising a charge coupled device
fiber spectrometer (Ocean Optics). With the exoceptiof the deposition of the

PEDOT:PSS layer, all processes were carried oadry nitrogen atmosphere.

OLEDs were prepared based on complg® as the phosphorescent guest with
poly(vinylcarbazole) (PVK) and polyfluorene as tiests. The OLED prepared with PF as
the host material showed dominant emission fromRt{#)-salen compleX2 at 639 nm

and only a small contribution from the host (FigG#s.

1.04

0.8
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Figure 54.EL spectra of devices with the structure of ITO/REDPF:52(4%)/Ca/Al.
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Figure 55.1-B-V characteristics of PF 52 (4%).

I-B-V characteristics of OLEDs based &2 (4%)/PF are shown in Figure 55. EL
efficiencies of the OLEDs based 6@ with PF as host are quite low (ca. 0.04 cd/A).sThi
might be due to the low amount of the Pt-salen phosin the matrix. Even though the
dye concentration was used as high as possibleyvethelow solubility of52 of ca. 0.4

mg/mL in chlorobenzene limits the contents@ In order to improve electron transport in

51

the emitting layer, an electron transporting compbwas mixed into the hosts to facilitate

electron transpoft® Solution-processed polymer electrophosphoresaaritels based on
a PVK host with additional 2-(4-biphenyl)-5-(4-témitylphenyl)-1,3,4-oxadiazole (PBD)
as electron-transporting dopant were describedamadnskiet al*®***"% Figure 56 shows
the EL spectra 062 with PBD as electron transporting dopant in a R\MKF matrix. The
light emitting layers in these OLEDs were composéda) PVK (57.5 wt.%), PBD (40
wt.%) and52 (2.5 wt.%), (b) PF (67.5 wt.%), PBD (30 wt.%) a& (wt.%) of52. The
device based on the PF-PBD matrix (b) showed damiieenission from the host. This
host emission was absent in the case of PVK (a)revliee maximum emission was
observed at 627 nm. However, compared to the OLEdenof PF without PBD the

efficiency is fivefold increased in device (b) (krg 57).
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Figure 56.EL spectra of (a) PVK+PBD(0.4)32 (2,5%) left and (b) PF+PBD(0.3p2 (2,5%) right.
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Figure 57. Luminous efficiency — current density curves@f PVK+PBD (0.4) 452 (2.5% by weight) and
(b) PF+PBD (0.3) 62 (2.5 % by weight).

The EL spectrum of (b) shows a strong contribufimm the PF host whereas in (a) no
emission from PVK was observed (Figure 56). Thigwahthat the energy transfer to the
phosphorescent guest is increased in the case 61K host. This finding is supported by
the increased luminous efficiency (Figure 57).

PL spectra of thin films with a similar compositierere also recorded. The films were
optically excited at 380 or 450 nm. The emissianfi52 was more dominant in the PL
with the PVK host (a) than with the PF host (b)g(e 58). This finding supports the
assumption, that the energy transfer to the phasplemhanced for the PVK host.
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Figure 58.PL spectra of PVK (green and blue) and PF (blackrad) doped with 4% &2 at different

excitation wavelengths.

The EL efficiency of the devices made fr&8 (2%) blended into a matrix based on PVK
and PBD (40%) are also only moderate (ca. 2.0 céigyre 59).
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Figure 59.Efficiency of an OLED made frofs3 [PVK/PBD(40%)53(2%)].

53
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Figure 60. I-V characteristics and EL spectrum of a deviaamby53 [PVK/PBD(40%)53(2%)].

The EL spectrum hereby shows increasing host eomsgrom PVK) with increasing
current density (Figure 60). This is most probatdysed by the low concentration of the
triplet emitter and subsequently inefficient energginsfer from the host’" Good

efficiencies of up to 12.5 Cd/A were achieved ushigas guest (Figure 61). Again, the
matrix was based on PVK/PBD (40%).
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Figure 61.Efficiency of a device based &1 [PVK/PBD(40%)51(2%)].

The device showed high brightness (ca. 1500 Cdamd) again increasing host emission
with increasing current density (Figure 62).
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Figure 62.1-V characteristics (left) and EL spectrum (righf)a device based di.

In order to avoid phase separation and to incrd@senergy transfer to the guest, Pt(ll)-

salen containing copolymers were subsequently sgizad.

3.2.3.Platinum containing Copolymers

3.2.3.1. Synthesis

The copolymers were synthesized by statisticalrpm@tion of the phosphors applying a
Yamamoto-type coupling procedure, which is welfaduced in our group. Conventional
heating as well as microwave assisted synthesis wssd to prepare these
copolymerd!46:72]

We concentrated our investigations on the incotpmraof the Pt-salen complexdd, 42
and 43 into the backbone of solution-processed semicdnuygolymers because the
emission maxima of the other complexes are simiarproof of concept we choose to
incorporate the phosphors into a polyfluorene bankb The copolymers were synthesized
using different feed ratios of the Pt-salen mononeeR,7-dibromo-9,9-dialkylfluorene
(Figure 63). In the case of microwaves as the beatce short reaction times of ca. 12
minutes were applied*’*"®! A maximum temperature of 115°C was applied whicksw
reached in less than thirty seconds. The reactiatune was heated for three days at 80°C
in the case of conventional heating. The cruderpelg were Soxhlet extracted using ethyl
acetate for 2 days to remove oligomeric by-prodactd yielded copolymerB13, P14,

P16, P17andP18(Table 9).
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Table 9.Reaction conditions and polymer analysisPd3-P18

Incorporated Molar amount of Reactio
Polymer  Solvent . M,2 M2 M./M,
complex metal compleX  n time

42 P13 THF 2.1 % 12 min. 357,400 169,500 2.11
DMF/ )

42 P14 8% 12 min 65,400 24,300 2.70
toluene

- pP15¢¢ THF - 3d 222,200 125,700 1.77

41 P16 THF 21% 3d 237,600 108,000 2.2

43 p17° THF n.d. 3d 102,900 60,500 1.7

43 pP18-° THF n.d. 3d 16,000 7,600 2.1

2 after Soxhlet extraction with ethyl acetdtmicrowave as heat sourd@13= 115°C,P14= 220°C).
¢ conventional heating at 80°€Determined byHNR spectroscopy’. PF2/6 without metal complex for

comparison.

The actual percentage of the Pt@dB phosphor incorporated into the main chainPaf
(2.1%) andP14 (8.0%) was calculated from the relativel-NMR intensities of the
ethylene bridge protons of the salen ligand at 3.8 ppm relative to the sum of the aryl
protons (Table 10). It was found that the metal pglex was incorporated in different
molar amounts int#13 andP14. This suggest that the reactivity of the complepe&hds

on the polarity of the solvenRP13 was synthesized using THF as the solvent whereas a
mixture of DMF/toluene (1:3) was used ft4

/N R_R
fN\P<Nf
+ Br . Br
cl o o cl y Q O
42

5a:R=ethylhexyl,5b:R=0octyl

N|(COD)2 R R =M=
COD Bipy O
THF, pW .O i

Figure 63.Synthesis of copolymeRR13andP14 via microwave-assisted Yamamoto-type coupling.
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Copolymer P16 (based on compleXdl), P17 and P18 (based on complex3) were

synthesized utilizing conventional heating for thoays (Figure 64).

o'o ﬂ o'o ﬂ

Figure 64.Chemical structure of Pt(ll)-salen containing cgpaoér P16 (eft) andP17 andP18 (right).

Extraction of the crude polymer with ethyl acetgtdded the polymers with the molecular
weights summarized in Table 9. The actual percentdéigncorporated Pt(Il)-salen into the
polymer backbone was again determinedthyNMR for P16 (Table 10). This method was
not applicable in the case BL7andP18 The'H NMR of P16is exemplarily presented in

Figure 65.
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Figure 65."H NMR spectrum oP16. The inset shows the protons of the ethylene kridg
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Table 10.Molar feed ratio of monomers and incorporated Rirsanits determined from the integrated
'H NMR spectra

) Pt(Il)-salen
Polymer Dibromofluorene m [Mol%]
[Mol%]
P13 1 15 21
P14 1 20 8.0
P16 0.98 2 2.1
P17 0.9 10
P18 0.95 5

The ratio of the intensities of the aromatic prataompared to the ethylene protons of the
diimino bridge were determined to be 285.4 : 4 Wheeans 47.6 fluorene units per one
phosphor 41) unit. Accordingly, 2.1 % of the Pt-saledl1j was incorporated into the
main-chain ofP16. Interestingly, the feed ratio in the synthesid #me actual amount of
complex4lin P16is nearly the same whereas the incorporatiof2ah P13is only 2.1%
with a feed ratio of 15 mol%. Whether these differeeactivities are caused by the
different reaction conditions (conventional heatimg microwave heating) or due to

different reactivities of the complexes is not clea

3.2.3.2. Optical Properties

CopolymerP13 displays an intense absorption band at 383 nnolatisn due to the
polyfluorene chromophore and a low intensity absornpshoulder at ca. 450 nm due to the
incorporated Pt-salen phosphors (Figure 66). Theg&ctrum in solution is dominated by

the PF emission with a maximum at 413 nm.
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Figure 66.Absorption and emissiond=380 nm) spectra d?13in chloroform and as thin spin-coated film
at 298 K. The inset shows the luminescence ofitimeeixcited at 450 nm.

The PL spectrum of the copolymfi3in the solid state displays a slightly red-shiftd
emission (428 nm) and an additional lower energysgion with appreciable intensity
peaking at 575 nm (excitation at=380 nm) (Figure 66). The lower energy peak is
attributed to the green emitting Pt-salen phospléinen the copolymeP13 is directly
excited at 450 nm, i.e. at the,.x of the Pt-salen complex, the emission at 575 nm is

dominantly confirming the origin of the green enusssince the absorption of PF is

negligible at this wavelength.

Organic light emitting diodes with a device struetiTO/PEDOT:PS$13Ca/Al show a
rather broad emission in the EL spectrum. The rmpo®hinent peak is at ca. 640 nm, with
a shoulder at ca. 580 nm (Figure 67). The ban®@tn is also observed in the solid state
PL spectrum of a film of the copolymBd3and is attributed to the phosphorescence of the
Pt-salen chromophore (Figure 66). The additionaission peak at 640 nm can be

attributed to an emission from excimers of the & phosphors.
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Figure 67.EL spectra of the device in the configuration ITEIFOT:PSSP13Ca/Al.

The formation of phosphorescent excimers has agsm lobserved in OLEDs constructed
from platinum(ll)-(2-(4",6"-difluorophenyl)pyridiria-N,C*)(2,4-pentanedionat&)’ The
EL efficiencies of the devices based on pure capelyP13 are quite low (ca. 0.1-0.3
cd/A), depending on the amount of Pt-salen phosphtite copolymer and most probably
influenced by aggregate quenching. In order to cedor suppress such concentration
effects, copolymeP14was blended into a matrix based on poly(vinylcaohalPVK) and
(2-(4-biphenyl)-5-(4tert-butylphenyl)-1,3,4-oxadiazole) (PBD) with a weightatio
PVK:PBD of 4:1. In this case, the 640 nm contribatito the EL spectrum is largely
suppressed and the phosphorescence closely resetimblEL of the Pt-salen chromophore
(Figure 69). Interestingly, the EL spectrum of tbepolymer P14 blended into the
PVK:PBD matrix is slightly red-shifted by about OelV compared to that of a device
containing the monomeric Pt-salen com@&xFigure 68) in the same matrix.

54

Figure 68.Chemical structure of complé&d.
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Figure 69.EL spectra of ITO/PEDT:PSS/PVR14Ca/Al-devices (5%14in PVK w/w).

However, the energy transfer between PVK &id! is rather inefficient and the EL

contribution of the PVK matrix at 438 nm is domihafiherefore, poly[9,9-bis(2-

ethylhexyl)fluorene] (PF2/6)R15 was used as an alternate matrix polymer. Dehesed
on a blend of the copolymé&l4in PF2/6 (5% and 10% by weight) show a much more

efficient energy transfer (Figure 70).
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Figure 70. EL spectra of copolymédt14doped into PF2/6R15) (10%P14in PF2/6 w/w) at different
current densities (device configuration: ITO/PEDSS?PF2/6P14/Ca/Al).

400

Based on recent findings on polyfluorenes with ¢enthy-attached Ir-complexes, the
occurrence of a mixed triplet state in these na@ogolymers is proposed. The mixing of
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triplet levels of the fluorene and cyclometalatiigand gives a hybrid mixed triplet state
as the lowest energy lev&l? The efficiency of the devices were substantiatipioved to

ca. 3-6 cd/A with the copolymd?14/ PF2/6 blends as emissive layer (Figure 71). This
improvement is attributed to the reduction of tiectonic interaction between Pt-salen
phosphors (excimer formation) in the device.

—m— PF2/6: 10 % by weigtgb
—o—PF2/6:5 % by weigtgb
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Figure 71.Efficiency of OLEDs based on (PF2/BY4 blends as a function of current density

Good device performances regarding the deviceiefiity and the colour purity were
achieved in the case Bfl6 as the emitting layer without additional host po&r (whereas
only P14 / PF2/6 blends showed similar efficiencies). Thevice configuration was
ITO/PEDOT:PSS16Ca/Al. The device revealed high brightness (ca001%d/m?)
(Figure 72) at reasonable high efficiency of cacddA (Figure 73). Only the orange
emission from the Pt-salen phosphor at 600 nm weserged indicating an optimum
charge trapping at the phosphorescent guest (Fitghre
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Figure 72.1-V characteristics of an OLED based on (ITO/PEDPISP16Ca/Al).

Figure 73.Efficiency of an OLED device ITO/PEDOT:P3/GCa/Al

Figure 74.EL Spectrum (ITO/PEDOT:PSB1&Ca/Al).
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After a period of 3 hours the device basedRdt showed a decrease of more than 50%

regarding the brightness starting from 100 cd/m=#% cd/m?2 with constant current

(Figure 75).
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Figure 75.Lifetime characteristics of the device based”di.

OLED devices based dA17 andP18 were not fabricated at the completion of this ithes
Their optical properties are summarized in Tableabtl the optical spectra &f17 is
shown in the experimental part. The PL emissiorassexpected dominated by the
polyfluorene emission if excited into the PF absiorpband. When excited at 507 nm, into
the absorption band of the metal complex, the Pisgon of P17 shows a maximum at
659 nm for the Pt(ll)-salen compleRR18 (with a lower feed ratio of the Pt-dye) displays

only a very weak emission of the phosphorescenipbexn

Table 11.Optical properties oP17andP18.

Absorption Emission
Polymer
(CHClg) Amax [NM] (CHCl3) Amax [NM] Ae,=507nm
P17 381, 500-570 (broad) 659, 725
P18 380, 500-580 (broad) 654

3.3.  Matrix Materials for Triplet Emitters

Synthesis and application of polymers and smallemdes as a matrix for triplet emitters
for OLED devices has been intensified in the lastadid™**">*""] For suitable host
materials it is mandatory to tune its band-gaphsd the energy-levels match to those of
the neighbouring layers or electrodes for efficielnarge injections and with the guest for
effective energy transfer of singlet excitons. ¢ same time the triplet energyrbhas to

be higher than that of the guest to avoid triplatktransfer from accumulated triplet
excitons at the guest. Because of this assumptiany hosts are only suitable for red and
yellow phosphors, mostly based on PPV or PF devest(which have a low #
Polyvinylcarbazole (PVK) is commonly used as thesthpolymer for green and blue
phosphorescent guests. OLEDs based on the PVK ambtblue phosphors show low
efficiencies compared to those made by small mdédehostd!’® The triplet energy for
PVK was estimated as 2.50 &) One disadvantage of PVK is that it only transports
holes and OLEDs based on PVK needs therefore arabetransporting dopant for
balanced charge transport. For blue emitters (whmheral have a{< 2.62) & of the
host has to be higher compared to hosts for regte®n emitter§2%!8 That is the reason
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why it is difficult to design host materials forug emitters. Brunneet al. investigated
small molecules as host materials based on camamoleties' ™ An important finding
was that the triplet energy is mainly determinedtliy maximum length of conjugated
oligo(paraphenylene) segments. The triplet energy can beefibve influenced by
controlling the length of conjugated oligophenyleegment.

Another task is to optimize the host materials régg their lifetime in working devices.
The focus in this section is set on the use oftdubsd benzophenones as comonomer in
the preparation of novel host materials for trigetitters for an application in OLEDs.
Benzophenone is known as a phosphorescent orgasiecate and has intensively been
characterized®*'%3 Hoshino and Suzuki reported on the electrolumierese originating
from triplet excited states of benzophenone in #/(pwethylmethacrylate) (PMMA)
matrix*®" They observed an increase in the EL intensity edus/ phosphorescence at
100 K which was negligible at room temperatureotporating benzophenone (Figure 76)
into a polymer chain should lower the effective jogation length (by interrupting the
conjugation) as well as in a reduction of the degreorder in the polymer chains.

Figure 76.0n top and side view of benzophenone. Structurentfdom the Spartan 04 database

Benzophenone should also act as a charge trapfifideenone) and should consequently
influence the energy and charge transfer proces<ekEDSs.

3.3.1.Results and Discussion

3.3.1.1. Synthesis

During this work different copolymers with benzopbee building blocks were
synthesized applying a Yamamoto-type coupling place with 1,4°-
dibromobenzophenone as comonomer. Another comonavheh was tested is 1,4-
bis(4",4""-decylbenzoyl)-2,5-dibromobenzes&) (128" The synthesis of the diketob&

is outlined in Figure 77.
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CioH21
Br Br SOCh o)
HNO, HO o) AlC,
LN e
(6] OH
Br Br CioH21 o]
55 56 Q
CioH21
57

Figure 77. Synthesis of diketone mononter.

The first step is the oxidation of 2,5-dibromo-Hidethylbenzene 56) to the
corresponding 2,5-dibromoterephthalic acii6)( The acid was converted to the
corresponding diacid dichloride with the use obthil chloride andn situ converted in a
Friedel-Crafts-type acylation to gi.

Five different ratios of dibromobenzophenone anritne $b) were used to synthesize
the corresponding random copolymd?$9-P24 (Figure 78.) An overview of the feed

ratios and the copolymer molecular weights is givehable 12.

Figure 78.Chemical structure of copolymePd9-P24.

Table 12.Composition and molecular weightsR19-P24.

Polymer Benzophenone [%)] Mag/mol] My, [g/mol] PD
P19 5 168,00 322,000 1,9
P20 6.5 145,000 272,000 1,9
P21 10 147,000 307,000 2,1
P22 20 111,000 242,000 2,2
P23 33 187,000 291,000 1,6

P24 50 69,000 142,000 2,1
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Lifetime tests utilizing P19-P24 as host polymer of phosphorescent OLEDs were
performed at the Samsung SDI European ResearchieGanBerlin. They found that the
best lifetimes of OLED devices were obtained R#1 (10% benzophenone units). With
this knowledge also the synthesis of the fluoreaseld copolymer containing 10% of the
diketone57 (P25 was accomplished and the polymer tested as arhatgrial for triplet
emitters (Figure 79).

CioH21

O
A0
O

CioH21

Figure 79.Chemical structure of copolymg25.

In order to combine the benefits of such copolymeith the already described Pt(ll)-
salen-containing copolymers, a statistical copolynfeigure 80) was synthesized
containing both Pt(ll)-salen and 10% benzophenanits y*26). The amount of Pt-salen
chromophors was determined by NMR to 1.7%.

Figure 80.Chemical structure of copolyme26.

On the journey towards suitable host polymers atgmomeric building blocks with a
pentaphenyl as longest conjugated unit were prepHfeBrunneret al. have described
copolymers with different lengths of conjugatedyophenylene segmentd? Copolymers
containing only short oligophenylene segments hmen found to be mandatory for being
a suitable host for green or blue triplet emittdisnomerss8 and59 (Figure 81) consists
of a central 1,4-phenylene core and two fluoremgtached in para-position. The central
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core allows for attaching different substituentgy. en 2,3,5,6-tetrafluoro-1,4-phenylene
(58) or 2,5-bis(trifluoromethyl)-1,4-phenyleng9).

4V Waee

Figure 81.Chemical structure 88 and59.

The synthesis 068 is outlined in Figure 82. The commercially avai&ald,4-dibromo-

2,3,5,6-tetrafluorobenzene6d was converted in a Suzuki-type reaction with the
[140]

corresponding 9,9-dimethyl-fluorene-2-boronic esbdes8.

Pd(PPh),
Na,CO4

Figure 82.Synthesis of 1,4-Bis[2"-(9",9"-dimethyl)fluorengjtafluorobenzen€s8).
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CF; CRs

NBS/CRCO,H
— » Br Br
H,S0,
FsC FC

62
CFs
o, /1
Br Br 4 B O
(0]
FsC
62 61

Pd(PPh), O. CFs .O
NaiCO; O~ -0
* FC 5o

Figure 83. Synthesis of 1,4-Bis(2"-9",9"-dimethylfluoreng@)s-bis(trifluoromethyl)benzeng9).

1,4-Dibromo-2,5-bis(trifluoromethyl)benzene 62y was  obtained from 1,4-
bis(trifluoromethyl)-benzene in a bromination réact A mild bromination reported by
Dolbier et al was chosen for the synthesisG# (Figure 83) to avoid hydrolysis of the
trifluoromethyl groups™®® The Suzuki-type reaction with the boronic eg#mave59 in
good yields (82%).

Crystals 058 and59 were grown and the X-ray structures were resoWkidh are shown

in Figures 84 and 85, respectively.

Figure 85.Crystal structure o59.
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58 and 59 both crystallize with a crystallographic inversiaentre. Only half of the
molecule is crystallographically independent. Sgbgatly, for58 only one torsion angle
of 43.8° is observed between the central tetraflubenzene core and the terminal
fluorenyl system. Both fluorenyls are nearly plamdth a maximum variation of 0.08 A.
An significant -z interaction in the lattice is probably hindered twe torque of the
oligomer. The oligomeb9reveals an increasadrsion angle between the central benzene-

core and the fluorenyl group of 73°.

An electrophilic Friedel-Crafts-type polymerisatiasi monomers58 and 59 with N-
methylisatine was carried out in the group of Piddlotukhin (national university of
Mexico, UNAM) in Mexico-City. Figure 86 shows themghesis of the investigated
polyaryleneP271*°% In a typical electrophilic polymerisation perforchby Zolotukhinet
al. N-methylisatine (N-methylindoline-2,3-dione) ab8 are stirred with trifluoromethane
sulfonic acid under dry nitrogen for 9 hours. Thkeuiting viscous solution is then poured

into water. The resulting polymer is extracted withthanol and acetone.

le) E F
o5, - OO0
N O ® LD
CHs3 F F

58

P27

Figure 86.Chemical structure of the copolyrme2?.

P27 was achieved as a white polymer with the moleowkight of M,=178.000 g/mol and
a high polydispersity of 10.4.
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3.3.1.2. Optical Properties

The benzophenone/fluorene copolymBtd-P24 were tested as hosts for triplet emitters
in phosphorescent OLEDs. These measurements waeealdhe Samsung SDI European
Research Center in Berlin. The 10% benzophenonticamg copolymeiP21 emerged as

the best-suited copolymer concerning the lifetimeé the efficiency of the OLED devices.

Figure 87 shows the EL spectra of different devibased onP21 Three different
concentration levels of the Ir(bpi) (1%, 4% and #R&Yye tested using also different ratios
of host polymer blended with the hole transportmgterial ST1693 (supported from
Sensient, Figure 88) (70:30, 90:10, and 80:20).

. —(1030)
comparison of EL spectra 9%%

1 ——(1030)
99%

(90:10)

10 S
% \ 99%
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% | 9%

—(1030)
93
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93%
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93
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96%
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Figure 87.Comparison of EL spectra based 2l with different amounts of HTM (ST1693 see Figui) 9
and Ir phosphor. Legend: The brackets show the cdif?21/ST1693 (see Figure 88) and below the total host
amount used in the OLEDs is given related to thecentration levels of the Ir(bpi) guest: 1% (99%tho
4% (96% host) 7% (93% host).

All devices showed dominant emission from Ir(bpi} btill some host emission depending
on the amount of Ir-phosphor in the blend. It iiclilt to determine the reason because
this host emission could be caused by phase sepgratefficient energy transfer, or

triplet back transfers. However, the efficiencies still quite low depending on the amount
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of Ir-phosphor and the HTM concentration varyingnfr approx. 0.1 to 1.2 cd/A (Figure
89).

&
e @
0.0 @

Figure 88. Chemical structure of HTM ST1693.

max. Eff. [cd/A]

Figure 89. Efficiency of the devices based 821 depending on the HTM concentration and the amoftint
Ir-phosphor. Legend: Ratio ¢f21to HTM ST1693 (70:30; 90:10 and 80:20) Left: 1%bfi); middle 7%
Ir(bpi); right 4% Ir(bpi)

Lifetime tests of the device based 21, HTM (10%) and Ir dopant 0.5% showed
promising lifetimes (brightness test at 100 cd/af@ver 50% of the initial brightness after
1000 h. One remaining question was a possible igpaettgradation of the emission. The

comparison of the PL spectra of a thin film as shamwFigure 90 before and after aging
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showed no degradation of the emission of the ladopMore probably the HTM ST1693
seems to be the source of the degradation procasstd®e films with lower content of
ST1693 shows less degradation.

——(70:30) before LT
——(70:30) after LT
——(90:10) before LT
——(90:10) after LT
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@
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Figure 90.PL of thin films ofP19with different ratios of HTM and 1% Ir(bpi) befoead after lifetime

testing.

The EL spectrum of a device based B25 with 10% by weight of a hole transport
material (ST1693) showed very low efficiencies <@dlA for the green triplet emitter

Ir(mppy). The blue emission is still dominant in Btigure 91).

wavelength / nm

Figure 91.EL spectrum of an OLED device basedRzbwith 10% ST1693 and the Ir(mppy) emitter.

As the efficiencies for thd®25 host were smaller if compared #®21 Pt(ll)-salen-

containing fluorene/benzophenone copolymers haega bee next target.
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The absorption spectrum 8226 in solution is dominated by the fluorene absorptiNo

metal complex absorption was observed. In the mollRL spectrum the host emission is
the only observed emission component. The solite stpectrum showed a moderately
intense emission band of the Pt-salen phosphor avemom temperature peaking at 599
nm (Figure 92) accompanied by a vibronic side bain@57 nm with an excitation at the

Amax Of the PF (380 nm). This indicates energy transféhe Pt-salen phosphor.

1.04

—— PL CHC|,

—— PL thin film
UV-Vis CHCI3

0.8

0.64

Intensity [a.u.]

0.4+

0.2+

0.0

T T T T T T
300 400 500 600 700
Wavelength [nm]

Figure 92. Absorption and emission &26 (A= 380 nm)

OLED devices made ofP26 as a single layer with the device structure
ITO/PEDOT:PS3?26 (70 nm)/CsF/Al showed high brightness of ca. 1860m2 at low
current densities and low onset voltages (Figuie Bi3e efficiency of the device was also
satisfactory with 2.5 cd/A as this device was natirnized regarding the thickness of the
emitting layer (Figure 94). The most important imygment of this device was observed
in lifetime measurements (with constant currentpvehg an increased lifetime if
compared to the copolymer without the benzophenonis (P16). The device based on
P26 showed a fivefold increased operational lifetiméhw60 % of the initial brightness

after 12h (Figure 95).
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Figure 93.1-V characteristics of the device basedR#6.
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Devices made from copolym@&?27 gave quite low efficiencies of up to 0.7 cd/A (dev
structure: ITOP27:6% Ir(pighacac:8% TPD (80nm)/Ca/Al).

In order to improve the efficiency a insoluble neager was included into the device
structure. The use of the interlayer concept hasnbapplied in fluorescent and
electrophosphorescent OLEB%194'92ISeveral polymers can form insoluble interlayers
on a PEDOT:PSS layer after annealing, e.g. poly2,9-dioctylfluorenelalt-(1,4-
phenylene-((4decbutylphenyl)imino)-1,4-phenylene)] (TFB), poly(9¢Boctylfluorene-
2,7-diyl-co-bis-N,N-(4-butylphenyl)-bis-N,N’-phenyl-1,4-phemyle-diamine) (PFB).

1000 .
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Figure 96.Brightness of OLEDs based &27.
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Figure 97. EL spectrum of OLEDs based B27.



3. ELECTROPHOSPHORESCENT POLYMERS 77

However, initial OLED results based on tR27 host on top of a PFB interlayer showed
slightly lower efficiencies of ca. 0.5 cd/A (devis&ucture ITO/ PFB interlayd?27 : 6%
Ir(pig).acac / Ca/Al). Both devices showed high brightnresdeca. 1000 cd/m?2 (Figure 96)

and their emission spectra are very similar (Fig#e

3.4. Conclusion

We have presented and introduced a novel synthmgimcept towards main-chain
electrophosphorescent copolymers based on Pt(hiffS3@se complexes as the phosphor.
Promising results were obtained regarding the Oldffitiency of up to 3-6 cd/A for
devices based oR14/ PF2/6 blends. Devices basedRIb6 as the emitting layer showed
high brightness of ca. 1700 cd/m? at a reasonagtedificiency of ca. 4 cd/A.

Lifetime measurements showed less than 50% ofnikialibrightness after a period of ca.
3 hours. Improved operational lifetimes were oldifor novel matrix materials based on
random fluorene-benzophenone copolymers (B2f) A novel fluorene/benzophenone
copolymerP26 with on-chain Pt(ll)-salen phosphor showed als@dended lifetime with
still 60% of the initial brightness after an opevatl period of 12 hours.

Also other oligophenylene-based monomeric buildiacks for related copolymers have
been synthesized. These monomers have been inategointo novel alternating
copolymers in collaboration with the group of Prdflikhail Zolotukhin (national

university of Mexico, Mexico-City).



4. Summary

New results on the origin of a green emission bpeaking at 479/506 nm observed in
OLEDs made of polyfluorene as the emitting matesiate discussed in chapter 2. A new
defect structure — alkylidenefluorene units — idiidn to fluorenone defects (keto defects)
was proposed and taken into account. Model Copalymensisting of dialkylfluorene and

alkylidenefluorene units in different ratios werngthesized. The optical properties were
recorded and solid state emission bands at 481ei(observed. Very similar defect

emission bands in degraded OLED devices based oenfers are probably caused by
such alkylidene defects.

Bipy, COD

(T T eom

THF, 80°C

18 5b

Figure 98 Model copolymers containing alkylidene defects



4. SUMMARY 79

1.04 @%
fﬁ e —=— UV-Vis CHCI,
1 §i S, P pyfilm
os] § 1l % PL CHC]
i 7 [}
g ) o &
— § k)
5 gl E!
s 061§ I
= 8 b %
g = | O B
2 g [ %
c 0.4+ DDDD | %
I Lo %
‘& OO G,
0.2 | o %
19 )
i ¥ %Q%
0.0 T T — T T T T T T
400 500 600 700

Wavelength [nm]

Figure 99.Photoluminescence and absorption of 5% alkylidemgaining polyfluorené?7.

Moreover, binaphthyl spacers were introduced irite main chain of polyfluorenes
fluorene/fluorenone copolymers. OLED investigatiai®wed that the incorporation of
binaphthyl spacers leads to an increase of thengeegssion in the fluorene/fluorenone

copolymerP10. This suggests an accelerated energy transfemgadéfect sites in the
copolymerP10.

In the second part of this work novel electrophasphcent main-chain copolymers and
novel matrix materials for OLED devices were systhed and investigated. In particular,
copolymers with main-chain Pt(ll)-salen triplet &eis were synthesized and tested in
solution-processed OLED devices. Their structurghswn in Figure 100 examplarily for
the copolymer®16andP18
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&

SO SO m

Figure 100.Chemical structure of Pt(ll)-salen-containing copoérsP16 (eft) andP18 (right).

Devices based on blends of the copolymers with @&2/ emissive layer showed a red
emission with high brightnesses of 1000-1700 cditr& reasonable high efficiency of 3-6
cd/A. The emission colour of the synthesized platifil) complexes (see chapter 3.2.2.)

can be tuned by a variation of the salen ligands(fyellow to red phosphorescence).
Different novel copolymers (random benzophenoneffne) copolymers as potential

OLED matrix materials are presented in chapter @&ure 101). The lifetime of the

corresponding OLEDs could be improved in comparisoa PVK matrix.

P19-24 P26

Figure 101.Chemical structure of benzophenone-containing gopeis (leftP19-P24,right P26)

For a molar content of 10% benzophendP2l() very promising operational lifetimes (for
50% of the initial brightness) were reported (ud@®0 h). A main-chain phosphorescent
copolymerP26 containing 10% benzophenone units (Figure 101 slowed improved
operational lifetimes (as compared to a copolyméthaut benzophenone units) at
reasonable high brightness (1000 cd/m?2) and OLEiDieficy of ca. 2.5 cd/A.



5. Outlook

5.1.  Oligofluorenes

To investigate structure-property relationshipsnore detail, monodisperse oligofluorenes
with a central alkylidenefluorene could lead toedtér understanding of the green emission
components in degraded polyfluorenes. Similar iigagons regarding fluorenone defects

are described in the literatuf&491501%]

Figure 102.Chemical structure of alkylidenefluorene-containgfigiofluorenes.

Figure 102 shows the structures of alkylidene-daoimg oligofluorenes, whereby the

length of oligofluorene units can vary.

5.2.  New Polymers for Organic Light Emitting Diodes
(OLEDSs)

The electrophilic Friedel-Crafts-type polymerizaigsoas developed in the group of Prof.
Mikhail Zolotukhin (national university of Mexicoay be suitable to prepare several

other copolymers as promising candidates for holsthpers of phosphorescent OLEDs.
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Suitable monomers can be prepared by Suzuki-typpliog of the dimethylfluorene-

boronic ester monomer with dihalide compounds.

S
N N e
- e E
i Y O~

Figure 103.Chemical structures of monomers suitable for edgdtilic polymerization.

Some chemical structures are shown in Figure 1d3nalh be used in the synthesis of the
corresponding copolymers. Similar copolymers haveenb applied for electronic

applications such as polymers lasers (fluoraitdsenzothidiazole (PFBT) copolymers) or
OLEDs /40194

5.3.  Electrophosphorescent Dyes

Initial results on the synthesis and the applicatd pyrrol-based platinum Schiff base
complexes show promising efficiencies even for sofuprocessed devices. While
working on the synthesis of these pyrrole basedptexes, Che and co-workers described
the application of a series of vacuum-depositedrgiyrased Pt(ll) complexes in
OLEDs™® The synthesis was performed in a similar fashiothe Schiff base complexes

described in chapter 3.

—N N=
B R /A S
= —

Figure 104.Chemical structure of a pyrrol-based Pt(Il) phos@®
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Figure 105.Efficiency of an OLED device based 68.

However, we will apply solution-processing to falatie OLED devices based on a pyrrole

Pt(Il) Schiff base complex. A first example showm Figure 104 (device structure:
PEDOT/PVK+PBD (40%)+63 (2%)/Ca/Al). A maximum luminescence efficiency &f
Cd/A at a reasonable high brightness of ca. 110fcdas achieved by blending the

phosphor into a PVK matrix (Figures 105 and 106)pking the described strategy to

incorporate the phosphor into the main-chain ofemisonducting polymer, the ligand

sphere has to be modified resulting in an AA- or-#Be monomer (Figure 107). As the

first device results are very promising, pyrrolesdé Pt(ll) phosphors are interesting

candidates for solution-processed, phosphoresdeBDS.
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Figure 106.1-V characteristics and EL spectrum of a devicegpred fron63.



84 5. OUTLOOK

N N
LN e
D i

t

Figure 107.Possible variations of the ligand sphere at thiferdnt substitution positions.

5.4. Matrix Materials

Further improvements of copolymers with on-chairogghors are expected from the
synthesis of carbazole-based copolymers (Figure).108e use of carbazole-based
oligomers and polymers as hosts for phosphoresgessts has been described by Brunner
et al, wherein the fine tuning of the energy levels lesd to improved energy transfer and
results in higher OLED efficiencié¥™

Figure 108.Carbazole-based copolymers with on-chain Pt-satesghors.

Caoet al reported the synthesis and characterizationuof@nealt-carbazole copolymers
with on-chain iridium complexé&®® Such a synthetic strategy could be transferreti¢o

synthesis of related copolymers containing Pt@les complexes (Figure 109).

Figure 109.Fluorenealt-carbazole based copolymers with on-chain Pt(lBfrsahosphors.



6. Experimental Section

6.1. General Methods

Unless otherwise indicated, all starting matenedse obtained from commercial suppliers
(Aldrich, Fischer, EM Science, Lancaster, ABCR,e8tf and were used without further
purification. All reactions were carried out under argon atmosphere. Analytical thin-
layer chromatography (TLC) was performed on sileag-254 pre-coated TLC plates.
Visualization was performed with a 254 nm ultragiollamp. Silica gel column
chromatography was carried out with Silica Gel (280 mesh) from EM Science. The
'H- and *C-NMR spectra were recorded on a Bruker ARX 400cspmeter with
deuterated tetrachloroethane or dimethylsulfoxidettee solvents. Low-resolution mass
spectroscopy was obtained on a Varian MAT 311A aipey at 70 eV (electron impact)
and reported as m/z. FD masses were obtained gkBa2ZSE-FDP. Elemental analyses
were done on a Vario EL Il (CHNS) instrument. UVs\dbsorption spectra were recorded
on a Jasco V550 spectrophotometer. Fluorescenceunesaents were carried out on a
Varian Cary Eclipse instrument. Gel permeation oiatographic analysis (GPC) utilized
PS columns (three columns, 5 um gel, pore widttg 105 and 106 A) connected with
UV-Vis and RI detection. All GPC analyses were perfed on solutions of the polymer in
THF or toluene at 30°C with a flow rate of 1 mL/nfgoncentration of the polymer ca. 1.5
g/L). The calibration was based on polystyrene ddeats with narrow molecular weight
distribution. Phase transitions were studied byedghtial scanning calorimetry (DSC)
with a Perkin Elmer DSC6 thermosystem at a scanrateyof 10 K mift for both heating
and cooling cycles. Microwave assisted syntheseee vperformed using a CEM —
Discovery monomode microwave utilizing a IR-tempera sensor, magnetic stirrer and
sealed 10 mL glass vials. All reactions were maridoand controlled using a personal

computer.
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6.2. General Procedures

6.2.1.Procedure A: Alkylation of Dibromofluorene
According to Nothofét*

DMSO
o o W)

An aqueous sodium hydroxide solution (40 mL, 509q #¢he alkyloromide (225 mmol)
were added to a solution of 2,7-dibromofluorene (33 102 mmol) and
tetrabutylammonium bromide (9.9 g, 31 mmol) in DM&® mL) at 80°C. The mixture
was stirred at 80°C for 2 h and then poured intaew#100 mL). The mixture was
extracted two times with diethylether and the caretiorganic phases were washed with
brine, water and dried over p&0,. Upon evaporating off the solvent the residue was
purified via column chromatography with hexane asem®t to receive a colourless oill,
which was stirred under high vacuum and subsequentldified to gain the dialkylated

compound in an average yield of ca. 80-90 %.

6.2.2.Procedure B: Polymerisation According to Yamamoto
According to Nothofét*

The polymers were synthesized following this gehgmacedure. Unless otherwise
indicated, exactly this procedure was used. To w&rsplvent traces, the monomers as
well as the bipyridyl were first also heated untiegh vacuum to 40-80°C. To remove
bromine as endgroups of the polymers, an excebsooiobenzene (0.1 eq) was added at
the end of the reaction and the mixture was stifwea@dditional 24 h at 80°C.

To a 100 mL flame-dried Schlenk tube containingQ@p), (2.4 equiv), bipyridyl (2.2
eqiuv) and dihalogenated monomer (1 equiv), THF f89 and COD (2.2 equiv) were
added via a syringe. The tube was heated for 380&. The reaction was quenched with
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HCl in 1,4-dioxane (c = 4 mol/l)and extracted witiioroform. The solution was washed 2
times with 2N aqueous HCI, NaHGONa-EDTA solution and brine. The solvent was
removed and the residue was dissolved in chlorofdrine polymer was precipitated into

methanol and extracted with ethyl acetate to direedesired polymer.

In the case of statistical copolymers, the sumhef molar equivalents of all monomers
were used for the calculation as 1 equiv. Onlyah®unt of the monomer(s) is given in

the following procedures.
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6.3. Monomers

6.3.1.2,7-Dibromo-9,9-bis(2-ethylhexyl)fluorene (5a)

o T

The synthesis was done according to procedure &d\a0 g (89%) white product.

'H NMR (400 MHz, GD,Cl,, 80°C):d= 7.37 — 7.45 (m, 6 H, Ar-H), 1.91 (d, 4 8= 4.8

Hz, Ar-CH,), 0.38 — 0.89 (m, 30 H, alkyl-H) ppm.

13C NMR (100 MHz, GD.Cls, 80 °C):d= 152.7, 139.4, 130.3, 127.6, 121.4, 121.1, 55.6,
44.5, 35.0, 33.9, 28.3, 27.4, 23.0, 14.4, 10.7 ppm.

LR-MS (El, m/z): 57 (100.0), 43 (43.7), 41 (23.7), 5487 (22.5).

Mp.: 52-53°C

6.3.2.2,7-Dibromo-9,9-din-octyl-fluorene (5b)

Br Q'O Br

The synthesis was done according to procedure &d¥i8 g (85%) white crystals.

'H NMR (400 MHz, GD,Cls, 80°C):5 = 7.4 — 7.55 (m, 6 H, Ar-H), 1.82 — 1.97 (m, 4 H,
Ar-CHy), 1.10 (q, 4 H, Ch), 0.97 — 1.05 (m, 8 H/5 CH,), 0.76 (t, 6 H, CH), 0.52 — 0.61
(m, 4 H, 3-CH-) ppm.

13C NMR (100 MHz, GD.Cls, 80 °C):d = 152.3, 138.8, 129.8, 125.9, 121.0, 120.9, 54.2,
39.9, 31.1, 29.9, 29.2, 28.9, 23.2, 22.2, 13.5 ppm.

LR-MS (El, m/z): 57 (100.0), 323 (22.2), 546 (22.2), 48] (28.0).

Mp: 55-56°C
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6.3.3.2,7-Dibromo-9,9-din-octyl-fluorene

Purified according to Meijeet al®®

To a solution of 14.3 g (26.1 mmol) 2,7-dibromo-8jSh-octylfluorene in 150 mL of dry

THF, a solution of 8.8 g (78.2 mmol) potassitert-butoxide in 40 mL of THF was added.
The mixture was stirred for 20 min. The slightlyaxred solution was filtered with the use
of the Schlenktechnique through a short column edoakith activated basic aluminium
oxide. The purified product was washed off the ooluwith 200 mL dry of THF. This

procedure was repeated 2 times. Recrystallizatiom fethanol gave 13.8 g (25.2 mmol)
colourless crystals. Standard analytical method3LE GCMS, NMR, IR and Elemental

Anaylsis) showed no difference from the “non-pafi product®®

6.3.4.2,7-Dibromofluorene (17)

Br, , KBrO
0 — =~

20.0 g (0.120 mol) fine grinded fluorene were digsd in 100 mL of acetic acid at ca.

70°C. To this solution 3 mL of concentrated sulphaicid was slowly added. Afterward
40 mL of a 5 M bromine solution (0.20 mol) in acedicid was added over a period of 30
min so that the temperature was kept at ca. 60°@eniAhalf of the bromine solution has
dropped in, 6.7 g (40 mmol) KBgQvas carefully added in small portions. The reaction
was stirred for additional 30 min at 70°C. Afterobng down to room temperature the
suspension was cooled down to -10°C and the sasl eollected by filtration. The solid
was washed twice with 70 mL of 70% aqueous aceiat @and 70 mL of water. The crude
product was recrystallized two times from toluen#oived by an addition of 120 mL
ethanol to the heat solution. Additional recrystallion may be necessary if some mono-
brominated product is detected by GC-MS. 25 g (64%o)colourless crystals were
achieved with a melting point of 158-161°C.

'H NMR (400 MHz, CDCJ): = 7.64 (dJ = 0.8 Hz, 2 H), 7.57 (d, 2 H,= 8.1 Hz), 7.49
(dd,2HJ=1.4HzJ=8.1Hz), 3.84 (s, 2 H) ppm

13C NMR (100 MHz, CDC}): = 144.8, 139.7, 130.1, 128.3, 121.1, 120.9, 3prh.p
LR-MS (El, m/z): 243 (100.0), 163 (95.8), 324 M81.2).

GC-MS : Retention time: 8.425 min, 100% M324.
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6.3.5.2,7-Dibromo-9-octylidene-fluorene (18)

6.3.5.1. A) Octyl-triphenylphosphonium bromide (20)

®Br
Xylene,A @
- > NG NG
SN g+ P@ :<P

A mixture of 1-bromooctane (5.04 g, 26.1 mmol) angdhenylphosphine (6.85 g, 26.1
mmol) in xylene (25 mL) was heated to reflux for. 3the solvent was removed under
reduced pressure and the high viscous oil was usdtie next step without further

purification.

6.3.5.2. B) 2,7-Dibromo-9-octylidene-fluorene (18)

0 | WOABEQ - -
o~ SO L

0.199 g (8.30 mmol) sodium hydride were dissolvedd mL of DMSO. After 45 min this
mixture was cooled down to 0°C and 3.78 g (8.30 ihma-octyl-
triphenylphosphoniumbromide were added. The salutias allowed to warm up to r.t.
and stirred for additional 10 min. A solution of7ajibromofluoren-9-one (2.81 g, 8.30
mmol) in 30 mL of DMSO was added to this mixturéeTmixture was stirred for 30 min

at 80°C, poured into water and extracted with aftim. The organic layer was washed
two times with water, dried over B8O, and the solvent removed under reduced pressure.
Chromatography with hexane as the eluent gave 27®fMi8 (15%) as slightly yellow

solid.
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'H-NMR (400 MHz, GD,Cls, 25°C): 0 = 7.87 (d, 1H,J = 1.2 Hz), 7.69 (d, 1HJ =
1.4Hz), 7.50 (d, 1HJ = 8.1 Hz), 7.45 (d, 1H] = 8.3 Hz), 7.43 (dd, 1H] = 8.6, 1.9 Hz),
7.37 (dd, HJ = 8.1, 1.5 Hz), 6.69 (t, 1H, = 7.3 Hz), 2.70 (q, 2H] = 7.4 Hz), 1.60 (m,
2H), 1.10 — 1.41 (m, 8H), 0.83 (t, 38i= 6.8 Hz);

13C-NMR (100 MHz, GD,Cls, 25°C)d= 141.2, 139.2, 138.8, 136.6, 135.1, 133.7, 131.0,
130.7, 128.3, 123.4, 121.5, 121.4, 121.3, 121.3,,2A8.8, 29.8, 29.7, 29.5, 23.0, 14.5

Anal. Calcd. for G;H4Bro:  C, 58.95

Found: C, 58.36

(The hydrogen could not be detected correctly dyaroblems with the elemental analysis

apparatus)

6.3.6.(R/S)-2,2"-Dioctyloxy-6,6"-dibromo-1,1"-binaphthyl  [(R/S)-

22]
BI’ Br
OQsHN
Br- Can OQ;HN

A solution of 6,6 -dibromo-1,1"-binaphthol (1) (00g, 22.6 mmol) and KOH (3.6 g,
65 mmol) in anhydrous ethanol (200 mL) was degasgddargon and heated to reflux.
Octylbromide (12.5 g, 65 mmol) was slowly added #ral solution refluxed for 12 hours.
The reaction mixture was cooled down and filterHte solid was then recrystallized from
ethanol, filtered and dried under vacuum to aff22dn 92 % yield**"

'H NMR (400 MHz, GD,Cls, 25°C):6 = 7.94 (d, 2HJ = 1.9 Hz), 7.76 (d, 2H]) = 9.0
Hz), 7.34 (d, 2HJ = 9.0 Hz), 7.19 (dd, 2H] = 1.9 Hz,J = 9.1 Hz), 6.92 (d, 2H] = 9.0
Hz), 3.85 (m, 4H), 1.32 (m, 4H), 1.17 (m, 4H), 0(82 22H) ppm.

3¢ NMR (100 MHz, GD.Cly, 25 °C):5 = 155.1, 132.8, 130.3, 130.0, 129.5, 128.6, 127.5,
120.2, 117.3, 116.9, 69.8, 31.9, 29.5, 29.4, 283, 22.9, 14.5 ppm.

LR-MS (El, 70eV): m/z = 44 (54.3), 444 (68.8), 668[M100.0), 669 (38.3), 670 (46.2).
Anal. Calcd. for GeH44Br.0,: C, 64.68; Found: C, 64.68 (The hydrogen could et
detected correctly due to problems with the elealeantalysis apparatus).
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6.3.7.4-Chloro-1-hydroxy-naphth-2-aldehyde (26)
According to Royer and Buissff

Cl Cl

TiCl,
soh—sel
CH,CI
OH e OH

1,1-Dichloromethyl-methylether (0.123 mol) and Vi¢hloride (0.235 mol) were

dissolved in 500 mL of dichloromethane and cooledvid to 0°C. To this solution a
mixture of 4-chlor-1-naphthol (20.0 g, 0.112 mah) 500 mL of dichloromethane was
slowly added keeping a maximum temperature of <&it&rward the mixture was stirred
additional 2 h at 5°C and 1 h at room temperatline reaction was carefully quenched
with 2N aqueous HCI and extracted with chloroforfilhe solvent was removed under
reduced pressure and the residue chromatrograpitie@ WwHF/hexane mixture (10:90) as
the eluent. Recrystallization of the greenish-yellproduct from ethanol yielded 15.0 g
(65%) of yellow product:®®

'H-NMR (400 MHz, DMSO-[R, 32 °C):0= 12.14 (s, 1H, -OH), 10.16 (s, 1H, aldehyde),
8.40 (d, 1HJ = 8.7 Hz), 8.10 (d, 1H) = 8.7 Hz), 7.85 (t, 1H) = 7.6 Hz), 7.82 (s, 1H),
7.69 (t, 1HJ = 7.6 Hz).

13C-NMR (100 MHz, GD,Cls, 80°C):d= 195.7, 160.9, 134.7, 132.1, 127.4, 126.0, 125.8,
125.0, 124.9, 122.7, 114.4.

LR-MS (EI, 70eV): m/z = 206 [V (100), 205 (48.7), 208 (37.6).

Anal. Calcd. for G;H;CIlO,: C, 63.94; H, 3.41.

Found: C, 63.98; H, 3.17
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6.3.8.N,N"-Bis(5-chlorosalicylidene)-1,2-ethylenediamin€30)

=0 Toluene =N N=
+ HN NH,
cl OH — reflux, 8h  Cl OH HO cl

To a solution ofb-chloro-2-hydroxybenzaldehyde (5.5 g, 0.04 molR50 mL of toluene

ethylenediamine (1.0 g, 0.02 mol) was slowly adddwe mixture was stirred under reflux
with a Dean Stark apparatus for 8 h. The resulyiaiow precipitate was filtered and
washed several times with THF and hexane. Yieldh4®7 %).

'H-NMR (400 MHz, DMSO-R, 32 °C):d= 13.35 (s, 2H, OH), 8.55 (s, 2H, HC=N), 7.50
(d, 2H,J = 2.0 Hz, Ph), 7.31 (ddd, 2hd= 0.8 Hz,J = 2.7 Hz,J = 8.8 Hz, Ph), 6.86 (d, 2H,
J=8.7 Hz, Ph) 3.91 (s, 4H) ppm.

3C-NMR (100 MHz, DMSO-R, 32 °C): d = 165.7, 159.5, 132.0, 130.4, 121.8, 119.6,
118.5, 58.4 ppm.

FD-MS: m/z = 336.6 [M] (100), 338.6 (71), 337.6 (23), 339.6 (16).

Anal. Calcd for GgH14CIN2Ox: C, 56.99; H, 4.18; N, 8.31

Found: C, 57.06; H, 4.07; N, 8.30.

6.3.9.N,N"-Bis(5-chlorosalicylidene)-1,2-phenylenediaminé3l)

E =0 Q Toluene E =N N= E
+
Cl OH Cl OH HO Cl
HoN NH, reflux, 8h

To a solution ob-chloro-2-hydroxybenzaldehyde (5.78 g, 37 mmol24%® mL of toluene
1.9 g (17.6 mmolp-phenylenediamine were slowly added. The mixturs stared under
reflux with a Dean Stark apparatus for 24 h. Theulteng intensively coloured precipitate
was filtered and washed several times with THF laghne. Yield 5.7 g (84 %).
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'H-NMR (400 MHz, DMSO-B, 32°C): 5= 12.83 (s, 2H), 8.89 (s, 2H), 7.74 (d, 2Hs
2.7 Hz), 7.40 (m, 6H), 6.97 (d, 28= 8.9 Hz).

¥C-NMR (100 MHz, DMSO-B, 32°C): = 162.2, 159.0, 142.0, 132.8, 130.7, 128.0,
122.5,120.8, 119.6, 118.7 ppm.

LR-MS (El, 70eV): m/z = 384 [M] (100), 386 (88), 385 (47).

6.3.10. N,N"-Bis(5-chlorosalicylidene)-1,2-cyclohexenediamé (32)

=0 ; 2
—N N=
C|{§OH + Q Toluene
H,N  NH,  reflux, 8h Cl OH HO cl

To a solution ob-chloro-2-hydroxybenzaldehyde (8.64 g, 55 mmol@® mL of toluene
1,2-cyclohexyldiamine (3.0 g, 26 mmol) were slowtjded. The mixture was stirred under
reflux with a Dean Stark apparatus for 24 h. Treulteng yellow precipitate was filtered

and recrystallized from hexane yielding 6.6 g (64¥32.

'H-NMR (400 MHz, DMSO-R, 32°C): 5= 13.20-13.40 (m, 2H, OH), 8.12-8.20 (m, 2H),
7.08-7.20 (m, 4H), 6.76-6.82 (m, 2H), 3.20-3.52 2M), 1.36-1.89 (m, 8H).

3C-NMR (100 MHz, DMSO-R, 32°C): § = 163.7, 159.7, 132.4, 130.9, 123.4, 119.7,
118.7, 72.7, 33.2, 24.4 ppm.

LR-MS (EIl, m/z): 235 (100), 390 [K (97), 392 (93), 391 (74).

Anal. Calcd for GeH14CloNoO5: C,61.39; H, 5.15; N, 7.16;

Found: C, 61.09; H, 4.81, N, 7.22.
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6.3.11. N,N"-Bis(4-chloro-2-naphthylmethylene-1-ol)-1,2-
ethylenediamine (33)

Cl N \Nf
OO . 7\ Toluene
HoN NH Cl O OH HO O Cl
-0 2 2 reflux, 8h
or o W

To a solution ofL g (4.84 mmol) o26in 250 mL toluene, ethylenediamine (0.116 g, 1.94

mmol) was slowly added. The mixture was stirred aindeflux with a Dean Stark
apparatus for 24 h. The resulting intensively coddu precipitate was filtered and
recrystallized from ligroin/DMSO. Yield: 1.42 g (&) of yellow needles.

H-NMR (400 MHz, DMSO-R, 80°C):J= 8.33 (d, 2H,) = 8.0 Hz), 8.18 (s, 2H), 7.86 (d,
2H,J = 8.2 Hz), 7.68 (t, 2H] = 7.6 Hz), 7.48 (t, 2H) = 7.6 Hz), 7.20 (s, 2H), 3.91 (s, 2H)
ppm.

¥3c-NMR (100 MHz, DMSO-R, 80°C): 6 = 175.3, 161.8, 133.6, 130.7, 130.6, 127.5,
125.2,125.1, 123.1, 113.8, 107.8, 50.1 ppm.

LR-MS (El, 70eV): m/z = 218 (100), 436 [W(65), 438 (44), 437 (17).

6.3.12. N,N"-Bis(4-chloro-2-naphthylmethylene-1-ol)-1,2-
benzenediamine (34)

: =

—N N=
OO N Toluene
H,N NH Cl OHHOCl
-0 2 2 reflux, 8h
o W, W,

To a solution of5-chloro-2-hydroxybenzaldehyde (1.00g, 4.84 mmal)260 mL of

toluene 1,2-phenylenediamine (0.209 g, 1.94 mmail$ slowly added. The mixture was
stirred under reflux with a Dean Stark apparatus8fti. The resulting yellow precipitate
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was filtered and recrystallized from ligroin/DMS@ield 0.83 g (88 %) of an orange
powder.

Due to the low solubility a NMR analysis failed. & borresponding platinum complex was
better soluble most probably because hydrogen bweds absent.

LC-MS: RT 11.5 min; (ESI, m/z) 485.08 [} (100%), 486.09 (33%), 487.08 (68%),
488.08 (14%), 489.08 (13%), 969.15 (20%), 970.161f1 (12%), 971.15 (29%), 972.15

(16%), 973.15 (16%).

6.3.13. N,N"-Bis(4-chloro-2-naphthylmethylene-1-ol)-1,2-
cyclohexanediamine (35)

Cl N N—
OO . Toluene
H-oN NH —— Cl OHHOCI
0 2 2 reflux, 8h

OH

To a solution of5-chloro-2-hydroxybenzaldehyde (1.640g, 10.475mnmoIR50 mL of
toluene 1,2-cyclohexane-diamine (0.363g, 3.18 mmnval slowly added. The mixture was
stirred under reflux with a Dean Stark apparatus8fti. The resulting yellow precipitate
was filtered and washed several times with THF lzaxhne. Yield 0.84 g (54 %) 8b.

'H-NMR (400 MHz, DMSO-R, 80°C): = 12.99 (s, 2H, OH), 8.28 (d, 2H,= 8.1 Hz),
8.17 (s, 2H), 7.80 (d, 2H, = 8.1 Hz), 7.66 (t, 2H) = 7.6 Hz), 7.47 (t, 2H) = 7.5 H2z),
7.12 (s, 2H) ppm.

3C-.NMR (100 MHz, DMSO-R, 80°C): J = 175.6, 160.9, 133.7, 131.1, 130.8, 127.9,
125.7,125.4, 123.5, 114.0, 107.8, 63.3, 31.7, APrH.

LR-MS (El, m/z): 490 [M]
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6.3.14. N,N"-Bis(5-chlorosalicylidene)-2,3-naphthalenediamie (36)

=0 O Toluene
+ =N N=
Cl OH Q reflux, 8h
H,N NH, Cl OH HO Cl

5-Chloro-2-hydroxybenzaldehyde (10.4 g, 66 mmoll &r3-diamino-naphthalene (5.0 g,

32 mmol) were dissolved in 350 mL of toluene. Th&tare was stirred under reflux with
a Dean Stark apparatus for 24 h. The resultingipitate was filtered and recrystallized
from ligroin/DMSO. Yield 6.6 g (48 %) of an orangewder.

IH-NMR (400 MHz, DMSO-I, 80°C): 3= 12.55 (s (broad), 2H, OH), 9.00 (s, 2H), 7.93
(dd, 2H,d = 3.3 Hz,J = 6.1 Hz), 7.85 (s, 2H), 7.77 (d, 2Bi= 2.6 Hz), 7.51 (dd, 2H] =
3.3 Hz,J= 6.2 Hz), 7.40 (dd] = 2.7 Hz,J = 8.8 Hz), 6.98 (d, 2H] = 8.8 Hz) ppm.

Due to the low solubility £C NMR analysis failed

LR-MS (El, m/z): 434 [M] (100), 436 (93), 435 (57).

6.3.15.[N,N"-Bis(5-chlorosalicylidene)-2,3-naphthalene-diainato-
N,N",0,07] platinum(ll) (37)

—N N= NaOAc, DMF fN\ /Nf
P
K,PtCl, DMSO P
ddw HO@CI 80°C. 8h ado o cl

2.0 g (4.4 mmolB6 and 0.8 g (9.7 mmol) NaOAc were dissolved in 30 oflDMF. A

solution of 1.831 g (4.4 mmol) RtCl, in 15 mL of DMSO was added at 80°C via a
syringe. The mixture was stirred for 8 h at 80°@eTmixture was cooled down to room
temperature and the crude product filtered off avashed with water and methanol.

Recrystallization from acetonitrile/DMSO gave 1g%3%) of37 as a purple solid.
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IH NMR (400 MHz, DMSO-R, 80°C):5 = 9.54 (m, 2H), 8.78 (m, 2H), 7.88 (m, 4H),
7.54 (m, 4H), 7.04 (m, 2H) ppm.

Due to the low solubility £C NMR analysis failed

LC-MS: RT 9.3 min; (ESI, m/z) 629.02 [}l (100%), 628.02 (80%), 627.01 (67%),
631.01 (66%), 630.02 (65%)

6.3.16.[N,N"-Bis(5-chlorosalicylidene)-1,2-phenylene-diamiato-
N,N",0,07] platinum(Il) (40)

Y N— K,PtCly —N_ /Nf
KOH, H,0O Pt
Cl OH HO Cl 40°C, 8h Cl O © Cl

0.8 g (2.08 mmol) FG102 and 0.5 g (6.10 mmol) NaQvere dissolved in 30 mL of

DMF. A solution of 0.862 g (2.08 mmol),RtCl, in 10 mL of DMSO was added at 80°C
via a syringe. The mixture was stirred for 8 h @@ The mixture was cooled down to
room temperature and the crude product filteredantf washed with water and methanol.

Recrystallization from acetonitrile gave 0.51 g¥§1of 40 as a dark red solid.

IH-NMR (400 MHz, DMSO-, 80 °C): 5= 9.46 (s, 2H), 8.35 (dd, 2H= 3.3 Hz,J = 6.3
Hz), 7.92 (d, 2H,J = 2.8 Hz), 7.52 (dd, 2H] = 2.7 Hz,J = 9.2 Hz), 7.46 (dd, 2H] = 3.3
Hz,J = 6.2 Hz), 7.11 (d, 2H] = 9.3 Hz) ppm.

Due to the low solubility &C NMR analysis failed
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6.3.17.N,N"-Bis(4-chloro-2-iminomethyl-naphthalene-1-ol)-12-
ethylenediaminato-N,N",0,07] platinum(ll) (41)

—N  N= =N_ N=
P
cl O OH HO O ci _NaOAc, DMF - ¢, O o o O cl
K,PtCl, DMSO
S0 el T

0.5 g (1.14 mmolB3 and 0.206 g (2.52 mmol) NaOAc were dissolved imB0of DMF.

A solution of 0.475 g (1.14 mmol)RtCl, in 5 mL of DMSO was added at 80°C via a
syringe. The mixture was stirred for 8 h at 80°@GeTmixture was cooled down to room
temperature and the crude product filtered off avashed with water and methanol.

Recrystallization from acetonitrile gave 0.39 g¥@4of 41 as an orange solid.

'H-NMR (400 MHz, DMSO-R, 80 °C):d = 8.76 (m, 2H), 8.55 (m, 2H), 7.64-8.00 (m,
8H), 3.90 (s, 4H).

Due to the low solubility £C NMR analysis failed

LC-MS: RT 8.8 min; (ESI, m/z) 630.98 (100%), 629.99 [MH91%), 628.98 (62%),
632.98 (59%), 631.98 (58%).

Anal. Calcd for GH16ClLN2OsPt:  C, 45.73; N, 4.44;

Found: C, 45.60; N, 4.51.

(The hydrogen could not be detected correctly dyardblems with the elemental analysis

apparatus).

6.3.18.[N,N"-Bis(5-chlorosalicylidene)-1,2-ethylenediamint-
N,N",0,07] platinum(ll) (42)

_KaPICl \
OH HO "KOH, H,0 cl /
40°C, 8h

An aqueous solution of KOH (50 mL, 1M), the liga(®D) (200 mg, 0.59 mmol) and
K2PtCl, (246 mg, 0.59 mmol) were stirred for 8 hours &tClOThe orange precipitate was
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filtered off and extensively washed with aqueousHKQ@M), water and finally with
methanol. The solid was recrystallized from acetdnand filtered to give an orange
powder. Yield: 0.15 g (54 %).

'H-NMR (400 MHz, DMSO-3, 80 °C):J= 8.42 (s, 2H3Jy.p = 34.3 Hz, HC=N), 7.38 (d,
2H,J=9.2 Hz, Ph), 6.2 (d, 2H,= 9.2 Hz, Ph), 3.81 (s, 4H, GHopm.

3C-NMR (100 MHz, DMSO-R, 80 °C): § = 161.0, 155.1, 132.5, 131.3, 122.7, 122.4,
118.3, 60.7.

MS (EIl, 70 eV) : m/z = 530.

Anal. Calcd for GegH12CoN,O,Pt:  C, 36.24; H, 2.28; N, 5.28;

Found: C, 35.90; H, 2.26; N, 5.33.

6.3.19.[N,N"-Bis(4-chloro-2-iminomethyl-naphthalene-1-ol)1,2-
phenylenediaminato-N,N",0,0] platinum(Il) (43)

—N  N= 7N\P{Nf
cl O OH HO O ci _NaOAc,DMF - O o o O cl
K,PtCl, DMSO
iR e S aRs R

0.8 g (1.65 mmol34 and 0.298 g (3.6 mmol) NaOAc were dissolved im80of DMF. A
solution of 0.684 g (1.65 mmol),RtCl, in 10 mL of DMSO were added at 80°C via a
syringe. The mixture was stirred for 8 h at 80°@eTmixture was cooled down to room
temperature and the crude product filtered off awvashed with water and methanol.
Recrystallization from acetonitrile/DMSO gave 084%) of43.

H NMR (400 MHz, DMSO-B, 80°C):5 = 9,40 (m, 2H), 8.34 (s, 2H), 8.06 (d, 2H
8.0 Hz), 7.94 (m, 2H), 7.88 (t, 2H= 7.4 Hz), 7.72 (t, 2H] = 7.3 Hz), 7.39 (s, 2H) ppm.
Due to the low solubility &C NMR analysis failed
LR-MS (El, m/z): 72.9 (100), 676 (2), 677 [IAL).
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6.3.20.[N,N"-Bis(5-chlorosalicylidene)-1,2-cyclohexane-drainato-
N,N",0,07] platinum(ll) (44)

—N N= NaOAc DMF ,N\ N=
PtCI DMSO
Ka 4 \

2.5 g (6.39 mmolB2 and 1.15 g (14.1 mmol) NaOAc were dissolved im80of DMF. A
solution of 2.65 g (6.39 mmol) RtCl, in 15 mL of DMSO was added at 80°C via a
syringe. The mixture was stirred for 8 h at 80°@eTmixture was cooled down to room

\

temperature and the crude product filtered off awvashed with water and methanol.

Recrystallization from acetonitrile/DMSO gave 2@2%4%) of44 as an orange solid.

'H-NMR (400 MHz, DMSO-R, 32°C): = 8.39-8.46 (m, 2H), 7.63-4.69 (m, 2H), 7.36-
7.40 (m, 2H), 6.89-6.91 (m, 2H), 3.53-3.55 (m, 2MY,1-2.74 (m, 2H), 1.36-1.84 (m, 6H).
A *C NMR analysis failed most probably due to soltpitiroblems.

Anal. Calcd for GoH1sCIl.N2O4Pt: C, 41.11; N,4.79;

Found: C, 41.08; N, 4.88.

(The hydrogen could not be detected correctly dyaroblems with the elemental analysis
apparatus).

6.3.21.[N,N"-Bis(4-chloro-2-iminomethyl-naphthalene-1-ol)1,2-
cyclohexanediaminato-N,N",0,07] platinum(ll) (45)

_ _ 7N\P<Nf
OH HO ci _NaOAc, DMF ¢ O o o O cl
K,PtCl, DMSO
=il MR e

0.6 g (1.22 mmolB5 and 0.220 g (2.69 mmol) NaOAc were dissolved imR0ofDMF. A
solution of 0.507 g (1.22 mmol)RtCl, in 10 mL of DMSO was added at 80°C via a

syringe. The mixture was stirred for 8 h at 80°@eTmixture was cooled down to room
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temperature and the crude product filtered off awvashed with water and methanol.
Recrystallization from acetonitrile/DMSO gave 0.41(49%) of45 as a orange solid.

'H-NMR (400 MHz, DMSO-DR, 80°C): = 8.76 (d, 2HJ = 8.1 Hz), 8.40 (t, 2H,ud; =
Hz), 7.99 (d, 2H)J = 8.2 Hz), 7.94 (s, 2H), 7.80 (ddd, 2H7 1.2 Hz,J = 6.9 Hz,J = 8.2
Hz), 7.74 (s, 2H), 7.63 (ddd, 2H,= 1.2 Hz,J = 7.1 Hz,J = 8.2 Hz), 3.63 (d, 2H] = 9.7
Hz), 1.85 (d, 2HJ = 8.7 Hz), 1.58 (m, 2H), 1.41 (t, 2Bi= 9.7 Hz), 1.25 (s, 2H) ppm.

Due to the low solubility £C NMR failed

LR-MS (El, m/z): 490 [M]

Anal. Calcd for GgH2,CI,N,OPt:  C, 49.13; N, 4.09;

Found: C, 48.91; N, 4.30.

(The hydrogen could not be detected correctly dyaroblems with the elemental analysis

apparatus).

6.3.22. Bis(5-chlorosalicylidene)-1,2-cyclohexanediamine §4

—0
—N N—=
dOH * Q Toluene
H2N NH2 reflux, 8h OH HO

To a solution of2-hydroxybenzaldehyde (8.98 g, 73.5 mmol) in 250 aofltoluene 1,2-
cyclohexyldiamine (4.0 g, 35.0 mmol) was slowly addThe mixture was stirred under
reflux with a Dean Stark apparatus for 8 h. Thailtewy yellow precipitate was filtered
and recrystallized from acetonitrile yielding 8977 %) of a yellow powder.

'H-NMR (400 MHz, GD,Cls, 32°C): = 13.29-13.47 (m, 2H, OH), 8.20-8.28 (m, 2H),
6.73-7.51 (m, 8H), 3.20-3.51 (m, 2H), 1.18-1.91 &iH) ppm.

13C-NMR (100 MHz, GD,Cl,, 32°C): 5= 164.8, 161.0, 132.5, 131.8, 119.0, 117.2, 117.0,
72.7, 33.4, 24.5 ppm.

LC-MS: RT 4.5 min; (ESI, m/z) 323.17 [MH(100%), 324.17 (20%), 325.18 (2%)

Anal. Calcd for GoH22N20x: C, 74.51; H, 6.88; N, 8.69;

Found: C, 74.40; H, 6.34; N, 8.82.
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6.3.23. N,N"-Bis(salicylidene)-1,2-phenylenediamine (49)

CCH Q Toluene =
0 +
~
H2N NH2 reflux 8h OH HO

To a solution of2-hydroxybenzaldehyde (37.97 g, 0.311 mol) in 150 of toluene a
solution of 1,2-phenylenediamine (16.0 g, 0.148)mol150 mL of toluene was slowly
added. The mixture was stirred under reflux witbean Stark apparatus for 24 h. The
resulting precipitate was filtered and recrystaltizirom ligroin. Yield: 45.03 g (79%)
of 49.

'H-NMR (400 MHz, DMSO-B, 32°C): 6= 12.89 (s, 2H), 8.90 (s, 2H), 7.46 (dd, 2H5

1.5 Hz,J = 8.0 Hz), 7.38-7.44 (m, 6H), 6.93-6.96 (M, 4H)pp

3C-NMR (100 MHz, DMSO-R, 32°C): & = 163.9, 160.3, 142.2, 133.3, 132.4, 127.7,
119.7, 119.4, 119.0, 116.6 ppm.

LR-MS (El, 70eV): m/z = 316 [N] (100), 317 (21), 315 (18).

6.3.24.N,N"-Bis(salicylidene)-2,3-naphthalenediamine (50)

=0 O Toluene
+ p—
OH O reflux, 8h
H,N  NH, OH HO

To a solution of2,3-diamine-naphthalene (2.0 g, 12.6 mmol) in 130 of toluene 5-
chloro-2-hydroxybenzaldehyde (3.86 g, 31.6 mmol} wbwly added. The mixture was
stirred under reflux with a Dean Stark apparatus2#$ h. The resulting precipitate was

filtered and recrystallized from ligroin. Yield 3g5(78 %) of a red solid.
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'H-NMR (400 MHz, DMSO-R, 32 °C):d= 12.86 (s, 2H), 9.02 (s, 2H), 7.93 (dd, 2

3.3 Hz,J = 6.2 Hz), 7.88 (s, 2H), 7.70 (dd, 281z 1.6 Hz,J = 8.0 Hz), 7.49 (dd, 2H] =

3.3 Hz,J=6.2 Hz), 7.41 (m, 2H), 6.97 (m, 4H) ppm.

13C-NMR (100 MHz, DMSO-R, 32 °C): J = 164.0, 160.4, 142.3, 133.4, 132.3, 132.2,
127.6,126.2, 119.5, 119.1, 116.6, 116.5 ppm.

LR-MS (EI, 70eV): m/z = 366 [V (100), 367 (28), 368 (4).

6.3.25.[N,N"-Bis(salicylidene)-1,2-cyclohexanediaminato-
N,N",0,07] platinum(ll) (51)

— — NaOAc DMF fN\ /Nf
2PtCI4 DMSO Pt
OH HO 80°C. 8h o o

2.0 g (6.2 mmol¥9 and 1.1 g (13.7 mmol) NaOAc were dissolved in 30ahDMF. A
solution of 2.58 g (6.2 mmol) #RtCl, in 20 mL of DMSO was added at 80°C via a
syringe. The mixture was stirred for 8 h at 80°@eTmixture was cooled down to room
temperature and the crude product filtered off avashed with water and methanol.
Recrystallization from acetonitrile/DMSO gave 1p88%) of51 as orange solid.

'H NMR (400 MHz, DMSO-R, 25 °C):6 = 8.42 (bs, 2H), 7.48-7.55 (m, 2H), 7.33-7.44
(m, 2H), 6.80-6.94 (m, 2H), 6.52-6.63 (m, 2H), 3806 (m, 2H), 2.14-2.33 (m, 2H),
1.72-1.93 (m, 2H), 1.36-1.54 (m, 4H) ppm.

3C NMR (100 MHz, DMSO-R, 25 °C):§ = 162.3, 154.4, 134.1, 133.5, 122.4, 120.8,
115.3, 70.2, 24.0, 20.8 ppm.

LC-MS: RT 2.3 min; (ESI, m/z) 516.13 (100%), 517.13 (§3%15.13 [M] (82%),
519.13 (19%), 518.13 (16%).

Anal. Calcd for GoH20N202Pt: C, 46.60; N, 5.43;

Found: C, 46.75; N, 5.56.

(The hydrogen could not be detected correctly dyaroblems with the elemental analysis

apparatus).
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6.3.26.[N,N"-Bis(salicylidene)-1,2-phenylenediaminato-N,NO,O"]
platinum(ll) (52)

— — ~NaOAc, DMF =N_ N=
KZPtCI4 DMSO P

0.5 g (1.14 mmol®9 and 0.206 g (2.52 mmol) NaOAc were dissolved imB0of DMF.

A solution of 0.475 g (1.14 mmol)RtCl, in 5 mL of DMSO was added at 80°C via a
syringe. The mixture was stirred for 8 h at 80°@eTmixture was cooled down to room
temperature and the crude product filtered off avashed with water and methanol.
Recrystallization from acetonitrile gave 0.39 g¥54of 52 as a dark red solid.

'H-NMR (400 MHz, DMSO-R, 80°C): = 9.41 (t, 2H,J = 34.5 Hz)), 8.39 (td, 2 Hl =
3.5 Hz,J = 6.9 Hz), 7.83 (d, 2H] = 8.0 Hz), 7.54 (t, 2H]) = 7.8 Hz), 7.41 (td, 2 H = 3.4
Hz,J=6.8 Hz), 7.10 (d, 2H] = 8.7 Hz), 6.75 (t, 2H] = 7.4 Hz) ppm.

13C-NMR (100 MHz, DMSO-R, 80°C): J = 150.7, 144.3, 135.1, 134.9, 127.4, 121.6,
121.6, 120.8, 116.2, 115.7 ppm.

LC-MS: RT 3.6 min; (ESI, m/z) 510.08 [MH(100%), 509.8 [M] (81%), 511.08 (81%),
512.08 (16%), 513.08 (19%).

Anal. Calcd for GoH14N,O,Pt: C, 47.15; N, 5.50;

Found: C, 46.93; N, 5.60.

(The hydrogen could not be detected correctly dyardblems with the elemental analysis

apparatus).

6.3.27.[N,N"-Bis(salicylidene)-2,3-naphthalenediaminato-
N,N",0,07] platinum(ll) (53)

-N N= NaOAc, DMF =N_ N=
K,PtCl, DMSO P
CronedD) mmm (4"
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0.8 g (2.2 mmolp0 and 0.394 g (4.8 mmol) NaOAc were dissolved im80of DMF. A
solution of 0.906 g (2.2 mmol) RtCl, in 10 mL of DMSO was added at 80°C via a
syringe. The mixture was stirred for 8 h at 80°@eTmixture was cooled down to room
temperature and the crude product filtered off awvashed with water and methanol.
Recrystallization from acetonitrile/DMSO gave 0856%) of53 as a dark red solid.

'H NMR (400 MHz, DMSO-DR, 80°C):5 = 9.64 (s, 2H), 8.91 (s, 2H), 7.97 (dd, 2H, J =
3.3 Hz, J = 6.2 Hz), 7.84 (d, 2H, J = 8.0 Hz), 7580 (m, 4H), 7.07 (d, 2H, J = 8.6 Hz),
6.77 (t, 2H, J = 7.3 Hz)ppm.

3C NMR (100 MHz, DMSO-R, 80°C): § =164.3, 150.5, 143.2, 134.9, 134.8, 131.4,
127.6, 126.9, 121.9, 120.9, 115.9, 113.8 ppm.

LC-MS: RT 7.0 min; (ESI, m/z) 560.10 [MH(100%), 559.10 [M] (75%), 561.10 (76%),
562.10 (20%), 563.10 (20%)

Anal. Calcd for G4H16N202Pt: C, 51.52; N, 5.01;

Found: C,51.44; N, 5.13.

(The hydrogen could not be detected correctly dyardblems with the elemental analysis
apparatus).

6.3.28.[N,N"-Bis(salicylidene)-1,2-ethylenediaminato-N,NQ,O"]
platinum(ll) (54)

6.3.28.1N,N"-Bis(salicylidene)-1,2-ethylenediamine

+
= HoN OH HO

To a solution of2-hydroxybenzaldehyde (12.8 g, 0.105 mol) in 200 wilLtoluene
ethylenediamine (3.0 g, 0.050 mol) was slowly addElde mixture was stirred under
reflux with a Dean Stark apparatus for 24 h. Thaultehng precipitate was filtered and

recrystallized from ligroin/DMSO. Yield 8.85 g (66) of the salen intermediate.

'H-NMR (400 MHz, GD,Cls, 32 °C):6= 13.24 (s, 2H, OH), 8.28 (s, 2H), 7.24 (1, 2H
7.8 Hz), 7.19 (d, 2H] = 7.6 Hz), 6.88 (d, 2H] = 8.3 Hz), 3.82 (s, 4H) ppm.
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3C-NMR (100 MHz, DMSO-R, 32 °C): § = 166.7, 161.1, 132.7, 131.8, 119.1, 118.9,
117.2, 59.9 ppm.
LC-MS: RT 1.8 min; (ESI, m/z) 269.13 [MH(100%), 270.14 (17%), 271.14 (2%)

6.3.28.2[N,N"-Bis(salicylidene)-1,2-ethylenediaminato-N,&;07]
platinum(ll) G4)

—N  N= KOH, H,0 fN\Pt/Nf
OH HO KoPtCly o o

An aqueous solution of KOH (20 mL, 1M), the Schotise ligand (200 mg, 0.75 mmol)
and KPtCl, (310 mg, 0.75 mmol) were stirred for 8 hours &tCl0The orange precipitate

was filtered and extensively washed with agueouHK@M), water and finally with
methanol. The solid was recrystallized from acetdeiand filtered to give an orange
powder. Yield: 0.249 g (72 %) &6#.

'H-NMR (400 MHz, DMSO-R, 80 °C):d= 7.81 (s, 2H3J4.p = 65.4 Hz), 7.41 (t, 2H] =

7.6 Hz), 7.11 (d, 2H) = 7.8 Hz), 7.05 (d, 2H] = 8.5 Hz), 6.53 (t, 2H] = 7.2 Hz), 3.68 (s,
4H) ppm.

3C-NMR (100 MHz, DMSO-R, 80 °C): d = 161.0, 155.1, 132.5, 131.3, 122.7, 122.4,
118.3, 60.7.
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6.3.29.4",4”"-Didecyl-2,5-dibromoterephthalophenone (57)
According to Scherf and Mulléf”

CioH21
Br Br SOCh o)
>:< HNO; HO >:< 0 AICl5
Br O Br
(0] OH
Br Br @Cm“n o]
55 56 Q

6.3.29.1A) 2,5-Dibromoterephthalic aci®b6)

2,5-Dibromo-1,4-dimethylbenzene (100 g, 0.38 mo#jsvstirred in 300 mL of HNO(~
40%) and refluxed for 5 days. The reaction was ewolo room temperature and
neutralized with agueous KOH solution. KMp@50 g, 0.95 mmol) was added and the
mixture refluxed for further 24 h. Then anothertmor of KMnO, (50 g, 0.32 mmol) was
added and the mixture refluxed for additional 24 the reaction mixture was cooled down
to room temperature and acidified with sulphuriedagpH = 1). After adding aqueous
NaSO; solution to dissolve the MnOthe colourless precipitate could be separated,
washed and dried. Yield: (74 %}’

'H NMR (400 MHz, ¢-DMSO, 80 °C)3 = 15.3-12.7 (bs, 2H), 7.98 (s, 2H) ppm.
13C NMR (50 MHz, ¢-DMSO, 80 °C):5 = 165.8, 137.3, 135.2, 119.0 ppm.
LR-MS (EI, m/z): 307 (43.4), 322 (50.8), 324 [M100.0), 326 (47.5).

6.3.29.2B) 4°,4"-Didecyl-2,5-dibromoterephthalophenobé)(

2,5-Dibromoterephthalic acid (20 g, 0.046 mol) wa8uxed in thionyl chloride (30 g,
0.25 mol) for 8 h. The excess of thionyl chlorideswdistilled off and the residue
recrystallized from heptane, filtered and driedeTdichloride was used for the next step
without any further purification. To a solution @ 5-dibromoterephthaloyl dichloride
(3.6g, 10 mmol) in dichlormethane (100 mL) alummiuchloride (3.4 g, 26 mmol) was
added at 0°C. After 15 min a solution af- decylbenzene (9 g, 41 mmol) in
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dichloromethane (25 mL) was added and stirred 40n 2t room temperature. The reaction
mixture was quenched with aqueous HCI and extractieddichlormethane. The organic
phase was washed with water, brine, dried oveiS8a and the solvent evaporated till

dryness. The crude product was recrystallized faoetone. Yield: 75 %.

'H NMR (400 MHz, GDCls, 25 °C):d = 7.67 (d, 2H,) = 8.2Hz), 7.52 (s, 2H), 7.25 (d,
2H, J = 8.2Hz), 2.62 (t, 4H) = 8.86), 1.56 (m, 32H), 0.80 (t, 6Bi= 6.8Hz) ppm.

13C NMR (100 MHz, GD,Cls, 25 °C):5 = 193.62 (C=0), 151.01, 143.53, 133.27, 133.06,
130.74, 129.32, 118.75, 36.47, 32.19, 32.15, 3128490, 29.84, 29.74, 29.61, 23.01,
14.52 ppm

LR-MS (El, m/z): 245 (100.0), 507 (21.5), 724 IM53.2), 725 (20.5).

6.3.30. 1,4-Bis[2"-(97,9 -dimethyl)fluorenyl]tetrafluorobenzene (58)

S g

1.0 g (3.25 mmol) of 1,4-dibromo-tetrafluorobenzed83 g (10.4 mmol) of the boronic
ester61, 13.8 g (0.130 mol) sodium carbonate and 0.404 30(inmol) aliquat 336 were
dissolved in a mixture of toluene (90 mL) and wd&% mL) under argon. The Pd(Rh
catalyst (188 mg, 0.162 mmol) was added to the urextThis solution was stirred for 48
hours at 100°C. The mixture was extracted with ldidmethane and washed with
aqueous 2N HCI, NaHC#>olution and brine. The organic phase was driezt digSO,
and the solvent removed under reduced pressurewhlte solid was recrystallized from
heptane/dichlormethane to give 1.36 g (78%H&é&s white crystals.
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'H NMR (400 MHz, CDC}, 25 °C):8 = 7.83-7.91 (m, 2H), 7.75-7.83 (m, 2H), 7.57-7.63
(m, 2H), 7.44-7.56 (m, 4H), 7.32-7.42 (m, 4H), 1(5612H) ppm.

3C NMR (100 MHz, CDC}, 25 °C):5 = 168.6, 154.0, 153.9, 140.3, 138.5, 129.2, 127.9,
127.3, 127.2,126.2, 124.6, 122.7, 120.4, 120.1,,277.1 (2C) ppm.

FD-MS: 534.1 [M]

Anal. Calcd for GeHoeFs:  C, 80.88; H, 4.90;

Found: C, 80.43; H, 4.93.

6.3.31.1,4-Bis[2"-(97,9 -dimethyDfluorenyl]-2,5-
bis(trifluoromethyl)benzene (59)

CF3
o, /|
Br Br + B O
o
FsC

— Oy 0

1.0 g (2.69 mmol) 060, 2.76 g (8.60 mmol) of the boronic esédr, 11.4 g (0.108 mol)
sodium carbonate and 0.44 g (1.08 mmol) aliquat 886e dissolved in a mixture of
toluene (90 mL) and water (54 mL) under argon. P¢PPh), catalyst (155 mg, 0.134
mmol) was added to the mixture. This solution wisesl for 48 hours at 100°C. The
mixture was extracted with dichloromethane and wdshkith aqueous 2N HCI, NaHGO
solution and brine. The organic phase was dried dl&S0O, and the solvent removed
under reduced pressure. The white solid was readhystd from heptane/dichlormethane to
give 1.32 g (82%) 059 as white crystals.

'H NMR (400 MHz, CDC}, 25 °C):$ = 7.78-7.86 (m, 6H) 7.46-7.51 (m, 4H) 7.35-7.41
(m, 6H), 1.56 (s, 12H) ppm.

13C NMR (100 MHz, CDC}, 25 °C):6 = 153.9, 153.5, 141.1, 139.4, 138.6, 137.1, 131.2
(9, ek = 29.6 Hz), 130.2, 130.2, 127.8, 127.7, 127.1,.3,2822.7, 120.3, 119.6, 47.0,
27.1 (2C) ppm.

FD-MS: 597.9 [M]

Anal. Calcd for GgHooFs:  C, 76.24; H, 4.71;

Found: C, 76.76; H, 4.55.
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6.3.32.1,4-Dibromo-2,5-bis(trifluoromethyl)benzene (60)

According to Dolbieet al!*8°!

CR; CR;

NBS/CR,CO,H
Br Br
H,SO,

FsC FsC

20.0 g (0.093 mol) 1,4-bis(trifluoromethyl)benzeneere dissolved in 150 ml of
trifluoroacetic acid (TFA) / 5O, (viv H,SOJTFA ~0.3). 49.9 g (0.28 mol) NBS were
added in portions during a period of 2 h. The nrxtwas heated for 48 h at 60°C.
Afterwards the mixture was poured into ice-wateheTproduct was extracted with
dichlormethane, washed with brine and dried overS®p The organic layer was
concentrated to ca. 30 mL and the white produ¢eréd off. Recrystallization from
dichlormethane gave 15.6 g (45 %) of white crysta?s

'H NMR (400 MHz, CDC}, 25 °C):5 = 8.01 (s, 2H) ppm.

¥C NMR (100 MHz, CDC}, 25 °C):8 = 134.5 (q2Jcr = 32.1 Hz) 134.1-134.4 (m), 121.4
(9, Yecp= 274.4 Hz), 119.1 ppm.

F NMR (376 MHz, CDC}, 25 °C):8 = -64.06 (s, 6F) ppm.

Anal. Calcd for GH.BroFs: C, 25.84; H, 0.54;

Found: C, 25.63; H, 0.97.

6.3.33.9,9-Dimethyl-2-(4,4",5,5 -tetramethyl-1,3,2-
dioxaborolato)fluorene (61)

6.3.33.1A) 2-Bromo-9,9-dimethylfluorene

RO~ == (e

The synthesis was done following procedure A. Téraperature was lowered to 45°C

before iodomethane was added.
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'H NMR (400 MHz, CDCY): & = 7.3 — 7.7 (m, 6 H, Ar-H), 1.49 (s, 6 H, Hbpm.

13C NMR (100 MHz, CDCY): &= 155.7, 153.3, 138.2, 138.2, 130.1, 127.7, 12128, 1,
122.6, 121.4, 121.0, 120.0, 47.1, 27.0 ppm.

LR-MS (EIl, m/z): 178 (100.0), 272 [f1(93), 274 (93), 273 (45), 274 (43).

6.3.33.2B) 9,9-Dimethyl-2-(4,4",5,5 -tetramethyl-1,3,2-
dioxaborolato)fluorenes(l)

OO — L

A flame dried 500 mL flask was charged with 2-bretn®-dimethylfluorene (15 g, 55
mmol) and sealed under argon. Dry hexane (250 md)THF (50 mL) were added and
the mixture cooled to -78°Q@-BulLi (55 mmol) was added, the mixture stirred @ min
and allowed to warm up to 0°C. The solution wasletoagain to - 78°C, and 2-
isopropoxy-4,4",5,5 -tetramethyl-1,3,2-dioxabor@arf7l mmol) added at once. The
reaction was stirred at room temperature for 1P2He mixture was poured into water and
extracted with chloroform. The organic layer wasskaed with water and brine and dried
over NaSQ,. The solution was evaporated to dryness and tidue purified by column
chromatography using hexane/ethyl acetate (95:5)elasent. After the solvent was
removed, the remaining solid was recrystallizednfrioexane to afford 12.5 g 6flL as a
white solid in 71 % vyield.

'H NMR (400 MHz, CDC}4, 25 °C):8 = 7.73-7.90 (m, 4H), 7.32-7.47 (m, 3H), 1.52 (s,
6H, CHs), 1.39 (s, 12H, CE) ppm.

13C NMR (100 MHz, CDC}4, 25 °C):8 = 154.3, 152.8, 142.2, 139.0, 133.9, 127.8, 127.7,
126.9, 122.6, 120.4, 119.3, 83.7, 46.8, 27.1, ppr8.

LR-MS (El, m/z): 319.9 [M] (100.0), 304.6 (90.0).
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6.4. Polymer Synthesis

6.4.1.Polyfluorenes containing alkylidene building blockqP1-P7)

Bipy, COD

H
i
B B + B
r O'O r r Q'O * Ticoo),

THF, 80°C

18 5b

The polymers were prepared following procedure B:

Polymer 5¢ 18 Mn Mw/Mn Yield [mg]
P1(1.1%) 0.5g (0.91 mmol) 4.6 mg (1.0-1@nol) 63,700 2.0 263 (74%)
P2 (2.1%)  0.5g (0.91 mmol) 8.3 mg (1.9-1@nol) 59,800 1.9 135 (38%)
P3(4.8%) 0.5g(0.91 mmol)  20.1 mg (4.6-1enol) 58,200 1.9 245 (69%)
P4 (0.5%) 0.504 g (0.92mmol) 2.0 mg (4.6:9Mol) 44,000 2.3 185 (52%)
P5) (1.0%) 0.504 g (0.92 mmol) 4.0 mg (9.2:9Mol) 28,700 2.1 156 (44%)
P6Y (2.0%) 0.502 g (0.92 mmol) 8.1 mg (1.9:1Mol) 58,700 3.8 224 (63%)
P7 (4.7%) 0.5 g (0.91 mmol) 19.7 mg (4.5-1énol) 91,300 3.1 278 (78%)

a) prepared frorbb

No significant differences were observed in thd and *C NMR spectra. The
concentration of the alkylidene units is too low f@ detection of alkylidene-related
signals. Only the significant signals of the fluoeeunits could be detected. Exemplarily,
the NMR analysis oP1is given here:

'H-NMR (400 MHz, GD,Cls, 80°C) :0=7.23 — 8.11 (m, 6H), 1.79 — 2.46 (bs, 4H), 0.36
0.93 (m, 30 H) ppm. (all signals are rather broad)

3C-NMR (100 MHz, GD,Cl,, 80°C)J = 151.6, 140.6, 140.4, 126.3, 123.4, 120.0, 55.4,
35.3, 34.6, 28.8, 27.6, 23.0, 16.5, 14.1, 10.7 ppm.

Due to the low content of alkylidenefluorene urotdy signals from fluorene units are

observed.
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6.4.2.Random Copolymers P8-P10
(Fluorene/Fluorenone/Binaphthyl)

These polymers were synthesized following proce@ure

Binaphthyl Monomer Fluorenone Monomer  Fluorene Monomer

Polymer
22 19 5b
P8 0.201 g (0.301 mmol) 0.5 mg (1.48"1Mol) 1.10 g (2.01 mmol)
P9 0.297 g (0.445 mmol) 1.0 mg (2.96%%6ol) 1.38 g (2.52 mmol)

P10 0.299 g (0.447 mmol) 5.0 mg (14.89°1Mol) 1.38 g (2.52 mmol)

GPC: P8 M,=164,000 g/mol D = 2.9 M,=172,000 g/mol D = 2.1P10 M,=169,000
g/mol D = 2.6;

P8:

'"H-NMR (400 MHz, GDCls, 80°C),: 5= 7.26 — 8.10 (m), 3.93 (bs, O-@H2.06 (bs),
1.42 (bs), 0.68-1.26 (m) ppm. (all signals arbeabroad)

3c-NMR (100 MHz, GD,Cl,4, 80°C)0= 195.2, 169.7, 163.9, 157.0, 156.4, 137.2, 136.6,
134.0, 133.2, 133.1, 131.3, 120.3, 120.3, 119.8,51117.4, 111.0, 67.8, 54.9, 40.5, 29.2,
29.2, 22.6, 14.0 ppm.

No clear assignment of the signals is possible.flineéene signals are dominant due to the
low content of the other monomeric units.
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P9:

H-NMR (400 MHz, GD.Cls, 80°C),: d= 7.15 — 8.13 (m), 3.93 (bs, O-@H2.07 (bs),
1.42 (bs), 0.62-1.27 (m) ppm. (all signals arbeabroad)

3C-NMR (100 MHz, GD.Cl,, 80°C)J= 152.2, 140.7, 140.4, 140.3, 126.4, 121.9, 120.2,
120.0, 55.6, 40.4, 31.9, 30.2, 29.9, 29.7, 29.39,234.3, 22.7, 14.2 ppm. No clear
assignment of the signals is possible. The fluorgigeals are dominant due to the low
content of the other monomeric units.

P10:

H-NMR (400 MHz, GD.Cls, 80°C),: d= 7.24 — 8.09 (m), 3.90 (bs, O-@H2.06 (bs),
1.41 (bs), 0.68-1.26 (m) ppm. (all signals areeabroad)

3C-NMR (100 MHz, GD.Cl,, 80°C)Jd= 170.9, 152.2, 140.8, 140.2, 126.6, 126.3, 125.8,
121.9, 120.2, 55.6, 40.4, 31.9, 30.2, 29.8, 29%39,224.3, 22.7, 14.2 ppm. No clear
assignment of the signals is possible. The fluorgigeals are dominant due to the low

content of the other monomeric units.

6.4.3.Random Fluorenone-PF2/6 Copolymer (P11)

CFOHCOF

This polymer was synthesized following procedure flBm 2,7-dibromo[9,9-bis(2-
ethylhexyl)fluorene] %a) (1.06 g, 1.93 mmol) and 2,7-dibromofluorenone 06® ¢
(0.0195 mmol) as monomers; Yield: 0.316 g of ahgligyellow solid.

GPC: My=177,000 PD = 2.6.

H-NMR (400 MHz, GD,Cls, 25°C): 6= 7.20 — 8.06 (m, 6H), 1.72-2.31 (m, 2H), 0.53-
1.02 (m, 32H) ppm. (all signals are rather broad)

3C-NMR (100 MHz, CDC}, 25°C) J = 151.5, 140.6, 140.4, 126.5, 123.3, 120.1, 55.4,
45.1, 35.3, 34.6, 28.8, 27.6, 23.1, 14.2, 10.7 pNm.clear assignment of the signals is

possible. The fluorene signals are dominant dubkddow content of fluorenone units.
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6.4.4.Poly[9,9-dioctylfluorene] (PFO) (P12)

S8

n

This polymer was synthesized following procedure fBm 2,7-dibromo-(9,9-
dioctylfluorene) 6¢) (1.5 g, 2.74 mmol). Yield: 0.85 g (80%) of a vehgolid.

GPC: M,= 116,000 g/mol, PD = 2.3.

DSC: Tco1c=169°C; Ticnc=130°C

'H-NMR (400 MHz, CDC}, 25°C): = 7.59 — 7.83 (m, 6H), 1.00-1.30 (m, 28H), 0.79 (t
6H,J = 7.2 Hz) ppm. (all signals are rather broad)

3C-NMR (100 MHz, CDC}, 25°C) J = 151.9, 140.6, 140.0, 126.2, 121.4, 120.1, 55.4,
40.3, 31.9, 30.1, 29.3, 28.1, 23.9, 22.6, 14.0 ppm.

6.4.5.Random PF2/6-Pt-Salen Copolymer via a Microwave
Assisted Yamamoto-type Protocol (P13)

e Sy

To a 10 mL reaction tube containing Ni(CQLL43 mg, 0.52 mmol}42 (19 mg, 0.04
mmol), bipyridyl (89 mg, 0.57 mmol) and 2,7-dibrd@f-bis(2-ethylhexyl)fluorene]
(130 mg, 0.24 mmol)5@), 5 mL of THF and COD (0.09 mL, 0.57 mmol) weraelad via a
syringe. The tube was heated in a microwave appafat 12 minutes at 300 W/115°C.
The solution was washed 2 times with 2N aqueous N&IEDTA solution and water. The

solvent was removed and the residue was dissolwechlioroform. The polymer was
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precipitated into methanol and extracted with aoetto give a yellow powder. Yield
57 mg (40%).

GPC: M= 169,500, PD = 2.1.

H NMR (400 MHz, GD,Cls, 25°C):0=7.08 - 8.23 (m), 3.70 - 3.89 (m), 1.59 - 2.59 (m),
1.16 - 1.51 (m), 0.26 - 1.14 (m); (all signals eather broad)

3¢ NMR (100 MHz, GD,Cl,4, 25°C) 6= 151.4, 140.7, 140.4, 126.3, 123.2, 120.0, 55.4,
50.6, 35.3, 34.6, 29.9, 28.8, 27.6, 23.0, 14.17 18ll signals are rather broad, no signal
could be assigned to the platinum-complex dueeddtv concentration level).

6.4.6.Statistical PFO-Pt-Salen Copolymer via a Microwave
Assisted Yamamoto-type Protocol (P14)

precien

To a 10 mL reaction tube containing Ni(CQOL10 mg, 0.4 mmol)42 (19 mg, 0.04
mmol), bipyridyl (68 mg, 0.44 mmol) and 2,7-dibrorfa®-dioctylfluorene §b) (100 mg,
0.18 mmol), 5 mL of a mixture of toluene/DMF (4/aznd COD (0.07 mL, 0.44 mmol)
were added via a syringe. The tube was heatednit@wave apparatus for 12 minutes at
300 W/220°C. The solution was washed 2 times wiNhegueous HCI, Na-EDTA solution
and water. The solvent was removed and the residigedissolved in chloroform. The
polymer was precipitated into methanol and extdhetéh ethyl acetate to give a yellow
powder. Yield 45 mg (41%).

GPC: M,=24,300, PD = 2.7.

'H-NMR (400 MHz, GD.Cl,, 25°C) :d= 7.45 - 7.89 (bm), 3.75 - 3.88 (m) , 1.9-2.2 (m),
1.38-1,45 (m) , 1.05-1.25 (m), 0.85-0.95 (m), 00/8-(m) ppm. (all signals are rather
broad)

13C-NMR (100 MHz, GD.Cl4, 25°C)d = 151.1, 140.4, 140.1, 126.2, 121.7, 120.1, 55.4,
40.3, 31.9, 30.2, 29.4, 24.1, 22.8, 14.3 ppm (gha are rather broad, no signal could be

assigned to the platinum-complex due to the lowceatration level).
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6.4.7.Poly[9,9-bis(2-ethylhexyl)fluorene] (PF2/6) (P15)

-0

n

This polymer was synthesized following procedurefrBm 2,7-dibromo-[9,9-bis(2-
ethylhexyl)fluorenepa (3 g, 0.55 mmol). Yield: 1.8 g (84%) of a whitdido

GPC: M= 125,700, PD = 1.7.

'H-NMR (400 MHz, GD,Cls, 25°C): 0= 7.26 - 8.05 (m, 6H), 1.74 - 2.51 (m, 2H), 0.12 -
1.08 (m, 32 H); (all signals are rather broad)

¥3c-NMR (100 MHz, GD,Cl,4, 25°C) o= 151.5, 140.6, 140.4, 126.4, 123.3, 120.0, 55.4,
45.1, 35.3, 34.6, 28.8, 27.6, 23.0, 14.2, 10.7.

6.4.8.Random PF2/6-Pt-Salen Copolymer (P16)

N N

—\ ===

SO m

This polymer was synthesized following procedurefBm 2,7-dibromo-[9,9-bis(2-
ethylhexylfluorenefba (1 g, 1.82 mmol) and the co-monongs (0.024 g, 0.048 mmol).
Yield: 0.35 g of an orange solid.

GPC: My=116,300, PD = 2.1.

H-NMR (400 MHz, GD,Cls, 80°C).:d= 7.57 - 7.77 (bm), 1.85 — 2.30 (m) , 1.42 (bs),
1.23 (bs), 0.57-0.93 (m) ppm. (all signals areeabroad)

3c-NMR (100 MHz, GD,Cl,4, 25°C) o= 151.4, 140.9, 140.5, 126.3, 123.1, 112.0, 55.3,
45.0, 35.2, 34.5, 28.7, 27.5, 22.9, 14.0, 10.6 pfaih.signals are rather broad, no clear
assignment was possible)
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6.4.9.Random PF2/6-Pt-Salen Copolymers (P17 and P18)

N N

— O\ ==

T m

The polymers were synthesized following proceduifeoB:

P17 2,7-dibromo-[9,9-bis(2-ethylhexyl)fluorenh (0.5 g, 0.912 mmol) and co-monomer
43 (0.069 g, 0.101 mmol). Yield: 0.21 g of a purpbdick

P18 2,7-dibromo-[9,9-bis(2-ethylhexyl)fluoren&h (0.5 g, 0.912 mmol) and comonomer
43 (0.033 g, 0.048 mmol). Soxhlet extraction withtaoe for one 1 day yielded 0.35 g of
a purple powder.

GPC: P17 My=60,500, PD = 1.#218 M,=7,600, PD = 2.1

'H-NMR (400 MHz, GD.Cl,, 80°C).: d = 8.53-9.43 (m), 6.66-8.31 (m), 1.65-2.87 (m),
0.37-1.65 (m) ppm. (all signals are rather broad)

A °C NMR analysis failed because of the low solubiiify?17 andP18

1.0 — UV-Vis CHCI, ﬁ
— PLCHC| N

Intensity [a.u.]

. . . . .
300 400 500 600 700 800
Wavelength [nm]

UV-Vis and absorption spectra BL7 (A,=505 nm)
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6.4.10. Random fluorene/benzophenone copolymers P19-P24

4,4"-Dibromo-benzophenone (x %) was mixed withd (.82 mmol) [(100-x)%pa and
polymerized following procedure B.

4,4’ -Dibromobenzophenone ]
Polymer M, [g/mol] My, [g/mol] PD Yield
Monomer [%]

P19 5 168,00 322,000 1,9 0.56 g (75%)
P20 6.5 145,000 272,000 1,9 0.51 g (68%)
P21 10 147,000 307,000 2,1 0.50 g (64%)
P22 20 111,000 242,000 2,2 0.72 g (81%)
P23 33 187,000 291,000 1,6 0.59 g (56%)
P24 50 69,000 142,000 2,1 0.51 g (36%)

Exemplarily, the NMR spectra ¢f21 arepresented here. However, a clear assignment of
the signals was not possible. In the case of'fieNMR spectrum the signals of the
fluorene units are dominant and signals of the bphenone building blocks could not be
detected.

'H-NMR (400 MHz, GD,Cls, 80°C), :5= 6.98-8.14 (bm), 1.70 — 2.55 (m) , 0.40-1.08 (m)
ppm. (all signals are rather broad)

13C-NMR (100 MHz, GD,Cls, 25°C)J = 151.5, 140.7, 140.2, 126.4, 123.4, 120.0, 55.4,
35.3, 34.6, 28.8, 27.6, 23.0, 14.1, 10.7 ppm (mhas are rather broad, no signals
originating from the benzophenone units could b&eaed most probably due to the

relative low concentration).
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6.4.11. Synthesis of Random Copolymer P25

This copolymer was synthesized following proced&efrom 2,7-dibromo-[9,9-bis(2-
ethylhexyl)fluorene] 5a (1.00g, 1.82 mmol) and 4,4 -Didecyl-2,5-dibromo
terephthalophenone (57) (0.147 g, 0.203 mmol). d¥iel530 g (after Soxhlet extraction
with ethyl acetate) of a slightly yellow solid.

'H-NMR (400 MHz, GD.Cl,, 80°C).: J = 8.33-6.46 (bm), 2.67-0.40 (bm) ppm. (all
signals are rather broad, no assignment of sigeglsssible due to overlapping signals).
GPC: M,=180,000 PD = 1.7.
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6.4.12. Statistical PFO-Pt-Salen Copolymer P26

This polymer was synthesized following procedurefrBm 2,7-dibromo-[9,9-bis(2-
ethylhexyl)fluorene] %a) (2.0 g, 3.65 mmol) and the comonome83 (0.055 g, 0.083
mmol), and 4,4 -dibromobenzophenone (0.140 g, thdfol). Yield: 0.75 g of an orange
solid.

'H-NMR (400 MHz, GD,Cl,, 80°C) :J= 8.30-7.03 (bm, 6H), 2.50-1.64 (bm, 4H) , 1.55-
1.28 (m, 2H), 1.14-0.14 (bm, 28H) ppm. (all sigreais rather broad, no signals originating
from the benzophenone units or the platinum phospbald be detected most probably
due to the relative low concentration).

13C-NMR (100 MHz, GD,Cl,, 25°C)d = 151.5, 140.7-140.5 (overlapping signals), 130.9,
127.0,-126.4 (overlapping signals), 123.4-123.1e(apping signals), 120.0 (bs), 55.4,
35.3, 34.6, 34.5, 28.8, 27.6, 23.0, 14.1, 10.7 pglirsignals are rather broad, the fluorene
signals are dominant due to the low concentratidcheother monomeric units).

GPC: M,=84,700 g/mol, PD = 1.7.
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