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Abstract

Abstract

Homo-oligofluorenes (OFn), polyfluorenes (PF2/6) and oligofluorenes with one
fluorenenone group in the center (OFNK) were synthesized. They were used as model
compounds to understand of the structure-property relationships of polyfluorenes and the
origin of the green emission in the photoluminescence (after photooxidation of the PFs) and
the electroluminescence (EL) spectra. The electronic, electrochemical properties, thermal
behavior, supramolecular self-assembly, and photophysical properties of OFn, PF2/6 and
OFnK were investigated.

Oligofluorenes with 2-ethylhexyl side chain (OF2-OF7) from the dimer up to the
heptamer were prepared by a series of stepwise transition metal mediated Suzuki and
Yamamoto coupling reactions. Polyfluorene was synthesized by Yamamoto coupling of
2,7-dibromo-9,9-bis(2-ethylhexyl)fluorene. Oligofluorenes with one fluorenone group in
the center (OF3K, OF5K, OF7K) were prepared by Suzuki coupling between the
monoboronic fluorenyl monomer, dimer, trimer and 2, 7-dibromofluorenone.

The electrochemical and electronic properties of homo-oligofluorenes (OFn) were
systematically studied by several combined techniques such as cyclic voltammetry,
differential pulse voltammetry, UV-vis absorption spectroscopy, steady and time-resolved
fluorescence spectroscopy. It was found that the oligofluorenes behave like classical
conjugated oligomers, i.e., with the increase of the chain-length, the corresponding
oxidation potential, the absorption and emission maximum, ionization potential, electron
affinity, band gap and the photoluminescence lifetime displayed a very good linear relation
with the reciprocal number of the fluorene units (1/n). The extrapolation of these linear
relations to infinite chain length predicted the electrochemical and electronic properties of
the corresponding polyfluorenes.

The thermal behavior, single-crystal structure and supramolecular packing, alignment
properties, and molecular dynamics of the homo-oligofluorenes (OFn) up to the polymer
were studied using techniques such as TGA, DSC, WAXS, POM and DS. The OFn from
tetramer to heptamer show a smectic liquid crystalline phase with clearly defined
isotropization temperature. The oligomers do show a glass transition which exhibits n™
dependence and allows extrapolation to a hypothetical glass transition of the polymer at
around 64 °C. A smectic packing and helix-like conformation for the oligofluorenes from

tetramer to heptamer was supported by WAXS experiments, simulation, and single-crystal
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structure of some oligofluorene derivatives. Oligofluorenes were aligned more easily than
the corresponding polymer, and the alignability increased with the molecular length from
tetramer to heptamer. The molecular dynamics in a series of oligofluorenes up to the
polymer was studied using dielectric spectroscopy.

The photophysical properties of OFn and PF2/6 were investigated by the steady-state
spectra (UV-vis absorption and fluorescence spectra) and time-resolved fluorescence
spectra both in solution and thin film. The time-resolved fluorescence spectra of the
oligofluorenes were measured by streak camera and gate detection technique. The lifetime
of the oligofluorenes decreased with the extension of the chain-length. No green emission
was observed in CW, prompt and delayed fluorescence for oligofluorenes in m-THF and
film at RT and 77K. Phosphorescence was observed for oligofluorenes in frozen dilute m-
THF solution at 77K and its lifetime increased with length of oligofluorenes. A linear
relation was obtained for triplet energy and singlet energy as a function of the reciprocal
degree of polymerization, and the singlet-triplet energy gap (S;-T1) was found to decrease
with the increase of degree of polymerization.

Oligofluorenes with one fluorenone unit at the center were used as model compounds to
understand the origin of the low-energy (“green) emission band in the photoluminescence
and electroluminescence spectra of polyfluorenes. Their electrochemical properties were
investigated by CV, and the ionization potential (I,) and electron affinity (E.) were
calculated from the onset of oxidation and reduction of OFnK. The photophysical
properties of OFnK were studied in dilute solution and thin film by steady-state spectra and
time-resolved fluorescence spectra. A strong green emission accompanied with a weak blue
emission were obtained in solution and only green emission was observed on film. The
strong green emission of OFnK suggested that rapid energy transfer takes place from
higher energy sites (fluorene segments) to lower energy sites (fluorenone unit) prior to the
radiative decay of the excited species. The fluorescence spectra of OFnK also showed
solvatochromism. Monoexponential decay behaviour was observed by time-resolved
fluorescence measurements. In addition, the site-selective excitation and concentration
dependence of the fluorescence spectra were investigated. The ratio of green and blue
emission band intensities increases with the increase of the concentration. The observed
strong concentration dependence of the green emission band in solution suggests that
increased interchain interactions among the fluorenone-containing oligofluorene chain

enhanced the emission from the fluorenone defects at higher concentration. On the other
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hand, the mono-exponential decay behaviour and power dependence were not influenced
significantly by the concentration. We have ruled out the possibility that the green emission
band originates from aggregates or excimer formation.

Energy transfer was further investigated using a model system of a polyfluorene doped
by OFnK. Forster-type energy transfer took place from PF2/6 to OFnK, and the energy
transfer efficiency increased with increasing of the concentration of OFnK. Efficient
funneling of excitation energy from the high-energy fluorene segments to the low-energy
fluorenone defects results from energy migration by hopping of excitations along a single
polymer chain until they are trapped on the fluorenone defects on that chain or transferred
onto neighbouring chains by Forster-type interchain energy transfer process. These results
imply that the red-shifted emission in polyfluorenes can originate from (usually
undesirable) keto groups at the bridging carbon atoms-especially if the samples have been
subject to photo- or electro-oxidation or if fluorenone units are present due to an improper

purification of the monomers prior to polymerization.
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Chapter 1 Introduction

1 An Introduction to Conjugated Oligomers

In this chapter, a general review on conjugated oligomers is presented. The motivation and

the framework of this thesis are outlined after the review.

1.1 Introduction-why conjugated oligomers

During the past two decades a number of n-conjugated polymers has been investigated as
advanced materials for electronic, photonic, and optoelectronic applications and that has
caused an ever increasing interest from both academic and industrial research laboratories.
'The inherent synthetic flexibility, the potential of simple processing, and the possibility of
tailoring characteristic properties to accomplish a desired function makes them promising
candidates for numerous applications in materials science. Thus, they have been used as
laser dyes,” scintillators,” light-emitting diodes,” thin film transistors®, piezoelectric and
pyroelectric materials,” photoconductors,® and are investigated for optical data storage,’
optical switching and signal processing,® as well as in nonlinear optical application.’

The direct analytical characterization and physical studies of extended m-conjugated
polymers with high molecular weight are often hampered by low solubility. Structural
defects also represent a common obstacle towards obtaining sound physical data. The
detailed characterization of precisely defined oligomeric materials is often far easier than
characterization of the polydisperse homologs. While polymers are made up of a large
number of building blocks linked in a repetitive fashion, the corresponding oligomers
constitute their lower homologs with a key feature that increasing the size of an oligomer
changes its physical properties-until a convergence limit is reached.

A major motivation of oligomer research is to establish relations between chain length
and physical properties. The properties of oligomers are chain-length dependent-until one
reaches a borderline length at which further extension will no longer affect their behaviour.
This aspect defines clearly the role of conjugated oligomers as models for the related
polymers. The heart of oligomer research lies at the extrapolation of physical properties
toward infinite chain lengths and the description of a conjugated polymer in its ‘ideal’ state.
Soluble, monodisperse oligomers as finite model systems offer the possibility to attain, by

extrapolation, specific information concerning the electronic'®, photonic,'' thermal, and
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morphological properties of their corresponding polydisperse high molecular weight
analogues.'? They also serve as useful models for interpreting structural and conformational
properties of a polymer. The “effective conjugation length (ECL)” will be obtained from
different measurement methods. Furthermore, the systematic study of oligomers allows
direct correlation of physical properties with chemical structures, and enables the
generation of useful and predictive structure-property relationship. More recently,
monodisperse oligomers have also been shown to be useful as model compounds for
elucidating the folding properties of polymers.> However, limitations to this “oligomeric
approach”'® also exist and not all physical or chemical properties of high molecular weight
polymers can be modelled with the corresponding smaller oligomers. For instance,
macromolecules differ from smaller analogues both in their solution (for example, high
viscosity, diffusion behavior) and solid-state properties (for example, amorphous or
semicrystalline structures), and such bulk effects are not likely to be reproduced by low
molecular counterparts.'*

If the limit of convergence of a particular physical property is already reached for a
rather low oligomer size, and if oligomers have a high degree of structural homogeneity,
one may regard oligomers as ‘better’ materials. Further, the measurement of phenomena
such as transport of charge carriers in photoconductivity and of excitons in
photoluminescence requires scrupulous purification of samples, since impurities may
produce false or at least misleading results. Oligomers are important, therefore, because
they can be purified more easily than polymers, whereby quite demanding techniques such
as zone melting or vacuum sublimation have been used. Some of their physical properties
even surpass those of the polymers. For example, they can be used as defect-free materials
for electronic devices such as organic light-emitting diodes (OLEDs)," solar cells,'® and
field-effect transistors(FETs)'”. For oligothiophenes, the mobility of the charge carriers and
the transistor characteristics were found to be superior to those of an analogous
poly(bithiophene) transistor.'® Future nanoelectronic or nanophotonic processes will likely
require monodisperse materials.

Another interest in monodisperse m-conjugated oligomers of defined length and
constitution arises from their potential to act as molecular wires in molecular scale

. . . 4
electronics and nanotechnological devices.”

2 A variety of spectacular molecular
architecture has resulted from the efforts aimed at the construction of such wires. With the

progress in synthetic organic methodology and the increasing availability of advanced



Chapter 1 Introduction

analytical methods for the purification and characterization of very large molecules,
monodisperse linear m-conjugated oligomers have recently reached the 10 nm length
mark,'” which is about the current resolution limit for microstructure manufacturing by
state-of-the-art lithographic techniques.” This achievement in organic synthesis has greatly
stimulated the interest in the experimental’' and theoretical® study of molecular scale

mesoscopic devices.

1.2 Conjugated Oligomers as Model Compounds

and Active Semiconductors-A General Review

The general methods of preparation described in this section are applicable to the
synthesis of either conjugated or nonconjugated systems. The major obstacle in studying
precisely defined oligomers and polymers lies in the difficulty of their isolation in pure
form. Early work often focused on fractionation methods for obtaining oligomers or small
polymers. One would start with a difunctional monomer and carry out standard
polymerisation reactions; however, the reaction times were shortened and the reaction
temperatures were lowered to maximize the formation of the lower molecular weight
species. The yield of a desired product was often low while separation methods usually
proved to be inadequate for the preparative fractionations required. Similarly, one could
start with polymeric materials and carry out a degradation process to generate oligomeric
compounds. As before, the inadequacy of the requisite fractionation processes can inhibit
the utility of this approach.'*

New approaches to the preparation of well-defined m-conjugated oligomers have
emerged in recent years.'”> The most elegant and efficient way to prepare long-chain
oligomers used an iterative divergent/convergent binomial strategy,” which is illustrated in
Scheme 1 for the synthesis of the 12.8 nm long hexadecameric oligo(p-
phenyleneethynylene) rod 1, reported by Tour and co-workers (Scheme 1).%* Three

attractive features are combined in this approach: 1) two orthogonal protecting groups
(SiMe; and Et;N;) allow the selective deprotection ( C=C—sSiMe; > C=C—H ) or
activation (Ar-Et,Ns3 _, Ar-I) in very high yield (steps a and b); 2) the Pd-catalyzed cross-
coupling reaction (step c) is selective and high yielding; and 3) the product in this chain

elongation step is generally readily separable from by-products and starting materials as a
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result of large differences in molecular weight. The same iterative strategy was used for the

preparation of oligo(a-thiopheneethynylene) derivatives up to a heptadecamer.”

-
—» Et,N; \_/ —T1-SiMe;
Jz“

1 R =3-ethylheptyl, n =4

- R -
a)

— Et2N3-©—:-H

| Jon1

- R -

o
| 1 —1-SiMe;

| Jon1

Scheme 1. Iterative binomial synthesis of the 12.8 nm long hexadecameric oligo(p-
phenyleneethynylene) 1: a) K,CO;, MeOH or n-Bu,NF, THF, b) Mel, 120°C; c)
[Pd(dba),], Cul, PPhs;, HN(iPr,)/THF, (dba = dibenzylideneacetone).

The binomial strategy for oligomer preparation is also applicable to protocols for solid-
phase synthesis. *® For this purpose, the starting monomer or oligomer is anchored
covalently to an insoluble polymer resin such as poly(chloromethylstyrene) (Merrifield’s
resin). After orthogonal deprotection/activation (Scheme 2, steps a and b) cross-coupling
occurs (step c) to yield the extended resin-bound oligomer, which can again be reactivated
for the next coupling step. In the last step, low-weight molecules are removed by filtration

and washing the resin and the completed oligomers are then cleaved from the polymer

CioHos
-\
—> N—N, =1 SiMe, ~—
n
oy 2

c)

support.

Ci2Has
— a)
N—N, —1-H
n-1
- 2
CioHos
b)
| —! SiMe, —-—
2n-l

Scheme 2. Binomial oligomer synthesis on a Merrifield’s resin: a) n-BusNF, THF; b) Mel,
120°C; ¢) [Pd(dba),], Cul, PPh;, NEt;.
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The second possible strategy is homo- or cross-coupling of a symmetrical or
asymmetrical monomer and eventual addition of an end-capping agent to the
oligomerization mixture that will irreversibly block the chain ends to prevent any further
reaction towards long-chain polymers. This one-pot approach generally lacks control of
oligo-selectivity, and such a statistical polymerisation often yields very low amounts of a
particular oligomer. Nevertheless, this reaction protocol can be useful if high yielding
cross-coupling reactions, which are required in the iterative binomial synthesis, are simply
not available or if rapid access to an entire series of monodisperse oligomers is desirable
and subsequent chromatographic separations are applicable. Such as strategy has been used
in several groups for the synthesis, for example, of monodisperse poly(triacetylene)
oligomers,”’ for the synthesis of oligo(pyrrole)s,?® or for the preparation of linear(1,3-
diethynylcyclobutadiene)cyclopentadienylcobalt oligomers.*

The practical limit of this method often lies in difficulties encountered during the
chromatographic separation such as by size-exclusion chromatography (SEC) of oligomers
with relatively low differences in molecular weight. This problem can be alleviated by
submitting already higher oligomers (“macro-oligomers”) to the endcapping
oligomerization reaction, to yield oligomers with large molecular weight differences that
are more readily separable.”

A general limitation for the construction of larger, well-defined oligomers often arises
from the insolubility of m-electron conjugation, which can prevent chromatographic
purification and isolation as well as physical characterization. Therefore, the attachment of
suitable, solubility-providing side-chains to the repeat units is an essential design criterion
in any synthesis planning. Furthermore, appropriate side chains can provide extra stability
or modulate the morphological or electronic properties of the targeted oligomers or
polymers in a desirable way. A very good example of low side chains can influence the
optical properties is provided by poly(alkylthiophene)s. Depending on the number and
nature of side chains, the colors of emission in polymer light-emitting devices (LEDs) can
be changed from blue to red.’’

So far, kinds of linear m-conjugated oligomers were reported, herein a summary is given
to provide an overview of the recent progress made in the synthesis and characterization of
linear well-defined m-conjugated oligomers by looking at some of the most predominant

recent systems.
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Linear m-conjugated hydrocarbon oligomers constitute a link between classical organic
n-systems, such as linear olefins, stilbene, biphenyl or distyrylbenzene and conjugated
polymers like polyacetylene, poly(para-phenylene) (PPP) and poly (para-
phenylenevinylene) (PPV). They are made from a limited amount of basic building blocks,
as there are olefins, acetylenes and aromatic moieties like benzene, naphthalene and
anthracene. Within the present oligomeric approach the combination of these structural
units leads to the target structures: oligoenes 1, oligoynes 2, oligoenynes 3, oligoarylenes 4,

oligoarylenevinylenes 5, oligoaryleneethynylenes 6, oligo[n]acenes 7, oligorylenes 8 (Chart

).

n n

n{z — HR
Pl w=h "=y
2

1O, Ol
o= 43 I

Chart 1. Molecular structures of oligoenes 1, oligoynes 2, oligoenynes 3, oligoarylenes 4,

oligoarylenevinylenes 5, oligoaryleneethynylenes 6, oligo[n]acenes 1, oligorylenes 8.

The simplest conjugated oligomer is an oligoene (1) chain consisting of an alternating
sequence of double and single bonds with the m-m interaction extending over the whole
molecule. Linear oligoenes may be viewed as structurally well-defined model compounds
for polyacetylene (PA), which has been widely explored over the last years for its
interesting material properties, in particular for its high electrical conductivity (up to 10’
Sem™) upon doping.* Various oligoenes with terminally functionlized donar (D), acceptor
(A), or redox-active groups have been synthesized with the aim of investigating their
intramolecular energy and electron transfer properties or exploring their use as molecular

wires. >
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The second representatives in the progression of linearly n-conjugated nonaromatic all-
carbon backbones are poly(diacetylene)s (PDA). They represent a unique class of
conjugated polymers insofar as PDAs can be obtained as perfect macroscopic single
crystals by topochemical solid-state polymerization of suitably pre-arranged and substituted
buta-1,3-diynes, ** a requirement, however, which severely limits their accessibility.
Oligoenynes have been much less investigated as model compounds for PDA than
oligoenes (as models for PA), presumably as a result of the requirement for a
topochemically controlled synthesis of the m-conjugated backbone. Other nonaromatic
hydrocarbon-consisted linear m-conjugated oligomers including oligoenediynes and
oligoynes will not be introduced in detail.

Poly(p-phenylene) (PPP) has found considerable interest over the last years since it acts
as an excellent organic conductor upon doping. Whereas in the neutral form PPP is an
insulator and displays conductivities down to 10" Scm™, doping with I, or AsFs raises its
conductivity into the metallic region with values around 500 S c¢m™.*” It is therefore not
surprising that PPPs have become some of the most widely investigated polymers as
documented by several review articles covering all aspects from synthesis to physical
properties.’® A second major interest arises from the fact that polymers with a PPP
backbone can be used as the active component in blue light-emitting diode (LEDs).>’

In the case of PPP, a detailed structure-property analysis has been hampered by its
insolubility, and by the fact that most synthetic routes lead only to ill-defined, defect-rich
products or to short chain lengths. Many activities have been directed towards soluble,
well-defined oligomers that allow optimisation of the polymer-forming reactions and that
provide an analysis of physical properties as a function of chain length. The first series of
soluble oligo(p-phenylene)s were synthesized by Kern and Wirth®® and shortly afterwards
by Heitz and Ulrich® using alkyl substitution in each repeat unit. Oligomers up to the
hexamer have been synthesized by stepwise procedures. Using a modular approach, Hensel
and Schliiter reported the synthesis of monodisperse oligophenylene rods with up to 16
phenylene rings and with well-defined functional endgroups 9 (Scheme 3). ** Their
synthetic strategy is based on an exponential growth methodology using the Suzuki cross-

coupling reaction. While the introduction of alkyl substituents increased the solubility of

the oligophenylenes, the electronic properties of the w-system were disturbed by the mutual
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distortion of the phenylene units. Great dihedral angles between the plans of neighboring

rings and results in a disturbance of the w-orbital overlap along the PPP backbone and a

n=124,38

Scheme 3. Molecular structure of soluble oligo(p-phenylene)s.

reduction in the effective conjugation length (ECL). Oligo(p-phenylene)s have played a
dominant role as model compounds for PPP in the study of physical mechanisms related to
intra- and interchain charge transport or distribution and stabilization of charges and spins
on n-conjugated chains.***"!

The planarization of oligo- and poly(p-phenylene)s to maximize the extent of
conjugation by enhancing m-orbital overlap has been of notable interest for a number of
years. One possible approach in pursuing this objective is the connection of adjacent aryl
groups by 1,2-annellation rather than linear 1,4-connection as in the case of classical PPP.
The resulting linear [n]acene oligomers 10 (Scheme 4) differ strikingly in their electronic
character from PPPs, as a result of the very different connections between individual six-
membered rings in the two classes of compounds. Thus, they feature low band gap energies

and are inherently sensitive towards oxidation and dimerization.* Nevertheless, they

represent an interesting class of compounds from both theoretical and experimental

10

. . 4
viewpoints.*

Scheme 4. Molecular structure of linear acenes 10.

Another two strategies for minimizing the mutual distortion of the phenylene rings and
to insert solubilizing groups leading to soluble, defect-free oligomers and high molecular
weight polymers of the PPP-type have been presented by Miillen and Scherf.* In the
soluble ladder oligomers 11 (Scheme 5) and the related polymers (LPPP) the complete n-
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systems are rendered planar under the influence of the methylene bridges between two
adjacent benzene rings. The model oligomers for the ladder poly(p-phenylene) (LPPP) were
synthesized by a random approach using the Suzuki coupling as key step. Interestingly, the
fluorescence emission spectra of ladder-type oligophenylenes 11 show a very small Stokes

shift of a few nanometers resulting from the rigid structure of the planar ribbon polymer.

C(CH3)3

R1= —CgHys R, =

n=0,1,2

1la-c

Scheme 5. Molecular structure of the ladder-type oligo (p-phenylene)s.

In the case of the oligo(tetrahydropyrene)s 12* (Scheme 6), the solubilizing alkyl side
chain are introduced into the peripheral 4,9-position of the tetrahydropyrene unit so that
there is no additional steric hindrance to conjugation between the phenylene units. The
oligo(tetrahydropyrene)s 12 represent a soluble structure composed of doubly ethano-
bridged biphenyl building blocks. The homologous model oligomers 12 (n =4, 6, 8, 10, 12)
were synthesized by a random approach using the Yamamoto procedure, then isolated from

the oligomeric mixture by means of size-exclusion chromatography.

12a-e

Scheme 6. Molecular structure of oligo-tetrahydropyrenes (n = 4, 6, 8, 10, 12).

Fukuda et al. have reported a simple synthesis of soluble oligofluorenes 14 by the
random approach. ** The oligomerization of 9,9-bis-alkyl-fluorene 13 is based on an
oxidative coupling using FeCls (Scheme 7). The fluorene moieties were mainly linked in
the 2,7’-fashion and the M, of the oligofluorenes 14 correspond to a number of repeat units

of the order of 10. UV-vis absorption and emission spectra in chloroform solution revealed
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Amax = 380 nm and Amax =& 420 nm, respectively. The synthesis of monodisperse

oligofluorenes will be discussed in detailed in this thesis.

R, R
e 2 FeCls, CHCl, Ri R
(3 — 435
n~10
13 14

Scheme 7. Oxidative oligomerization of fluorene 13. R; = H, n-alkyl; R, = n-alkyl.

The report of Friend, Holmes, and co-workers*’ in 1990 that light-emitting device
(LEDs) can be constructed from poly(p-phenylenevinylene) (PPV, 15, Scheme 8) films has
provided a highly stimulating impetus to the field of n-conjugated organic molecules, and
polymers with the PPV backbone are now among the most extensively studied ones.*® The
physical and electronic properties of PPV and its various, differently substituted derivatives
have attracted much attention both from experimental and theoretical scientists.*” Synthetic
chemistry has allowed the controlled manipulation of the HOMO-LUMO (HOMO: the
highest occupied molecular orbital; LUMO: the lowest unoccupied molecular orbital) gap
energy in PPV based polymers, copolymers, and blends. The manufacture of LEDs,” with
light emissions covering the whole visible spectrum, and light-emitting electrochemical
cells (LECs) has come to reality.”' The more demanding blue light emitters can also be
made from PPV polymers with regions of limited conjugation length or from polymers
containing short oligomers of the PPV type as side-chain chromophores.” In this respect,
oligo(p-phenylenevinylene) series such as 16a-c or 17a-e (Scheme 8) have helped a great
deal in the drive to achieve a basic understanding of the optical properties of PPV

polymers.

R n

16a-c R=H n=0-2
17a-e R=tBu n=1-5

15 R =H, alkyl, alkoxy, alkylsilyl, ...

Scheme 8. PPVs and oligomeric model compounds 15, 16 and 17.
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The tremendious advances in the chemistry and physics of PPV over recent years have
stimulated further interest in related types of structures, such as the poly(p-
phenyleneethynylene) (PPE) polymers 18, or the poly(p-phenylenebutadiynylene)s 19
(Scheme 9).% PPEs exhibit large photoluminescence efficiencies both in solution and in the
solid state as a consequence of their high degree of rigidity, and their extremely stiff, linear
backbone enables maximum orientation,”* which is an important feature for the preparation
of oriented films or blends. Their potential as photoluminescence materials in organic
polymer-based devices or as fluorescent chemical sensors™ has already been demonstrated.
Additionally, various oligo(p-phenyleneethynylene) spacers for the modular construction of
organometallic nonlinear optical chromophores®® or as building blocks for rigid-rod and
hyperbranched, dendritic materials have been designed.’’ Oligo(p-phenyleneethynylene)
series such as 20 a-d and 21 a-d (Scheme 9) should become useful to establish structure-

property relationships.™

ae g e

Ball L

=M= o,
=T,

20a-d n=14 R=H
21a-d n=1-4 R=SiMe;

Scheme 9. Poly(p-phenyleneethynylene)s (PPEs.18), poly(p-phenylenebutadiynylene) 19,
and oligomeric model compounds 20, 21 of PPEs.

Unquestionably, poly- and oligo(a-thiophene)s belong to one of the most carefully
studied types of m-conjugated polymers and have received a great deal of attention for both
fundamental and practical reasons because conductivity is mostly unaffected by
substituents.”” In addition, both conducting and semiconducting polythiophenes are very

stable and readily characterized. Poly- (a-thiophene)s (PT, 22) (Scheme 10) can generally

-11 -
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be viewed as a cis-PA chain in which the structure is stabilized by the bridging sulfur
atom.”’ In comparison to PA, this provides several interesting features such as i) higher
environmental stability, ii) structural versatility that allows for the modulation of electronic
and solubility properties by attaching appropriate side groups to the thiophene monomers,
and iii) a nondegenerate ground state related to the non-energetic equivalence of the two
limiting mesomeric forms (aromatic and quinoid) of PTs. Poly(a-thiophene)s have
excellent semiconducting properties when doped, and oligomers exhibit many of the
desirable electronic characteristics that have been evident in the long chain polymer.®’
Oligo(a-thiophenes) in tetrathiafulvalene hybrid systems have also been found to exhibit
potent electron donar characteristics, ® to be attractive building blocks for nonlinear optical
materials,”’ and to serve as active components in optical and redox switchable devices.*!
Furthermore, monodisperse oligo(a-thiophene)s and fused derivatives thereof have found
growing interest in device applications such as field-effect transistors (FETs),®> LEDs,
photovoltaic cells,” and light modulators.®® The mobility of the charge carriers and the
transistor characteristics were found to be superior to those of an analogous
poly(bithiophene) transistor and even approach those of transistors based on amorphous
silicon. Poly- and oligo(a-thiophenes) can be prepared either by chemical® or
electrochemical® methodologies. The solid-phase synthesis of oligo(a-thiophenes) on a

chloromethylated macroporous resin was developed by Malenfant and Fréchet et al..”

Oligomeric model compounds of PT 237!, 2472, 257 (Scheme 10) were studied as a

function of increasing chain length.

!\

_§ 7\ /1 \_/\ §_ H s H
s S S n

29 23a-g n=1-6,8

C12H25
H H
H25C12
24a-f n=0-5 25a-d n=1-4

Scheme 10. Poly(o-thiophene) (22) and oligomeric model compounds 23-25.
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In addition, sulfur-containing oligomers including oligo(a-thiophenevinylene)s and
oligo(a-thiopheneethynylene)s, nitrogen-containing oligomers and oligomeric metal
complexes were also investigated in many fields." Herein they will be not introduced in
detail. Recently, soluble polyfluorene (PF) homopolymers have been attracting strong
scientific and technological interest as a promising class of conjugated polymers because of
their extremely high photoluminescence quantum yields, high thermal and oxidative
stability, good solubility in common organic solvents and high processability by facile
substitution of the 9-position of fluorene. It is worthwhile to synthesize the corresponding
oligofluorenes and investigate their structure-property relationships, a subject of this Ph.D

thesis.

1.3 Motivation

Polyfluorenes belong to the class of rigid-rod polymers. The monomer unit consists of
rigid planar biphenyl units, bridged by a carbon atom in the 9-position, ensuring a high
degree of conjugation (26, PF, Scheme 11). The carbon-9 atom may also carry additional
substituents to modify the polymer processability and the interchain interactions in films,
without significantly altering the electronic structure of the individual chains. Suitable
substituents enable solubility in common organic solvents as well as the processing of high-
quality thin films by spin casting.”* The thermal stabilities of the homo- and copolymers are
excellent with decomposition temperatures exceeding 400 °C. The unique molecular
structure and a couple of other attractive properties (e.g., excellent optical and electronic

properties) have brought semiconducting polyfluorenes in the focus of current scientific and

0.0 26, PF

n

industrial interest.

R R

Scheme 11. Principle chemical structure of substituted polyfluorene (PF).

PFs and their copolymers have evolved as a major class of emitting materials for
organic light-emitting diodes (OLEDs).”” In fact, LEDs fabricated from PF homopolymers
exhibit bright blue emission with efficiencies not reached when using other conjugated

polymers owing to their pure blue and efficient electroluminescence coupled with a high

- 13-
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charge-carrier mobility and good processability. Another important property of PF
homopolymers is their thermotropic liquid crystallinity as first reported by Grell et al. in
1997.” They also demonstrated that thin layers of well-aligned PFs can be prepared on a
rubbed polyimide (PI) upon annealing in the nematic melts.”” This was the first report on
the alignment of a fully conjugated main-chain liquid-crystalline polymer on an appropriate
alignment layer. Other fully conjugated liquid crystalline polymers had been reported
previously,” but no alignment in the thermotropic phase was mentioned. Liissem et al.
reported the alignment of a segmented poly(aryleneevinylene) on rubbed polyimide, but the
oligomeric conjugated liquid crystalline segments in the polymer main chain were
separated by aliphatic spacers and the maximum order parameters achieved in aligned
layers were below 0.7.” Grell et al. * reported a dichroic ratio of more than six in
absorption spectra and an even larger polarization ratio in photoluminescence spectra of the
oriented thin layers of polyfluorenes. Thus, besides the potential of PF homopolymers as
emitting materials in blue LEDs, the excellent alignability of the fully conjugated PF
polymer backbone opens strategies to construct ultrathin layers with highly anisotropic
optical, electrooptical and electric properties. A LED was fabricated using the aligned PF
layer and displayed polarized light-emission with a polarization ratio of 15.” The
alignment of the polymer chains in the liquid-crystalline state also improved the charge-
carrier mobility®' and a field effect transistor with a large in-plane anisotropy of the
mobility was reported by Sirringhaus et al.*

Polyfluorenes are readily prepared by Ni(0)-mediated coupling (Yamamoto
polymerization)® of the corresponding dibromo monomers (27, Scheme 12). Polymers
obtained by this method have weight-averaged molecular weights (My) in the order of
several hundred thousands with polydispersities (PD) around 3 (according to Gel
Permeation Chromatography (GPC) analysis with polystyrene as standard). The large
chain-lengths and the polydispersity in chain lengths lead to complex structural

characteristics of thin films, raising the difficulty to

0.0 Toluene, DMF, Ni(COD),, COD
Br Br . 0.0
R R R R n

2,2'-Bipyridyl; 80°C; 5d
27

Scheme 12. synthesis of 9,9-dialkyl-PF according to a nickel-mediated Yamamoto coupling
reaction (R: -alkyl).
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establish a proper structure-property relationship. Moreover, the normal synthetic procedure
leads to incorporation of a small amount of chemical defects, which may be responsible for
undesirable green-band emission characteristics.**

Therefore, for better understanding of the structure-property relationships of PFs, it will
be very helpful to study the properties of a series of monodisperse, defect-free oligomers.
The absorption spectra of a series of oligomers allow the estimation of the effective
conjugation length of the corresponding polymer.*’ In addition, a detailed study of the
photoluminescence spectra of pure oligomers may help to solve questions concerning the
origin of the green-emission band observed in the photoluminescence and
electroluminescence spectra of PF films.*® Moreover, oligofluorenes may also be used as
active materials in organic LEDs and FETs.

Monodisperse dialkyl fluorene oligomers were first reported by Klaerner and Miller. *’
They showed that the Ni(0)-mediated oligomerization of 2,7-dibromo-9,9-bis-(n-
hexyl)fluorene in the presence of 2-bromofluorene as an end-capping agent gives a mixture
of oligomers and low molecular weight polymers that could be fractionated by high
pressure liquid chromatography (HPLC). Lee and Tsutsui et al. prepared oligofluorenes up
to the tetramer by a repetitive 2n divergent approach and studied their photophysical
properties as a function of the chain-length.*® The synthesis of longer oligomers of fluorene
is a big challenge in synthetic chemistry considering the tedious purification. Herein, the
synthesis, structural characterization and physical properties of higher oligofluorenes were

presented in this thesis. The work was organized as follows:
o
e YandaVnbasV
R R R R
R= /\C/\ OFnN, n-mer

Scheme 13. Oligofluorenes from dimer up to the heptamer

m=1,2234,5

In Chapter 2, the synthesis and structural characterization of oligofluorenes was
described in detail. The 9,9-bis(2-ethylhexyl) substituted, monodisperse oligofluorenes
from the dimer up to the heptamer (OFn, n-mer, Scheme 13) were prepared by repetitive

Suzuki and Yamamoto coupling reactions,® employing for the first time the Miyaura
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reaction for the preparation of the aryl boronates. All compounds were characterized by
standard methods such as mass spectroscopy, NMR, and elemental analysis.

In Chapter 3, the chain-length dependence of the electrochemical and electronic
properties of the oligofluorenes was studied by cyclic and differential pulse voltammetry
(CV), UV-vis absorption and steady-state or transition fluorescence spectroscopy. The
relations of ionization potential, electron affinity, oxidation potential, Ayax, €NErgY gap, €max,
and fluorescence lifetime with the chain length were concluded. The electronic properties
of the corresponding polyfluorenes were predicted by linearly extrapolation of these
relationships.

In Chapter 4, thermotropic liquid crystalline properties of higher oligomers of fluorene
were observed and characterized by differential scanning calorimetry (DSC), polarizing
optical microscopy (POM), electronic diffraction and X-ray diffraction (XRD) techniques.
The mono-domain alignment layer of the oligofluorenes on substrates such as rubbed
polyimide was achieved and the polarized absorption and emission from the film was
studied by UV-vis and fluorescence spctroscopy. In addition, the molecular dynamics of
oligofluorenes was also studied by dielectric spectroscopy.

In Chaper 5, transition fluorescence spectroscopy including streak camera and the long-
range delayed fluorescence techniques were used to investigate the photophysical
properties of the oligofluorenes both in solution and film. The chain-length, concentration,
and temperature dependence was discussed in detail.

In order to deeply understand the green emission band of polyfluorenes in film,
oligofluorenes (trimer, pentamer, heptamer) with one fluorenone unit in the center as model
compounds were synthesized and described in Chapter 6. Similarly, their liquid crystalline
behaviors were investigated by DSC, POM, and XRD. Single-crystal structure of pentamer
with fluorenone was crystallographically analyzed. Their electrochemistry properties were
investigated by cyclic voltammetry.

In Chaper 7 the photophysical properties of oligofluorenes with fluorenone unit were
studied by steady-state absorption spectroscopy and time-resolved fluorescence
spectroscopy. The chain-length, concentration, and temperature dependence of the
fluorescence spectra both in solution and film was discussed. A comparison of the
photophysical properties between the oligofluorenes and the oligofluorenes with fluorenone

revealed the dramatic changes in the emission spectra due to the existence/ absence of the
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fluorenone “defect”. Doping of the polyfluorenes with the oligofluorenes with fluorenones
was also conducted and followed by the transition spectroscopic measurements.
In the last chapter (Chapter 8), a summary and conclusion of this Ph.D. work was

presented.
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2 Synthesis and Structural Characterizations

of Oligofluorenes

The oligofluorenes up to heptamer were synthesized mainly by palladium-catalyzed
coupling reactions. Structural proof and purity of the target compounds were defined by

standard NMR, mass spectroscopy and elemental analysis.

2.1 Synthesis

The synthesis of the monodisperse oligomers of 9,9-dihexyl fluorene was first reported
by Klaerner and Miller et al. according to a statistic oligomerization process.' In their
method, the polydisperse oligomers (30, Scheme 1) of fluorene were obtained by a Ni(0)-
mediated oligomerization process of 2,7-dibromo-9,9-bis-(n-hexyl)fluorene (28) in the
presence of 2-bromofluorene (29) as an end-capping agent. The crude reaction product was
composed of a mixture of oligomers and low molecular weight polymer, as determined by
GPC analysis, and then separation of the oligomers from the polymer fraction was achieved
by high pressure liquid chromatography (HPLC) on Kromasil Cig-10 pum using a gradient
elution with acetonitrile/chloroform. Using this technique, oligomers ranging from n = 3 to
n = 10 were separated. The chain-length dependence of UV-vis spectroscopy of the
oligomers were studied and revealed an effective conjugation length (ECL) of 12 (number

of the fluorene units) for the corresponding polyfluorenes.

0
Hi3Ce, CeHis 8N(: (gOD) ,
COD
ST A — 2
/_\ \_/
28 29 N N
Toluene-DMF

H13Cs CeH1s

30
Scheme 1. Statistic preparation of oligomeric poly(9,9-di-n-hexylfluorenes).
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Lee and Tsutsui prepared a series of oligofluorenes up to tetramer by a repetitive 2n
divergent approach (Scheme 2) starting from the appropriate 2,7-dibromo-9,9-bis-(n-
hexyl)fluorene (28), followed by the Suzuki coupling with bis-(n-hexyl)-fluorene-2-borate
(31) and subsequent bromination of the coupling product.” This 2n growth approach can
connect two units asymmetrically without tedious protection-deprotection steps. All kinds
of sequential well-defined monodisperse oligomers can be synthesized easily from
monomer (odd unit) and dimer (even unit) containing two reactive functional groups
(Scheme 3). The higher oligomers in principle can be synthesized by this strategy, however,
hindered by the key step of the bromination. The two-fold bromination of the trimer was
found to be much difficult to afford pure o,w-dibromofluorene of trimer because the
bromination also took place in other positions in the fluorenyl ring (Scheme 4). Thus the
synthesis of longer oligomers of fluorene remains a big challenge in synthetic chemistry

given the tedious purification process.

Repetition

| 2n growth l

X, Y = reactive functional groups

Scheme 2 A repetitive 2n-growth divergent approach to well-defined monodisperse

oligomers.
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Odd-type oligofluorenes:

BrBr — Bfo ——

Even-type oligofluorenes:

Q39 ——= Q30— LI

29 R R 34 35
d Qe b o L)
——>» B Br —
—_— . ; R = Hexyl
R R R R
36 37

Scheme 3. Repetitive stepwise divergent approach to odd/even-type oligo(9,9-bis-n-
hexylfluorene-2,7-diyl)s: (a) n-CgH13Br, 50% aqueous NaOH/DMSO, room temperature;
(b) 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-bis-n-hexylfluorene(31), Pd(PPhs),
(2 mol%), toluene/aqueous Na,COs (2 M); (c) NiCl,, PPhs, Zn, DMF, 50°C; (d) CuBr,-
Al,O3, CCly, 80°C. DMSO = dimethylsulfoxide, DMF = N,N-dimethylformamide.

EHE TN K~ L3NG, Lo~

X=Br, |

Scheme 4. Unsuccessful two-fold bromination of the higher oligofluorenes.

In this thesis, the facile synthesis of oligofluorenes from the dimer up to the heptamer by
a series of stepwise transition metal mediated Suzuki and Yamamoto reactions is
presented.’ 2,7-dibromofluorene and 2-bromofluorene were first alkylated according to the
literature*with 2-ethylhexyl bromide under basic conditions to give the dibromide and
monobromide of fluorene 38 and 39 in 86% and 90% yield, respectively (Scheme 5). The
key syntons, the mono- and di-boronate substituted fluorene (40 and 41), were reported in

literature by bromine-lithium exchange followed by boronation reactions from the
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corresponding mono- and dibromofluorenes (38 and 39 respectively) *. However, repeat of
this procedure in our work only gave the target compounds in very low yield. Alternatively,
palladium-catalyzed Miyaura reaction’ was used to transform the bromides to the
boronates. In these cases the corresponding boronates (40 and 41) were obtained in high
yields (> 90 %) under mild conditions after standard column chromatography work-up
(Scheme 5). Suzuki coupling reactions of the mono-bromofluorene (39) with compound 41

and 40 afforded the fluorenyl-dimer 42 (OF2) and -trimer 43 (OF3), respectively.

O @.@ o Jé
Br K Br e

41 c
X5 Q.O @'@
39 — 42, OF2 R= ./(/\/\

X S -

43,0F3 ° F
Scheme 5. Synthesis of fluorenyl-dimer (42, OF2) and trimer (43, OF3): (a) CgH17Br, 50%,
aqueous NaOH/DMSO, room temperature; (b) bis(pinacolato)diboron, AcOK / DMF,
Pd(dppf)Cl,, 60°C; (c) Pd(PPhs)s, toluene / aqueous Na,COgs, reflux. dppf = 1,1’-
bis(disphEnylphosphanyl)ferrocene.

The synthesis of higher fluorenyl oligomers is based on two important syntons, the
monobromides of the fluorenyl-dimer (44) and trimer (48, Scheme 6). The compound 44
and 48 can not be synthesized by simple bromination of compound 42 or 43 with bromine
since statistical product mixtures will be obtained which are not separable on large scale.
The monobromo-fluorenyl dimer (44) was then prepared by Suzuki coupling between 41
and excessive (1.5 equivalent) 38 in 50% yield. Yamamoto homocoupling of 44 gave the
fluorenyl-tetramer 45 (OF4) in 52 % yield. The fluorenyl-pentamer 46 (OF5) was
synthesized by Suzuki coupling between 44 with 40 in 47% yield. Contrary to the low yield

during the mono-bromination, the two-fold bromination of 42 worked well to provide
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dibromo-fluorenyl dimer 47 in 90 % yield.® Similarly, the mono-bromo-fluorenyl trimer 48

was synthesized by Suzuki coupling reaction between 41 and excessive 47 in 45% yield.

The fluorenyl-hexamer 49 (OF6) was then obtained by a Yamamoto homo-coupling of 48

in 52% yield and the fluorenyl-heptamer 50 (OF7) was synthesized by Suzuki coupling
between the 40 and 48 in 46% yield.

38 +

44 —

48 —

i G

B Q.Q @'@ Ve @.0

45, OFf

e @‘9 @'0 @00 @'@ @.@

46 OF5

2 o o LD Gy

47

47 + 41 ﬁ; D@, @.@ C e

48

BLENY @.@ @.@ @.@ gﬁg @.@ @‘0

49 OF6

o 9 BAD S RS Se® RS Se®

50, OF7

R:/\C/\

Scheme 6. The syntheses of the tetramer(45, OF4) to heptamer(50, OF7) of oligo(9,9-bis-

ethylhexylfluorene-2,7-diyl)s: (a) Pd(PPhs)s, toluene / aqueous Na,COs, reflux; (b)
Ni(COD),--COD--Bipy, toluene / DMF, 80°C; (c) Br,, CHCI, reflux. COD = cycloocta-

1,5-diene, Bipy = 2,2’-bipyridine.
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For the reason of comparison, the poly(9,9-bis-ethylhexylfluorene-2,7-diyl) 51
(PF2/6) was synthesized by Yamamoto coupling reaction of 2,7-dibromo-9,9-bis(2-
ethylhexyl)fluorene ’ (Scheme 7) and was purified by repetitive reprecipitation from
concentrated chloroform solution to methanol/acetone. The molecular weight of the
polymer was determined by GPC using poly(p-phenylene) as standard: M, = 56799 and M,
= 107890 g/mol (Pp = 1.9). (Polystyrene as standard: M,, = 98000 and M,, = 229000 g/mol;
Pp=2.1).

O O Toluene, DMF, Ni(COD),, COD
Br . Br ' 0.0
R R n

' H R . 0.
rR7R 2,2'-Bipyridine; 80 "C;5d

38 R= /\(\/\ 51, PF2/6

Scheme 7. Synthesis of poly(9,9-bis-ethylhexyl-2,7-diyl)s by Yamamoto coupling.

2.2 Discussion

High-pure oligofluorenes up to heptamer have been synthesized on the hundred
milligram scale according to our new route. Such synthetic route can be generalized as a
convergent synthetic route (Scheme 8) for many kinds of conjugated oligomers starting
from halogen and boronic acid or ester substituted monomers. In this synthetic route, the
mono-bromo substituted oligomers were the key syntons, and were obtained by Suzuki
coupling between the mono-boronate substituted oligomers and excessive dibromo
substituted oligomers. The oligomers with even unit numbers were thus obtained by
Yamamoto reaction of the monobromo-substituted oligomers and the oligomers with odd
unit number were prepared by Suzuki coupling reaction between an excess of mono-bromo

substituted oligomers and the bis-boronate substituted monomers.

Yamamoto
Suzuki

N X .
—l* R N T TR T
X-|(EXCfSS) X + N Y Y JY N=1234

N . fluorene backbone

N the number of fluorene units
X = Br,l
Y

- pﬁ
= _B
b

[
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Scheme 8. A schematic convergent synthetic route to conjugated oligofluorenes.

In this synthetic route, the halogenic and boronic monomers (38~41) were important
starting material. Mono- and dihalogenic fluorene monomers are commercially available,
but mono- and diboronic fluorene monomers have to be synthesized. First, the enormous
success of the Suzuki reaction® in the preparation of oligomers arises from the coupling
reaction together with the easy availability of the boronic acids and the boronates.” They
were prepared by halogen-metal exchange and subsequent trapping of the aryl lithium
compound with trialkylborates (Scheme 9)."” In an alternative method, ' the dibromide
reacted readily with magnesium in tetrahydrofuran (THF) to form a difunctional Grignard
reagent and followed by treating with trimethylborate at —78 °C and acidification, affording
9,9-di-2-ethylhexylfluorene-2,7-bis(boronic acid) (52). 9,9-Di-2-ethylhexylfluorene-2,7-
bis(trimethylene boronate) was then prepared by esterification of the diboronic acid with
tetramethylene glycol. The separation and purification of the target compounds was

however difficult and the yield was low (around 20%).

2.1eq n-BuLi

THF, -78 °C
W oW I

38

1) THF, Mg/l

2) B(OCH3)3
3) HCI

Scheme 9. the synthesis of diboronic fluorene

In this work, aryl boronates were readily available from the aryl halides via Pd(0)-
catalyzed reaction with the pinacol ester of diboron (Miyaura reaction) (Scheme 5).'* This
transformation avoids the use of strongly basic organometallic reagents and thus allows the
preparation of a wide variety of functionalized aryl boronic esters, moreover, the yield of

this reaction is very high (90%), and the purification of target products is also very easy.
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2. 3 Structural Characterizations of the

Oligofluorenes (OFn)

In the synthesis of the oligofluorenes, all compounds were purified by standard column
chromatography and confirmed by field desorption mass spectroscopy (FD-MS) and 'H or
>C-NMR techniques.

CD2C|2 h

oF6 Ji

u OF5 |
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Figure 2.3.1. Combined *H NMR spectra of oligofluorenes (OFn, n=2~7) in CD,Cl,. (*

star respresente the all aromatic hydrogen atoms expect for the e, f, g hydrogenic atoms.)

The combined "H NMR spectra of all the oligomers are shown in Figure 2.3.1. In the 'H
NMR spectra of dimer (Figure 2.3.2), well resolved peaks related to the alkyl and aromatic
protons were observed, however the signals became broad due to overlap of the resonances
with increasing chain-length, and the peaks assigned to aromatic protons also slightly shift
down field. Integration of the resonances in the aromatic and aliphatic regions in the 'H
NMR spectra of oligofluorenes was compared with the calculations. The integration ratio of
aliphatic/aromatic protons observed for the dimer (42, OF2), trimer(43, OF3), tetramer (45,
OF4), pentamer (46, OF5), hexamer (49, OF6), heptamer (50, OF7) are 4.86, 5.14, 5.26,
5.33,5.36, 5.41, respectively, which are in good agreement with the calculated values: 4.84,
5.10, 5.23, 5,31, 5.36 and 5.41. BC NMR spectra of the oligomers (Figure 3) were also
analyzed and further supported the high purity.

Dimer  Aliphatic Protons/Aromatics Protons

Calculated 68/14 =4.86

Observed 67.9/14.03 = 4.84

S 3888 3538388

@ oo R~ OWnWD X

| el panaas

1-0

CD,Cl, H,0 m

‘ h ‘ 8

L L

Integral
©74.0000 \
13.9899 .
16,0392 —

e . T
0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
(Ppm)

Figure 2.3.2 Detailed assignment of the *H NMR spectrum of fluorenyl-dimer (OF2).
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Figure 3. Combined **C NMR spectra of the oligofluorenes (OF2~OF7).
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Field-desorption mass spectra (FD-MS) of the oligomers are shown in Figure 4a-f. In all
case, the molecular ionic peaks correlated to the molecular weight of the oligomers were
observed. Some peaks assigned to multi-charged species (M>™ and M*") were also found.
For heptamer, the peak at 2724 is assigned to M" of heptamer, while the peaks at 1362 and
908.4 are related to the M*" and M*", respectively. Elemental analysis of the oligomers also

fitted well with the calculated value (see experimental part).

1008 179.4 _2.287
953 M+ . E2.187
90] £2.087
85] E1.987
80] £1.8E7
75] F1.787
0] ' ‘ E1.687
654 £ 1.4E7
60 E1.3E7
55 F1.2e7
501 E1.1E7
453 E1.087
40] E8.986
35 E7.8e6
30] L. 786
25] Es.se6
20] fa.486
15] E3.3m6
10] E2.286

54 £1.1E6

o . 0.0E0

560 1000 1500 2000 2500 3000 3500 n/z

Figure 4a. FD-MS for the fluorenyl-dimer (OF2), m/z=779.4 (M").

1008 1169.0 _1.687
953 M+ £1.5E7
90] £1.487
85] £1.487
8o F1.387
753 t1.2m7
70] E1.1e7
65 £1.087
60 Eo.6m6
553 Ls.8z6
50] Es.oE6
45] 7. 286
40} L6.4E6
35] 5. 656
30 E4.826
25 t4.086
20] £3.286
15] £2.486
10] E1.6E6
5] M 2* Ea.oas
0 ) " 0.0E0
500 1000 1500 2000 2500 3000 3500 n/z

Figure 4b. FD-MS for the fluorenyl-trimer (OF3), m/z=1169.0 (M™).
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1008 1556.7 _1.0E7
95 M* E9.5E6
903 £9.0E6
853 F 8.5E6
80] F8.0E6
753 E7.5E6
703 £ 7,086
653 F6.586
60] F6.0E6
553 F5.5E6
50 t5.0E6
45 F4.5E6
2] F4.086
35 F3.586
30] F3.0E6
25 L 2.5E6
20 £2.0E6
15] M 2+ F1.586
10] 1782 1.0E6

53 Es.0ES
0 S S A 0.0RO
560 1000 1500 2000 2900 3000 3500 n/z

Figure 4c. FD-MS for the fluorenyl-tetramer (OF4), m/z=1556.7 (M™).

100% 1946.2 _1.8E7
95 M* F1.7E7
90 F1.687
85 F1.587
80] F1.4E7
753 1387
70] _ F1.387
65 F1.287
60 F1.1E7
55 F9.986
503 £ 9.0E6
45] £ 8.1E6
403 £ 7.2E6
353 £6.3E6
303 F 5. 4E6
25] 4586
20 M 2+ £3.6E6
15] 973.3 L2786
10] L 1.8E6

5 F9.0E5

ol b . f0.0R0

500 1000 1500 2000 2500 3000 3500 n/z

Figure 4d. FD-MS for the fluorenyl-pentamer (OF5), m/z=1946.2 (M™).
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100% 1166.9 _6.2E6
953 M 2t [ 5.9E6
903 - 5.6E6
85 : 5. 2E6
80 4.9E6
753 - 4.6E6
703 F4.3E6
65] F4.086
60 £ 3.7E6
55 3,486
503 F3.1E6
453 2. 8E6
403 ‘ £ 2.5E6
35 F2.2E6
303 F1.9E6
25 + £ 1.5E6
20 3+ M - 1.286

: M 2335.9 ]
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Figure 4e. FD-MS for the fluorenyl-hexamer (OF6), m/z=2335.9 (M").

100% 1362.1 2.2E7
953 VK 2.1E7
90] 2.0E7
85] 1.9€7
80 1.8E7
753 1.6E7

. 703 1.5E7
653 1.4E7
603 1.3E7
553 M 1.2E7
503 1.187
453 2724.7 9.9E6
40 8.8E6
353 7.7E6
30] 6 6E6
253 M3 5.5E6
zoé 0084 4.4E6
15] 3.3E6
103 2.2E6
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e P S S S S N L' 0. 0E0

500 1000 1500 2000 2500 3000 3500 n/z

Figure 4f. FD-MS for the fluorenyl-heptamer (OF7), m/z= 2724.7(M™).
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2.4 Experimental Section

General Remarks.

Reactions requiring an inert gas atmosphere were conducted under argon, and the
glassware was oven-dried (140 °C). THF was distilled from potassium prior to use.
Commercially available chemicals were used as received. 'H NMR and °C NMR spectra
were recorded on a Bruker DPX 250 spectrometer (250 MHz for 'H, 62.5 MHz for °C).
Chemical shifts are given in ppm, referenced to residual proton resonances of the solvents.
Thin-layer chromatography was performed on aluminum plates precoated with Merck 5735
silica gel 60 Fjs4. Column chromatography was performed with Merck silica gel 60 (230 +
400 mesh). Field desorption spectra were recorded on a VG ZAB 2-SE FPD machine.

Elemental analysis were performed by the analytical service in University of Mainz.

2,7-Dibromo-9,9-bis(2-ethylhexyl)-fluorene (38): 2-Ethylhexylbromide (38.73 g, 185.18
mmol, 35.74mL) was added to a mixture of 2,7-dibromofluorene (32, 25.0 g, 77.16 mmol)
and triethylbenzylammonium chloride (0.878 g, 3.86 mmol, 5 mol %) in DMSO (125 mL)
and 50% aqueous NaOH (31 mL). The reaction mixture was stirred at room temperature for
5 h. An excess of diethyl ether was added, the organic layer was washed with water, diluted
HCI, brine, then dried over MgSO,. The solvent was removed under vacuum and the
residue was purified by column chromatography over silica gel with n-hexane as the eluent
(Rf = 0.78) and solidified from EtOH at —30 °C to give 38 as a white solid (36.21 g, 85.6
%). m.p. 45 - 54°C; "H NMR (250 MHz, CD,Cl,): & = 7.57-7.43 (m, 6 H), 1.94 (d, J = 5.35
Hz, 4 H), 0.89-0.68 (m, 22 H), 0.55-0.41 (m, 8 H) ppm; °C NMR (62.5 MHz, CDCl3) & =
152.3, 139.1, 130.1, 127.4, 121.0, 55.3, 44.3, 34.6, 33.6, 28.0, 27.1, 22.7, 14.0, 10.3 ppm;
MS (FD): m/z : 548.2 [M'].

2-Bromo-9,9-bis(2-ethylhexyl)-fluorene (39): Compound 39 was prepared according to
the method used for 38 by using 2-ethylhexylbromide (43.3 g, 224.5 mmol, 39.9 mL), 2-
bromofluorene (25.0 g, 102.0 mmol), triethylbenzylammonium chloride (1.16 g, 5.10
mmol, 5 mol %), DMSO (165 mL), and 50% aqueous NaOH (41 mL). Purification by
column chromatography over silica gel with n-hexane as the eluent (R; = 0.72) gave 39 as a

colorless liquid (43.14 g, 90.1 %): "H NMR (250 MHz, CD,Cl,): & = 7.70-7.26 (m, 7 H),
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1.97 (m, 4 H), 0.90-0.43 (m, 30 H) ppm; °C NMR (62.5 MHz, CDCl3): § = 152.8, 150.0,
140.3, 129.8, 127.3, 126.9, 124.0, 120.9, 120.4, 119.6. 55.1, 44.4, 34.6, 33.6, 28.0, 27.0,
22.7,14.0, 10.4 ppm; MS (FD): m/z: 470.2 [M].

2,7-Bis-(4,4,5,5-tetramethyl[1.3.2]dioxaborolan-2-yl)-9,9-bis(2-ethylhexyl)-fluorene
(40): Under an argon atmosphere, 38 (2.43 g, 4.43 mmol), bis(pinacolato)diboron (4.05 g,
15.94 mmol), KOAc (2.60 g, 26.57 mmol) and Pd(dppf)Cl, (0.226 g, 0.266 mmol) were
dissolved in DMF (40 mL) and heated to 60°C overnight. After the reaction mixture was
cooled to room temperature, water and diethyl ether were added. The aqueous phase was
extracted with diethyl ether and the combined organic layers were dried over MgSO,. The
solvent was removed under vacuum and the residue was purified by column
chromatography over silica gel with petroleum ether/dichloromethane (3:1) as the eluent
(Rf=0.34) and solidified from EtOH at —30 °C to give 40 as a white solid (2.60 g, 91.5 %):
M.p. : 85.5 ~ 87.6 °C; 'H NMR (250 MHz, CD,Cl,): § = 7.84-7.69 (m, 6 H), 2.00 (d, J =
5.3 Hz, 4 H), 1.36 (s, 24 H), 0.86-0.50 (m, 22 H), 0.48-0.45 (m, 8 H) ppm; °C NMR (62.5
MHz, CDCls): & = 150.1, 143.9, 133.5, 130.4, 119.2, 83.5, 54.7, 44.0, 34.6, 33.5, 27.8,
27.2,24.8,22.7, 14.1, 10.3 ppm; MS (FD): m/z: 643.0 [M"].

2-(4,4,5,5-Tetramethyl[1.3.2]dioxaborolan-2-yl)-9.9-bis(2-ethylhexyl)-fluorene  (41):
Compound 41 was prepared according to the method used for 40 by using 39 (14.07g, 30.0
mmol), bis(pinacolato)diboron (12.19 g, 48.0 mmol), KOAc (8.82 g, 90.0 mmol) and
Pd(dppf)Cl, (1.23 g, 1.5 mmol) in DMF (300 mL). Column chromatography over silica gel
with petroleum ether/dichloromethane (4:1) as the eluent (R; = 0.59) afforded 4 as an oily
product (14.78 g, 95.5 %): 'H NMR (250 MHz, CD,Cl,): & = 7.82-7.64 (m, 4 H), 7.36-7.21
(m, 3 H), 2.0-1.86 (m, 4 H), 1.34 (s, 12 H), 0.86-0.65 (m, 22 H), 0.50-0.43 (m, 8 H) ppm;
BC NMR (62.5 MHz, CDCLs): & = 151.0, 149.5, 144.2, 141.1, 133.6, 130.3, 126.6, 124.1,
120.0, 118.8, 83.5, 54.8, 44.5, 44.1, 34.6, 33.5, 28.2, 27.8, 27.3, 26.8, 24.8, 22.7, 14.1, 10.5,
10.1 ppm; MS (FD): m/z: 516.7 [M"].

9,9,9",9"-Tetrakis(2-ethylhexyl)-2.2"-bifluorene (42, OF2): A mixture of 41 (5.17 g, 10.0
mmol) and 39 (4.69 g, 10.0 mmol) in toluene (50 mL) and 2M aqueous Na,COs solution
(25 mL, 50 mmol) was degassed by pump and freeze cycles (3 x) and Pd(PPhs)4 (0.577 g,

0.5 mmol) was added under argon. The solution was heated to reflux with vigorous stirring
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for 20 h. After the reaction mixture was cooled to room temperature, diethyl ether and
water were added. The organic layer was separated and washed with diluted HCI and brine,
then dried over MgSQO,4. The solvent was removed under vacuum and the residue was
purified by column chromatograpy over silica gel with petroleum ether as the eluent (R =
0.47) to give 52 (7.08 g, 90.8%): 'H NMR (250 MHz, CD,Cl,): § = 7.73-7.80 (m, 4 H),
7.57-7.64 (m, 4 H), 7.25-7.44 (m, 6 H), 2.04-2.14 (m, 8 H), 0.49-0.88 (m, 60 H); °C NMR
(62.5 MHz, CDCl3): 8 = 150.9, 150.6, 141.1, 140.4, 126.8, 126.3, 126.0, 124.1, 122.9,
119.6, 54.9, 44.5, 34.6, 33.8, 28.2, 26.9, 22.7, 14.0, 10.3 ppm; MS (FD): m/z: 779.4 [M'];
elemental analysis: calcd for CsgHs, (779.2): C 89.39, H 10.61; found: C 89.29, H 10.79.

9,9,9°,97,97,9""-Hexakis(2-ethylhexyl)-2,2"-7",2""-terfluorene (43, OF3): Compound 43
was prepared according to the method used for 42 by using 40 (2.0 g, 3.12 mmol), 39 (4.40
g, 9.36 mmol) and Pd(PPhs)s (0.36 g, 0.31 mmol) in toluene (30 mL) and 2M Na,CO;
aqueous solution (15.6 mL, 31.2 mmol) for 27 h. After cooling to room temperature, the
mixture was diluted with ethyl acetate and the organic layer was washed with diluted HCI1
and brine, then dried over MgSQOs. The solvent was removed under vacuum and the residue
was purified by column chromatography over silica gel with petroleum ether as the eluent
(R = 0.22) to give 43 as a colorless viscous gum(2.32 g, 63.8 %): '"H NMR (250 MHz,
CD,Cly): 6 = 7.83-7.73 (m, 6 H), 7.61-7.66 (m, 8 H), 7.44-7.25 (m, 6 H), 2.13-2.05 (m, 12
H), 0.90-0.49 (m, 90 H) ppm; “C NMR (62.5 MHz, CDCls): & = 151.2, 150.9, 150.6,
141.1, 140.4, 140.1, 126.8, 126.3, 126.0, 124.1, 122.9, 119.7, 119.6, 54.9, 44.6, 34.6, 33.8,
28.2,27.1, 22.8, 14.0, 10.3 ppm; MS (FD): m/z: 1168.2 [M+]; elemental analysis: calcd for
Cs7Hi22 (1167.9): C 89.47, H 10.53; found: C 89.26, H 10.42.

7-Bromo-9,9,9",9"-tetrakis-(2-ethylhexyl)-2,2"-bifluorene  (44): Compound 44 was
prepared according to the method used for 42 by using 41 (4.13g, 8 mmol), 38 (6.58 g, 12
mmol) and Pd(PPh;)4 (0.28 g, 0.24 mmol) in toluene (40 mL) and 2M aqueous Na,COs3
solution (20.0 mL, 40.0 mmol). The reaction took 16 h. After cooling down to room
temperature, the mixture was diluted with diethyl ether and the organic layer was washed
with diluted HCl and brine, then dried over MgSO,4. The solvent was removed under
vacuum and the residue was purified by column chromatography over silica gel with
petroleum ether as eluent (R = 0.49) to give 44 as a colorless oil (3.44 g, 50.2 %): '"H NMR
(250 MHz, CD,Cly): 6 = 7.80-7.26 (m, 13 H), 2.14-2.04 (m, 8 H), 0.88-0.52 (m, 60 H) ppm;
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3C NMR (62.5 MHz, CDCL): & = 153.0, 151.0, 150.6, 141.0, 140.5, 140.1, 139.2, 129.9,
127.4, 126.8, 126.4, 126.0, 124.1, 122.9, 120.9, 120.3, 119.6, 54.9, 44.5, 34.6, 33.8, 28.2,
27.1,22.7, 14.0, 10.3 ppm; MS (FD): m/z: 857.6 [M].

9,9,9,9,97,97,9",9""-Octakis(2-ethylhexyl)2,2"-7",2""-7"",2"""-tetrafluorene (45,
OF4): A schlenk tube was charged with Ni(COD); (101.2 mg, 0.55 mmol), 2,2°-bipyridine
(57.5 mg, 0.55 mmol), 1,5-COD (39.8 mg, 0.55 mmol) and DMF (3.0 mL) in a glove box.
The mixture was stirred at 80°C for 0.5 h and then 44 (0.32 g, 0.37 mmol) in toluene(11 ml)
was added to the blue solution and stirred at 80°C for 8h. After cooling to room
temperature, the mixture was diluted with diethyl ether. The organic layer was washed with
diluted HCI, brine, and water, then dried over MgSO4. The solvent was removed under
vacuum and the residue was purified by column chromatography over silica gel with
petroleum ether/dichloromethan (20:1) as the eluent (Rf = 0.61 ) to afford 45 as a white
waxy solid (151 mg, 52.6 %): "H NMR (250 MHz, CD,Cl,): & = 7.85-7.75 (m, 8 H), 7.67-
7.63 (m, 12 H), 7.45-7.26 (m, 6 H), 2.14-2.06 (m, 16 H), 0.90-0.50 (m, 120 H) ppm; °C
NMR (62.5 MHz, CDCl;): & = 151.2, 150.9, 150.6, 141.1, 140.36, 140.1, 126.8, 126.4,
126.1, 124.1, 122.9, 119.7, 54.9, 44.4, 34.7, 34.0, 28.2, 27.1, 22.8, 14.0, 10.3 ppm; MS
(FD): m/z: 1556.7 [M'], 778.2 [M*']; elemental analysis: calcd for Ci16H 2 (1556.6): C
89.51, H 10.49; found: C 89.22, H 10.35.

9.9,0'.9°.97.97.97 97,9 9" -Decakis(2-ethylhexyl)-2,2'-7" .2 7" 27" 277"~
pentafluorene (46, OF5): Compound 46 was prepared according to the procedure for 42
by using 40 (124.5 mg, 0.194 mmol), 44 (664.7 mg, 0.776 mmol) and Pd(PPhs), (22.4 mg,
0.0194 mmol) in toluene (4 mL) and 1M aqueous Na,COs; (2.0 mL, 2.0 mmol). The
reaction took 16 h. After cooling to room temperature, the mixture was diluted with diethyl
ether and the organic layer was washed with diluted HCl and brine, then dried over MgSOa.
The solvent was removed under vacuum and the residue was purified by column
chromatography over silica gel with petroleum ether/dichloromethan (10:0.8) as the eluent
(Rf = 0.31) to afford 46 as a white waxy solid (176.5 mg, 46.8 %): 'H NMR (250 MHz,
CD,Cl): 6 = 7.85-7.74 (m, 10 H), 7.67 (br m, 16 H), 7.45-7.26 (m, 6 H), 2.14-2.06 (m, 20
H), 0.92-0.50 (m, 150 H) ppm; > C NMR (62.5 MHz, CDCI3): § = 151.2, 150.9, 150.6,
141.1, 140.3, 140.1, 126.8, 126.3, 126.1, 124.1, 123.0, 119.8, 55.1, 44.5, 34.7, 34.0, 28.3,
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27.1, 22.7, 14.0, 10.3 ppm; MS (FD): m/z: 1946.2 [M'], 973.3 [M*]; elemental analysis:
calcd for Ci45sHap (1945.2): C 89.53, H 10.47; found : C 89.41, H 10.35.

7,7"-Dibromo-9,9,9",9"-tetrakis(2-ethylhexyl)-2,2"-bifluorene (47): Br, (3.15 g, 19.71
mmol) in CH,Cl, (5 mL) was added to a solution of 42 (7.67 g, 9.85 mmol) in CH,Cl, (20
mL) at room temperature. The solution was heated to reflux for 1.5 h. After the reaction
mixture was cooled to room temperature, water and diethyl ether was added. The organic
layer was washed with Na,S,0;3 solution, brine and water, then dried over MgSO,4. The
solvent was removed under vacuum and the residue was recrystallized from ethanol to give
47 as white solid (8.24 g 89.5%): M. p. : 71.5 ~ 72.8 °C; "H NMR (250 MHz, CD,Cl,): § =
7.78-7.46 (m, 12 H), 2.08-2.03 (m, 8 H), 0.88-0.55 (m, 60 H) ppm; >*C NMR (62.5 MHz,
CDCl): 8 = 153.0, 150.6, 140.6, 140.0, 139.4, 130.0, 127.4, 126.2, 123.0, 121.0, 120.4,
119.9, 55.2, 44.5, 34.7, 33.7, 28.1, 27.1, 22.7, 14.0, 10.3 ppm; MS (FD): m/z: 939.2 [M'].
CssHgoBr, (Mw = 937.1).

7-Bromo-9,9,9°,9°,9”,9""-hexakis(2-ethylhexyl)-2,2"-7",2""-terfluorene (48):

Compound 48 was prepared according to the method used for 42 by using 47 (4.9 g, 5.24
mmol), 41 (1.69 g, 3.27 mmol) and Pd(PPhs)4 (0.189g, 0.15mmol) in toluene (16 mL) and
2M aqueous Na,CO;3 (15 mmol, 8.2 ml). The reaction took 16 h. After cooling to room
temperature, the mixture was diluted with diethyl ether (200 ml) and the organic layer was
washed with diluted HCI, brine, and water, then dried over MgSO,. The solvent was
removed under vacuum and the residue was purified by column chromatography over silica
gel with hexane/dicloromethane (10:0.5) as the eluent (Rf = 0.42) to give 48 as a sticky
colourless oil (1.83g, 45.0 %): "H NMR (250 MHz, CD,Cl,): & = 7.84-7.73 (m, 5 H), 7.64-
7.57 (m, 10 H), 7.50-7.26 (m, 4 H), 2.12-2.05 (m, 12 H), 0.90-0.53 (br m, 90 H) ppm; "*C
NMR (62.5 MHz, CDCl): 6 = 153.0, 151.2, 150.9, 150.6, 141.1, 140.8, 140.3, 140.1,
139.2,129.9, 127.4, 126.8, 126.4, 126.1, 124.0, 123.0, 120.9, 120.3, 119.8, 55.0, 44.5, 34.7,
33.8,28.2,27.1,22.7, 14.0, 10.3 ppm; MS (FD): m/z: 1248.4 [M'].

9,9,9,9°,97,97,977,977,97 .97 97" 97" -Dodecakis (2-ethylhexyl)-2,2"-7",2"" -
772772127 -hexafluorene (49, OF6): Compound 49 was prepared
according to the method used for 45 by using 48 (370.0 mg, 0.300 mmol) in toluene (10
mL) and Ni(COD); (82.5 mg, 0.45 mmol), 2,2¢-bipyridine (46.8 mg, 0.45 mmol), 1,5-COD
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(32.4 mg, 0.45 mmol), and DMF (2.5 mL). After cooling to room temperature, the mixture
was diluted with diethyl ether and the organic layer was washed with diluted HCI and brine,
then dried over MgSQO,4. The solvent was removed under vacuum and the residue was
purified by column chromatography over silica gel with hexane/dichloromethan (10/0.8) as
the eluent (R = 0.24 ) to afford 49 as a white solid (183.0 mg, 52.4 %): 'H NMR (250
MHz, CD,Cl,): 6 = 7.86-7.68 (m, 32 H), 7.45-7.26 (m, 6 H), 2.14-2.06 (m, 24 H), 0.90-0.50
(m, 180 H) ppm; C NMR (62.5 MHz, CDCl;): & = 151.2, 150.9, 150.6, 141.1, 140.4,
140.2, 126.8, 126.3, 126.2, 124.1, 122.9, 119.8, 55.1, 44.6, 34.7, 34.0, 28.3, 27.1, 22.8,
14.0, 10.3 ppm; MS (FD): m/z: 2335.9 [M'], 1166.9 [M**], 777.5 [M’"]; elemental
analysis: calcd for Ci74Hz4, (2333.8): C 89.55, H 10.45; found : C 89.32, H 10.36.

9,99,9,979797,97 97999 9T 97 -Tetradecakis(2-ethylhexyl)-
2,2 -1 27 -1 2 -y 2y 2 -heptafluorene (50, OF7): compound
50 was prepared according to the method used for 42 by using 48 (650.0 mg, 0.52 mmol),
40 (85.0 mg, 0.13 mmol) and Pd(PPhs)4 (15 mg, 0.013 mmol) in toluene (2.6 mL) and 1 M
aqueous K,COj; (1.3 mL, 1.3 mmol). The reaction took 16 h. After cooling to room
temperature, the mixture was diluted with diethyl ether and the organic layer was washed
with diluted HCI, brine, and water, then dried over MgSO4. The solvent was removed under
vacuum and the residue was purified by column chromatography over silica gel using
hexane/dichloromethane (10:0.8) as eluent (Rf = 0.17) to afford 50 as white solid (167.0
mg, 46.4 %): '"H NMR (250 MHz, CD,Cl,) : & = 7.86-7.69 (m, 38 H), 7.45-7.26 (m, 6 H),
2.15-2.06 (m, 28 H), 0.92-0.50 (m, 210 H) ppm; *C NMR (62.5 MHz, CDCl3): & = 151.2,
150.9, 150.6, 141.1, 140.4, 140.2, 126.8, 126.1, 124.1, 123.0, 119.8, 119.6, 55.1, 44.5, 34.7,
34.1, 28.3, 27.1, 22.8, 14.0, 10.4 ppm; MS (FD): m/z: 2724 [M'], 1362 [M**], 907 [M*"];
elemental analysis: calcd for Cyp3Haso (2722.5): C 89.56, H 10.44; found: C 89.43, H
10.38.

Poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl) (51, PF2/6): A Schlenk tube was placed 2.67
g (14.6 mmol) of bis(1.5-cyclooctadiene)nickel(0), 1.52 g (14.6 mmol) of 2,2’-bipyridine,
1.05 g (14.6 mmol) of 1.5-cyclooctadiene, 8 ml DMF and 20 ml toluene. The mixture was
stirred at 80°C for 0.5h (blue solution). The 9,9-bis(2-ethylhexyl)-2,7-dibromofluorene(38,
2g, 3.65 mmol) in 12 ml toluene was added to the blue solution, and the mixture was heated

at 80°C for 5 days. After 5 days, 9,9-bis(2-ethylhexyl)-2-bromofluorene was added into the
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mixture, and keep at 80°C for 24 h. The mixture was cooled and the poly(2,7-(9,9-bis(2-
ethylhexyl)fluorine-2,7-diyl) was precipitated with an equivalent mixture of concentrated
hydrochloride acid, methanol, and acetone. The solid was redissolved in chloroform and
precipitated from acetone/methanol for several times to give 1.42 g polyfluorenes (71%
yield), which has PPP equivalent molecular weights: M, = 61000 and M, = 110000 g/mol;
Pp=1.79. (PS as standard M,, = 98000 and M, = 229000 g/mol; Pp =2.1).

2.5 Summary

The facile synthesis of oligofluorenes from the dimer up to the heptamer by a series of
stepwise transition metal mediated Suzuki and Yamamoto reactions has presented. 2,7-
dibromofluorene and 2-bromofluorene were chosen as starting materials, and alkylated with
2-ethylhexyl bromide in 9-position of the fluorenyl ring. Unsymmetrical monobromides of
monomer, dimer and trimer of fluorenes were important intermediate compounds for higher
oligomers. Oligofluorenes with an odd number of fluorene unit such as trimer, pentamer,
heptamer were prepared by Pd-catalyzed Suzuki coupling of excessive monobromides of
momomer, dimmer, trimer with 2,7-bis (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-y1)-9,9-
di-2-ethylhexylfluorene. The oligofluorenes with an even number of fluorene units such as
dimer, tetramer, hexamer were synthesized by Yamamoto homocoupling of these
monobromides, repectively. Polyfluorenes was synthesized by Yamamoto coupling of 2,7-
dibromo-9,9-bis(2-ethylhexyl)fluorene. In this work, aryl boronates were readily available
from the aryl halides via Pd(0)-catalyzed reaction with the pinacol ester of diboron
(Miyaura reaction). This transformation avoids the use of strongly basic organometallic
reagents and thus allows the preparation of a wide variety of functionalized aryl boronic
esters, moreover, the yield of this reaction was very high (90%), and the purification of
target products was also very easy. In the synthesis of the oligofluorenes, all compounds
were purified by standard column chromatography and confirmed by field desorption mass

spectroscopy (FD-MS) and 'H or ?C-NMR techniques.
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3 Chain-Length  Dependence of the

Electrochemical and Spectral Properties of

Conjugated Oligofluorenes

In this chapter, the electrochemical properties of the oligofluorenes were studied by cyclic
and differential pulse voltammetry. The electronic properties were investigated by UV-vis
absorption and fluorescence spectroscopy in solution. A series of interesting relations of
energy gap, ionization potential, electron affinity, oxidation potential and fluorescence
lifetime with the reciprocal number of the fluorene units were found and the linear
extrapolation of these relations to infinite polymers predicted the electronic properties of

the corresponding polyfluorenes.

3.1 Introduction

Similar to other conjugated oligomers, oligofluorenes OFn (Chart 1, n=2~7) serve as
model compounds for the analysis of the electronic and electrochemical properties of the
corresponding polyfluorenes (PF2/6)." From a technological viewpoint, the interesting
electronic properties of the polyfluorenes® suggest that the oligofluorenes could be used as
semiconductors in organic electronics and photonics.’** A deep understanding of the
electronic and electrochemical properties of the polyfluorenes and oligofluorenes thus is
desirable when considering their practical applications in organic devices. Herein, the
electronic properties of the monodisperse oligofluorenes OFn (n=2~7) (Scheme 3 .1. 1)
were thus studied by UV-vis absorption and fluorescence spectroscopy and the
electrochemical properties were investigated by cyclic and differential pulse voltammetric
techniques. The chain-length dependence of parameters such as band gap (E,), oxidation
potential, ionization potential (Ip), electron affinity (E,) and fluorescence lifetimes etc. thus

can be deduced and extrapolated to the values expected for an idealized infinite polymer.
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Scheme 3.1.1. Molecular structures of the oligofluorenes and polyfluorenes, OF-n

represents n-mer.

3.2 Results and discussion

3.2.1 Electrochemical measurements

The results of the cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
measurements in solutions of the oligofluorenes (OF-n, n=2~7) are presented in Figure 3
.2. 1 and the data are summarized in Table 3. 2. 1. In all cases, one or multi- reversible
oxidation waves were observed. The extension of the chain-length led to an increase of the
number of the accessible oxidation states without affecting the reversibility of the oxidation
waves. For example, for dimer (OF2), two reversible redox waves with E, ! and E; /22 (Ev:
half wave potential) at 1.11 and 1.49 V were observed, that correspond to the successive
generation of the cation radical and dication. With chain extension to the tetramer (OF4),
the second redox wave is followed by two one-electron waves corresponding to the
successive generation of the trication radical and tetracation (E; /23 and E; /24 at 1.47 and 1.67
V, respectively). For the hexamer (OF6) and heptamer (OF7), four reversible redox waves
were observed, indicating that the systems can be charged up to a stable tertracationic state.
With the extension of the chain-length, the E;,"™ for the related oxidation wave displayed a
negative shift and a decrease of the E[/gz- E[/gl, reflecting the reduction of the on-site
Coulombic repulsion between the positive charges in the dicationic state. The difference
between the first and the second oxidation waves (E 1/22- E 1/21) converged from 0.38 V for
dimer to 0.05 V in the heptamer (as clearly distinguished by DPV measurements, Figure 1).
The apparent redox potentials (E;.' to E ) corresponding to the generation of the various
cationic species of OF-2~OF-7 revealed a linear relation with the reciprocal number of the
fluorene units (Figure 3. 2. 2). Extrapolation of the plots of first oxidation E;»' vs 1/n to 1/n

=0 (Figure 3. 2. 2) gave a value of 0.86V, which is lower than the experimental value of
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Figure 3. 2. 1. Cyclic voltammetry and differential pulse voltammetry (inset) waves of
oligofluorenes (OF2 to OF7).
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Table 3. 2. 1. Cyclic voltametric data for OFn. [OFn] = 5 x 10 M, [Bu,NPF]=10" M in
CH:Cl,, Pt-disc as working electrode, Pt wire as counter electrode. Scan rate =100 mV7/s,

E,, (ferrocene) = 0.232 V vs AgNQO3/Ag reference electrode.

Compound E (V) Eu’ (V) Euy -Ei' (V) Eus (V) En' (V)
OF2 1.11 1.49 0.38
OF3 1.0 1.27 0.27
OF4 0.96 1.15 0.19 1.47 1.67
OF5 0.91 1.04 0.13 1.25 1.45
OF6 0.93 1.02 0.09 1.18 1.35
OF7 0.93 0.98 0.05 1.11 1.25

the corresponding polymers (0.93 V from DPV measurements). A convergences to zero of
E 1/22—E 1/21 and E 1/23 -E 1/21 by linear extrapolation were found at about n=13 in the same time,
suggesting a coalescence of the three successive one-electron oxidation peaks into a single-
step three-electron wave will happen in the 13-mer. Similarly, a convergences to zero of
E 1/24-E 1/21 by linear extrapolation was found at about n=24, that means the all of oxidation
waves will be overlap together into a oxidation wave in the 24-mer.

From figure 3. 2. 2, the infinite oxidation half wave potentials 0.84, 0.77, 0.62, 0.70 eV
for Ei;'(0)-E12*(0), can be obtained respectively by the extrapolation of the linear plot
Ei»" ~ 1/n to infinite chain length polymer. The El/zl(oo) value is higher than the El/zz(oo),
E1/23(oo), E1/24(oo), that indicates the all of oxidation waves will be overlap together into a
oxidation wave for the infinite polyfluorene. The slopes of the linear plots are 0.84, 1.45,
3.34, 3.83 respectively for El/zl, El/zz, E1/23, Ei," versus 1/n. From the slope, it is clear that
the oxidation wave of higher potential is more sensitive to change in the m-conjugation

length than oxidation wave of low potential.
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Figure 3. 2. 2. The linear relations between the apparent redox half wave potentials with

the reciprocal number of fluorene units (1/n).

As observed above, the oligofluorenes displayed the typical electrochemical behavior of

6
and

conjugated  oligomers such as oligo-a,a’-thiophenes, >  oligopyrrols
oligothienylenevinylenes’ etc. From the structural point of view, polyfluorenes can be
regarded as a step-bridged polyphenylenes. The electrochemical properties of the oligo-p-
phenylenes with different substitution modes have been investigated by Miillen et al..®
While the oligophenylenes with the substitution only in the terminal phenyl rings displayed
a two reversible oxidation behavior like normal conjugated oligomers, the substitutions in
the middle rings disturb the conjugation and lead to irreversible oxidation states. The steric
repulsion between the substituents of the neighboring phenyl rings plays an important role
in the electronic decoupling. Herein, the substituents in poly- or oligo-fluorenes are placed
in the 9,9’-position of the planar fluorene units and the intrachain steric repulsion between
the alkyl-substituents are negligible. Such structural modifications of poly-para-phenylenes
lead to a more efficient m-conjugation. As a result, the oligofluorenes displayed more
accessible, stable cation species and a good relation between the electrochemical properties

and the chain-length.
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3. 2. 2 Steady-state electronic absorption and

fluorescence spectroscopy

The electronic absorption and emission spectra of all the oligomers (OF2~0OF7) and the
polyfluorenes (PF2/6) in chloroform solution are presented in Figure 3. 2. 3 and the data
are collected in Table 3. 2. 2. As expected, the chain-length extension led to a bathochromic
shift of the absorption maximum Amaabs) (correlated to the energy gap Eg) and to a
narrowing of the HOMO-LUMO gap (4E) estimated from the low-energy absorption edge.
The fluorescence spectra of oligofluorenes also display a red-shifted emission with the
extension of the chain-length (Figure 3b), from Amaxem)= 385 nm for the dimer (OF2) to
Amax(em) = 412 nm for the heptamer (OF7). The molar extinction coefficients (&€max) of
oligofluorenes at the Amaxbs) display in good approximation a linear increase with n (the
number of the fluorene units) from dimer to heptamer as seen in Table 2. The increment is
30.3 x 10° L mol”" em™ per repeat unit, indicating that each repeat unit contributes with the
same oscillator strength to the overall absorption, otherwords, & per repeat unit is

independent of chain length. With increasing chain-length, extrapolation of the oligomer to

Photon energy (eV)

2,8 32 3,6 4,0 44
0,4 T T T T T T T T T T 0,4
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Figure 3. 2. 3a. UV-Vis absorption of oligofluorenes dimer to heptamer, and polymer in
chloroform solution at room temperature. The spectra (OF2 up to OF7, PF2/6) were

recorded at a concentration of fluorene repeat units of 1.0 x 107 molL™.
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Figure 3. 2. 3b. Emission spectra of the oligofluorenes and polymer in chloroform solution

at room temperature. (The spectra of

OF2 up to OF7 were recorded at a fixed

concentration of fluorene repeat units of 1.0 x 10° molL™, emission spectra of PF2/6 was

recorded at a fixed concentration of fluorene repeat units of 2.5 x 107 molL™).
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Figure 3. 2. 4. Linear relations of the absorption and emission maxima of oligofluorenes

with the inverse number of fluorene units(1/n). The absorption maximum for poly-[9,9-bis-

(2-ethylhexyl)fluorene-2,7-diyl] is 383nm(3.24 eV), The effective conjugation length (n

14) can be obtained from the absorption linear fit. The emission maximum for poly-[9,9-
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bis-(2-ethylhexyl)fluorene-2,7-diyl] is 414nm(3.00 eV), The effective conjugation length (n

= 8) can be obtained from the emission linear fit.

Table 3. 2. 2. Data for the spectral properties of the oligofluorenes (OFn) and
polyfluorenes. Amax(abs), Emax, AE is obtained from electronic absorption spectra; Amaxpr) is
obtained from emission spectra ; E, relative to AgNO3/Ag reference electrode is obtained
from cyclic voltammetry. I, and E, value relative to the vacuum level. “Data for the
hypothetical ‘ideal’ polymer PF(o) obtained from extrapolation. Y AE is calculated from

the low-energy absorption edge.

Sample  Amaxgans) Emax Amax(pL) AE Ip Ea Eox’
nm eV wLmol emy M eV nm eV (eV) (V) (eV) (eV)
OF-2 327 3.79 49170 365 3.40 385 322 346 5.66 2.20 1.06
OF-3 348 3.56 81330 394 3.15 415 299 3.22 5.55 2.33 0.95
OF-4 358 3.46 111500 404 3.07 426 291 3.14 5.51 2.37 0.91
OF-5 365 3.40 141700 409 3.03 432 2.87 3.10 5.50 2.40 0.89
OF-6 368 3.37 173000 411 3.02 434 2.86 3.08 548 2.40 0.88
OF-7 372 3.33 200300 412 3.01 434 286 3.06 5.47 241 0.87
PF2/6 383 3.24 - 414 3.00 437 2.84 3.04 5.45 241 0.85
PF(0)? 396 3.13 - 425 2.92 - - 2.88 5.39 2.51 -

data to ‘infinite’ chain length is appropriate in order to predict the properties of an ‘ideal’
polymer. Thus in our case, a linear relation between the wavenumber of absorption and
emission maximum (Vmax (abs) a0d Vmax (emiy)and the reciprocal number of the fluorene units
(1/n) was observed in Figure 3. 2. 4. A linear extrapolation of the plot to regular infinite
chains (1/n = 0) in solution exhibit an absorption maximum at Ayax(abs) =396 nm (3.13 eV)
and a maximum emission at Ama(emi) = 425 nm (2.92 eV). These hypothetical energies
expectedly lie lower than those experimentally found for polyfluorenes solution (Amax(abs)
= 383 nm (3.24 e¢V) and Ayax(emi) = 414 nm (3.00 ¢V) as a result of saturation. From the
maximum absorption and emission of experimental polymer, we can estimate an effective
conjugation length (ECL) of 14-repeat units from the absorption plot, and 8-repeat units
from the emission plot in Figure 3. 2. 4. Practically, the Vimax @abs) and  Vimax (emi) tend to
saturate to a constant value with increasing the chain length. Fluorescence, however,

saturates faster than absorption because the relaxed exciton compromises only part of the
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oligomer while the hot exciton is delocalized along the whole chain.” This can be observed
with slope 1.28 related to absorption plot and 0.63 related to fluorescence linear plot from
Figure 3. 2. 4. The plot of AE vs 1/n is shown in Figure 3. 2. 5, extrapolation of the HOMO-
LUMO gap (AE) data to an infinite chain length leads to a predicted gap value, 2.88 eV for
infinite defect-free polyfluorenes smaller than the present experimental value for PFs,

suggesting that the synthesis of longer OF-n may allow further band-gap reduction.

For a given chain length, oligofluorenes with 2-ethylhexyl group side chain absorb at
shorter wavelengths than those of series oligofluorenes with hexyl group and 2s-
methylbutyl group,'® these differences reflect the effect of the larger number of alkyl
substitutents on the electronic density of the m-conjugated system. Apart from these modest
differences, the spectra of oligomers of the different side chain are very similar in shape
both in absorption and emission and exhibit a structured fluorescence band.

As shown in Table 3. 2. 2, the longest oligomer OF7 shows HOMO-LUMO gap (4E)
around 3.06 eV. The AE value is close to that of polyfluorenes (AE = 3.04 eV) with the
same side-chain and is smaller than the band gap of poly(p-phenylene)(PPP) (3.6 ¢V)'' due
to the fluorenyl structure possessing a more efficient m-conjugation. The effective
conjugation and HOMO-LUMO gap of linear m-conjugated systems are related to the
average delocalization (or confinement) length of n-electrons.'> Whereas, for polyenes, this
parameter depends essentially on the degree of bond length alternation, in polyaromatic
system, other factors such as planarity and aromatic resonance energy plays also a
determining role."® The smaller HOMO-LUMO gap of oligofluorens compared to oligo(p-
phenylene) reflects the higher planarity.

3.2.3 Determination of ionization potential (l,) and

electron affinity (E,)

The ionization potential (I,) and electron affinity (E,) of conjugated oligomers and
polymers are important parameters when applying them as semi-conducting materials in
devices. To transpose the measured redox behavior into estimates for the ionization
potential I, and electron affinity E,, it is necessary to relate the electrochemical potentials to
the vacuum level relative to which I, and E, are defined. An empirical relationship has been

proposed by Brédas ez al.'* on the basis of a detailed comparison between valence effective
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Hamiltonian calculations and experimental electrochemical measurements. The expectation
is that:

Ip= (E" xt4.4) eV and

Ea= (E'(ea +4.4) eV,
where E'ox and E’.q are, respectively, the onset potentials for oxidation and reduction
relative to Ag/AgCl reference electrode. The I, and E, values of poly(9,9-dioctylfluorene)
have been electrochemically determined according to this method by S. Janietz and D. D.
C. Bradley ef al."> They used a three electrode configuration undivided cell: the working
electrode was glassy carbon, the counter electrode was a platinum mesh and the reference
electrode was Ag/AgCl (3M NaCl and saturated Ag/Cl) which was separated by a
diaphragm. For this arrangement the ferrocene half wave potential was estimated to be 435
mV against Ag/AgCl.

In our experiment, the redox potentials in all the measurements were internally
calibrated by adding ferrocene(Fc) during the measurements and in the case of using
AgNOs/Ag as reference electrode the E;»(Fc'/Fc) = 0.232 V. The calculation for I, and E,
relative to the vacuum level thus can be written by

Ip= (Eox + 4.4 + 0.435-0.232) eV
Ea= (Eq + 4.4 +0.435 -0.232) eV

where E.x and E,4 are, respectively, the onset potentials for oxidation and reduction
relative to AgNOs/Ag reference electrode. Herein, the oxidation onset Eqx can be easily
drawn out from the CV curves, listed in table 3. 2. 2, however E,4 can not be directly
obtained from the CV measurements because the stable anionic state is not experimentally
accessible. Alternative, the Ea were estimated by equation Ea = Ip-AE, where the AFE is the
HOMO-LUMO gap. With the extension of the chain-length, the Ip values (table 3. 2. 2)
decreased from 5.66 eV for dimer down to 5.37 eV for heptamer, and at the mean time, the
Ea values increased gradually, resulting in a convergence of the HOMO-LUMO gap. The I,
and E, were plotted vs the reciprocal number of the fluorene units (1/n), and approximately
linear relations were observed (Figure 3. 2. 5).

A theoretical evaluation of the Ip and Ea of conjugated polyacetylene, polyphenylene,
polythiophene and polypyrrol has been done by Brédas et al. by the valence effective
Hamiltonian (VEH) technique,'* and in all cases the values are in good agreement with the

experimental results. The approximately linear relationship between the Ip or Ea with the
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I/n was also predicted and proved. Here, such a relation was observed again for the

conjugated oligofluorenes.

5,5
Ip = 5,39 + 0,532 (1/n)

5,0
S 451 ® Bandgap
L ®  |onization potential
u“j 40 Electron affinity
. 40
@
o
= 3,5 Egap =2,88 + 1,12 (1/n))
@ E []
s}
2: 3,0

25 E,=2.51-0.59 (1/n)

2,0 T T T T T T T T T T T T T T T T T T T T T

000 005 010 015 020 025 030 035 040 045 050 055

1/n

Figure 3. 2. 5. Linear relations of the energy gaps (AE), ionization potentials (Ip) and

electron affinities (Ea) with the reciprocal number of fluorene units (1/n).

Extrapolation of quantities such as ionization potential, electron affinity, oxidation
potential, Ay.x and AE, determined on short-chain oligomers, has been widely used to
analyze the chain length dependence of the electronic properties of m-conjugated oligomers
and to predict the properties of an infinite defect-free polymer chain. For oligofluorenes, the
effective conjugation length can be obtained from extrapolation of I, E,, El/zl, AE Amax (Flu)
versus 1/n (n is the number of fluorene units) is around 6-8 repeat units, which is different
with the value 14 obtained from Amax (abs. That means the ECL is dependent on
measurement method. As recently discussed by Meier et al., the existence of a finite ECL in
linear m-conjugated systems implies the convergence of the above parameters towards a
limiting value for a certain chain length.'® Indeed, such a saturation limit has been observed
for all series of oligomers investigated so far.’

For oligofluorenes, a similar analysis done using literature’ gives a slope of 1.12 for
energy band plot (Figure 3. 2. 5). The lower slope found for OFns indicates that a similar

increment in the number of fluorene unit in the conjugated chain is smaller effective in term
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of increase of effective conjugation length and gap reduction for the OFns than for the
other oligomers such as thienylenevinylene oligomers. Interestingly, the slope of Ej'~1/n
(0.52) in Figure 3. 2. 2 is about twice smaller than that of Figure 3. 2. 5. Since E;;' is
related to the HOMO energy level, the twice smaller slope indicates that the gap reduction
resulting from chain extension involves symmetrical changes of the HOMO and LUMO

energies with respect to mid-gap.

3.2.4 Transition fluorescence spectroscopy

The transition fluorescence spectra of the oligofluorenes in m-THF solution were
recorded by Streak camera techniques.'” The lifetimes (1) were determined by analysis of
the Streak camera photos (Figure 3. 2. 6a). In all the cases, mono-exponential fluorescence
decay curves were observed and the lifetimes of the oligomers were in the subnanosecond
range (Figure 3. 2. 6b). Interestingly, the lifetimes of the oligomers displayed a linear
relation with the reciprocal number of the fluorene units (1/n) as described in Figure 3. 2.
6¢. According to literature, such strong decrease of the lifetime can be explained by the
enhanced transition dipolar coupling interactions with the increased unit numbers,” and
detailed discussion will be given in Chapter 5. 5. 1. An extrapolation to the infinite
polymers gave a value of = 386 ps, which is very close to the determined value of 397 ps
for the corresponding polymers PF2/6. Detailed studies of the transition fluorescence
spectra of the oligofluorenes with the concentration, temperature and solvents will be

presented in Chapter 5.
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Figure 3. 2. 6. (a) The fluorescence spectra of OF6 recorded from m-THF solution at room
temperature by Streak camera,; (b) The mono-exponential fluorescence decay plots of the
oligofluorenes(OF2 up to OF7) and Polyfluorenes (PF2/6); (c) Linear relation of the

fluorescence lifetimes with the reciprocal number of the fluorene units(1/n).

3. 3 Conclusion

In conclusion, the electrochemical and electronic properties of oligofluorenes were
systematically studied by several combined techniques such as cylic voltammetry,
differential pulse voltammetry, UV-vis absorption spectroscopy, steady- and transition state
fluorescence spectroscopy. It was found that the oligofluorenes behave like classical

conjugated oligomers, i.e., with the increase of the chain-length, the band gap, the first
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oxidation potential, the accessible oxidation states, the emission maximum and the
photoluminescence lifetime displayed a very good linear relation with the 1/n. The
ionization potential and electron affinity of the oligomers also showed interesting relations
to the chain-length. The extrapolation of the linear part of the curves to infinite polymers

also gave good agreements with experimental values.

3.4 Experimental Section

The electrochemical measurements of oligofluorenes OF2~OF7 and the polyfluorenes
(PF2/6, 5.0x10*M in dry dichloromethane) were performed in a standard three-electrode
cell, a platinum wire sealed in insulated rubber as working electrode, a AgNOs/Ag non-
aqueous electrode as reference electrode and a platinum wire as counter electrode.
Tetrabutylammonium hexafluorophosphorate (TBAPFgs, 0.1M) was used as supporting
electrolyte. The electrochemical potentials were calibrated by an internal reference couple
ferrocene/ferrocium (Fc/Fc+) in each measurements and in all case E; » (Fc/Fc+ )=0.232 V.

UV-vis absorption spectra were recorded with chloroform solution of oligomers and
polymer (fluorene unit concentration 1x10° M) at room temperature on a Perkin-Elmer
Lambda 9 UV/Vis/NIR spectrophotometer. The fluorescence spectra were obtained by
excitation of the solutions at the absorption maximums on a Spex Fluorolog II (212). The
time resolved fluorescence was measured using a Hamamatsu C4742 Streak camera and a

frequency-doubled mode-locked titanium-sapphire laser.
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4 Liquid crystalline properties

In this chapter, the thermal behavior, supramolecular packing, alignment properties and
molecular dynamics of the monodisperse oligofluorenes were investigated to understand
the basic structure-property relationships for oligo- and polyfluorenes. Linear relationship
between the phase transition temperatures, e.g., isotropic transition (Ti,) or glass
transition(Tg), and the reciprocal number of the fluorenyl units were observed. The higher
oligomers (tetramer to heptamer) adopt a smectic liquid crystalline phase as evidenced by
2D wide-angle X-ray scattering measurements and single-crystal structure analysis. The
oligofluorenes can be easily aligned on a rubbed polyimide substrate and give an over

areas monodomain alignment layer which shows polarized optical absorption and emission.

4.1 Introduction

Polyfluorenes belong to the class of worm-like polymers. The monomer unit consists of
rigid planar biphenyl units, bridged by a methylene unit at 9-position, ensuring a high
degree of conjugation. The carbon-9 atom may also carry additional substituents to modify
the polymer processability and the interchain interactions in films. The structure of the
alkyl side-chains in the 9-position of the fluorene moieties strongly influences the solid-
state packing of the polymers. The thermal stabilities of the homo- and copolymers are
excellent with decomposition temperatures exceeding 400°C."

As we mentioned in previous chapters, polyfluorenes (PFs) are an important organic
material for light emitting diodes (LEDs), exhibiting bright blue emission with efficiencies
not reached when using other conjugated polymers. Beside this excellent emission
properties, PFs were found to exhibit a thermotropic nematic liquid crystalline phase as first
reported by Grell et al. in 1997.7 These authors also demonstrated that thin layers of well-
aligned PFs can be prepared on rubbed polyimide. This was the first report on the
alignment of a fully conjugated main-chain liquid-crystalline polymer in thin layers on an
appropriate alignment substrate. A dichroic absorption ratio of more than six and an even
larger photoluminescence ratio as a fuction of polarization were reported on aligned PF
layers. Thus the excellent alignability of the fully conjugated PFs polymer backbone opens

strategies to construct ultrathin layers with highly anisotropic optical, electrooptical and
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electric properties. A LED was fabricated based on an aligned PF emission layer displaying
polarized light-emission with a polarization ratio of 15 at a reasonable brightness.’ It was
further disclosed that the alignment of the polymer chains in the liquid-crystalline state
improved the charge-carrier mobility* and a field-effect transistor with a large in-plane
anisotropy of the mobility was reported by Sirringhaus et al.’

Monodomain alignment of PFO on top of PI was induced by heating to 200°C followed
by either slow cooling or quenching to room temperature. In both cases the dichroic ratio
was ca. 6.5. The layers exhibit polarized photoluminescence with a polarization ratio of ca.
10.°

Later, alignment layers of PFs with various kinds of side chains (Scheme 4. 1. 1) were
investigated by Neher et al.. The dichroic ratios are 16, 13, 12, 9 and 3 for PF2/6,
PF8/1/1C2/6, PF3/5, PFO and PF4/12, respectively.® The largest dichroic ratio was found in
PF2/6. Depending on the thermal process, dichroic ratios reach up to 16 at A = 380 nm. The
differential scanning calorimetric (DSC) curves of PF2/6 are shown in Figure 4. 1. 1. They
reveal a phase transition to a birefringent LC phase at Trc = 167°C upon heating, and a
reverse transition at 132°C upon cooling.” The transitions are well resolved in the DSC scan.
The dichroic ratio decreased when using symmetric, branched substituents such as PF3/5
(Trc =200 °C). For an alignment layer of PFO which shows a transition temperature at Trc
= 175°C, the dichroic ratio at maximum absorption is only 9, in agreement with results by
Grell et al.. Further evidence that the attachment of linear alkyl chains reduces the degree of
alignment comes from a comparison of PFO and poly(didecylfluorene-co-dibutyl-fluorene)
(PF4C12). For the latter case, the dichroic ratio is three only. There is a clear correlation
between the degree of anisotropy and the shape of the absorption spectra. Most importantly,
an additional shoulder appears at the long-wavelength side of the absorption band, which is
most prominent in the spectra of PF4C12.

Grell et al. have intensively studied the spectral properties of PFO with respect to the
correlation between sample treatment, chain geometry and optical properties.® In particular,
a well-resolved peak at 436 nm appeared when solid PFO samples were cooled to 77K and
reheated to room temperature. While the peak had first been interpreted as an interchain
excitation (aggregates), detailed investigations revealed that the peak is most likely related
to the absorption of highly ordered PF chains with more extended conjugation, thus being
an intrachain property. Based on X-ray scattering results, a planar zigzag conformation,

being identical to a 2/1 helix, has been proposed® (Figure 4. 1. 2).
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Scheme 4. 1. 1. Chemical structure of poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl) (PF2/6),
poly(9,9-bis(2-propylpentyl)fluorene)  (PF3/5), poly(9,9-bis(2-octyl)fluorene  (PFO),
poly(2,7-(9,9-bis(2-ethylhexyl))co-(9,9-bis((3S)-3, 7-dimethyloctyl) )fluorene) (PF8/1/1C2/6),
and poly(2,7-(9,9-bis(2-butyl)co-(9,9-bis(dodecyl))fluorene) (PF4C12),.
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Figure 4. 1. 1. DSC scan of PF2/6: (a) heating at 10 K/min of a toluene-cast sample, (b)
cooling scan of the same sample at 10 K/min, (c) heating scan for a sample quenched from

200 °C.

-62 -



Chapter4 Liquid crystalline properties

0.7 . —

0.6
0.5
0.4 |

0.3 %

Absorbance {a.u.)

0.2 [V

0.t

oL 1 1 L 1
250 300 aso 400 450 500 550 800
Wavelength [nm]

Figure 4. 1. 2. The UV-vis absorption spectrum of a solid layer of PFO after cooling to 77K
and re-heating to r.t. The sharp absorption features have been assigned to planar chains
with extended conjugation as shown on the right side’. (A fully extended PFO chain

segment, adopting the "planar zigzag" or 2, helix conformation).

In contrast to PFO, UV-vis absorption spectra of PFs with branched side chains do not
reveal a pronounced shift in absorption even after extended annealing. Thin layers as well
as drawn fibers of PF2/6 have been studied by means of electron microscopy and X-ray
scattering by Lieser et al.” Figure 4. 1. 3 shows a comparison of the electron diffraction
pattern of PF2/6 film oriented on the top of a rubbed polyimide substrate (annealed at
175°C for 2h in an inert atmosphere) with the X-ray diffraction pattern of a fiber drawn
from the same polymer and annealed subsequently at 170°C for 4h. Both show a similar
diffraction pattern. Based on the diffraction experiments, a packing of the annealed chains

in a trigonal latticea=b =1.67 nm, ¢ =4.04 nm, o = 3 = 90°, y = 120° was suggested.

(A) (B)
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Figure 4. 1. 3° (4) Electron diffraction pattern of an oriented PF2/6 film (30 nm)on top of a
20 nm polyimide alignment layer from a circular area of 2.7 sm in diameter (meridian in
direction SW-NE). The sample has been annealed at 175 °C for 2h in an inert atmosphere
to induce alignment of the polymer chains. (B) X-ray diffraction pattern of a fiber drawn
from the same polymer and annealed subsequently at 170 ° C for 4 h.

Most importantly, the experimental results suggest a 5/q helical conformation of the
polymer. From accessible diffraction data alone, the prima-facie choice of parameter q of
the 5/q helix would be ¢ = 1. However, molecular orbital (MO) calculations and molecular
modelling performed to yield information on the geometry of the PF repeating unit, chain
conformation and the Sy-S; transition energy are more in favour of ¢ = 2. Figure 4. 1. 4
shows the molecular modelling results of 5/¢ helices of PF with g = 1, 2, based on RHF/6-
31 G calculations of bi-and terfluorene.” The projected monomer lengths resulted to be 8.09
A for ¢ = 1 and 8.38 A for g = 2, which were both in accordance with the length of the c-
axis of the unit cell divided by 5. But, in contrast to the ‘helical’ shape of the 5/1 helix, the
5/2 helix has a more ‘linear’ shape in which the orientation of the individual monomer units
deviates only slightly from the main trajectory of the backbone. Further support for the 5/2
helix structure came from the torsional angle dependence of the electronic transition energy.
The torsional angle between neighboring monomers is about 72° in the case of a 5/1 helix,
compared to about 144° in the case of a 5/2 helix. Therefore, the rather extended
conjugation in PF2/6 as evidenced by the absorption and emission properties is in favour of

a 5/2 helix.

2 T cle
':Hj -'-_..‘._.--_f"'.-'.-';p.._-rﬂ-.._'_ ey
PRE b, |

Figure 4. 1. 4. Molecular Modeling of oligo(25)-fluorene with 5/q helix: (a) g = 1; (b) g =
2. Structures are based on RHF/6-31G calculations of bi- and terfluorene. Ethylhexyl side

chains were replaced by hydrogen’.
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The very large dichroic ratio of the orientated PF2/6 layers in the UV-vis absorption
spectra and the large polarization ratio in photoluminescence and electroluminescence
spectra can thus be well understood from the rather low viscosity of the metrically
hexagonally packed cylindrically shaped polymers in conjunction with the almost linear
structure of the proposed 5/2 helix. On the other hand, PFO with linear side chains might
just present a mixed character in which the bent monomer unit in conjunction with the
rotational potential of the backbone favours a cylindrical helical conformation while the
linear side chains induce a planar zigzag backbone conformation with higher viscosity.
These mixed characteristics could explain the lower degree of orientation of PFO and,
particularly, of PF4C12 on alignment PI layers, compared to PF2/6 or PF3/5.

The thermal properties, supramolecular packing, alignment of polyfluorenes with various
kinds of side chains were investigated widely, but the structure-properties relationship has
not yet been deeply understood. Therefore, the chain-length dependence of the thermal
behavior, supramolecular packing and molecular dynamics of monodisperse oligofluorenes

as model compounds for polyfluorenes were investigated.

4. 2 Phase Transition Characteristics of

Oligofluorenes

Thermal gravimetric analysis (TGA) measurements of all of the oligomers (OF2-OF7)
and the polymer (PF2/6) were conducted under a nitrogen atmosphere at 10 K/min heating
rate, and the curves are shown in Figure 4. 2. 1. It clearly shows that the fluorenyl dimer

start to decompose at about 250°C, while the trimer up to heptamer and polymer decompose

above 370 °C.
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Figure 4. 2. 1. TGA traces of OF2-OF7, and PF measured in a nitrogen atmosphere
(heating at 10 K/min).

Differential scanning calorimetry (DSC) measurements were done on a Mettler DSC 30
with a heating and cooling rate of 10 K min". The curves of the oligofluorenes and
polyfluorenes during the second heating scan are shown in Figure 4. 2. 2 and the transition
temperatures are listed in Table 4. 2. 1. From the DSC traces, the glass transitions (T,) in
the low temperature range for all of the oligomers were observed, and followed by an
endothermic transition for the tetramer (45), the pentamer (46), the hexamer (49), and the
heptamer (50) as the temperature was increased. The latter transition with the very small
enthalpy (see Table 4. 2. 1) was identified as the transition of the liquid crystalline phase
into the isotropic phase (Tis,) from the polarized optical microscopic (POM) study. The
liquid crystalline phase width between glass transition and isotropic transition increased
from tetramer to heptamer. PF2/6 exhibits a well-known ‘melting’ point'® at about 160 °C
(AH = - 4.77 Jg'') upon heating, and above this temperature, exhibits a nematic liquid
crystalline phase.’
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Figure 4. 2. 2. DSC traces (the second heating scan at 10 K/min) of fluorenyl dimer up to heptamer
and polymer under a nitrogen atmosphere. In all the oligomers, a glass transition is evident but not
in the polymer. Notice also the sharp endothermic peaks in the tetramer, pentamer, hexamer and

heptamer due to the LC-to-isotropic transition.

Table 4. 2. 1 Compilation of glass transition temperature (1), isotropization temperature

(Tiso), and enthalpy of isotropization (AH,s, ) for the oligofluorenes.

Sample Ty (K) Tiso (K) AHi,, (Jg)
Dimer (5) 252
Trimer (6) 274
Tetramer (13) 295 337 0.50
Pentamer (14) 301 399 0.47
Hexamer (15) 307 463 0.71
Heptamer (17) 315 519 0.74

A typical Schlieren texture was observed by POM from tetramer to heptamer in the
liquid crystalline phase (Figure 4. 2. 3), indicating the liquid crystalline structure to be
probably of nematic character, and a further study will be presented in the following part.
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C D

Figure 4. 2. 3. Typical Schlieren textures obtained for tetramer to heptamer during slow
cooling (5 K/min) from isotropic phase between two crossed polarizers. (A ) tetramer at 40

°C; (B) pentamer at 85 °C; (C) hexamer at 185 °C; (D) heptamer at 100 °C.

A linear relation was obtained between the isotropization point (Tis,) and the molar

fraction of end groups (Xg) (Figure 4. 2. 4), and a linear fit yielded an equation:

Tiso = 748.7 — 1679.7 (1/n) 4.1)

The temperature Tis, of the liquid crystalline to isotropic phase transition was extrapolated
to a hypothetical Tis, (‘ideal’ polymer) for n—oo if plotted in the coordinates Tis, = Tiso
(n—o0 ) (1-K(1/n)) where 1/n is the reciprocal of the number of fluorene units and K is an
empirical constant. A Tis(n—o0 ) = 748.7 K (475.5 °C) was obtained for infinite polymer
and is much above the decomposition range of the high polymer. In this regard, it is
important to note that the polymer exhibits a well-known “melting” transition around 160
°C. Above 160° C the polymer exists in a nematic liquid crystal phase; below that
temperature another solid phase is formed, the true nature of which is not yet understood. It
may be of higher order Smectic type but of such a rigidity of the packing that a transition to
a glassy state is suppressed. Whether this substantial difference in the phase structure and

nature of transitions has consequences for the electrooptical properties of these materials
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needs further studies. Most importantly, the oligofluorenes do not show the same high-

order phase the polymer exhibits below the melting temperature of ca. 160 °C.

600
550 T =748.7-1679.7 (Un)
< 5001 T =7487K
8 ]
3 450
E ]
@ 4004
Q -
S 350
= ]
300
250 —— : ——
0,12 0,16 0,20 0,24 0,28
1/n

Figure 4. 2. 4. Plot of melting point (T}s,) versus the reciprocal of the number of fluorene

units (1/n), me can be obtained from the linear fit. (T, = 748.7 K).

N

The glass transition temperatures, listed in Table 4. 2. 1, tend to level off as the chain

length increases, exhibiting n”' dependence:
T, =337.0-174.7n"", 4.2)

Therefore, the extrapolated T, for the polymer is estimated to be ca. 337.0 K (64 °C). The
occurrence of this glass transition is difficult to see in the DSC curves for the polymer (see
Figure 4. 2. 5). The similar extrapolated T, at 33242 K for polymer is also obtained from

dielectric spectroscopy investigation.

- 69 -



Chapter4 Liquid crystalline properties

340

N\
1) T =337.0-174.7 (1n)
320 AN
T:=337.0K
300
<
> 2804
260
240
0,0 I 0:1 I 0:2 I 0:3 I 0:4 I 0:5 I 0:6 I 0,7

1/n

Figure 4. 2. 5. Plot of glass transition (Tg) versus the 1/n (n is the number of fluorenyl

units), T, gwcan be obtained from the linear extrapolation. (T, gw =337.0K)

4. 3 Molecular structure and supramolecular

packing

To study further the structure and supramolecular packing of the oligofluorenes, wide
angle X-ray scattering (WAXS) was performed of powder and aligned fibers. Moreover the
single-crystal structures of several oligofluorene derivatives were also obtained to support

and supplement further the results.

4. 3.1 The powder X-ray diffraction

A Debye camera was used to record the powder X-ray diffraction pattern. Only one
reflection (d = 8.05 A) and a halo were observed for the higher oligomers (OF4-OF7). The
reflection is correlated to the length of a fluorenyl unit. The powder X-ray diffraction
patterns of the tetramer up to heptamer using a Kiessig camera are shown in Figure 4. 3. 1;
the data are compiled in Table 4. 3. 1. The diffraction patterns are similar for all of
oligomers (OF4-OF7) beside the little differences in orientational order (Figure 4. 3. la)

and show two distinct reflections and a halo. The outer diffraction circle (d = 8.05 A) is
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correlated to the monomer length, and the inner diffraction circle (d = 14.7 A) is correlated

to the intermolecular distance (Figure 4. 3. 1b). The reflection is inhomogeneous for short
chain oligomers, such as tetramer. The outer reflection shows some sampling in meridional

direction and the innermost reflection in equatorial direction. This indicates the tetramer

Tetramer - RT Pentamer - RT Hexamer - RT

Annealed from 60 °C to
|

40°C for 70 h

Heptamer - RT Heptamer annealed from 60 °C to
40 °C for 70 h
Figure 4. 3. la. Powder X-ray diffraction of tetramer up to heptamer by Kiessig camera.

Meridional reflection

Equatorial
TfTKT reflection
d=8.05 A

monomer length

d = 14.7 angstrom, the distance of lattice
planes parallel to the chains

Figure 4. 3. 1b. The analysis of the powder X-ray diffraction pattern.
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molecules to be oriented slightly according to a distinct direction in the capillary under
gravity (gravitational force) because the liquid crystalline phase exists at room temperature
due to its low glass transition. With the extension of the molecular chain-length to hexamer
and heptamer, the inhomogeneous diffraction circles change gradually to homogeneous,
indicating a lack of orientation. When the heptamer was heated to 60 °C into the liquid
crystalline phase, and then annealed from 60 °C to 40 °C, inside the capillary the sample
was preferentially oriented.

Powder X-ray diffraction patterns of the oligomers were also recorded on flat film in
liquid crystalline phase (Table 4. 3. 1). Similarly two diffraction circles were observed, and
the d-value was slightly smaller than that at room temperature. The d-value 8.05 or 8.02 A
is probably a superposition of a meridional reflection and a packing reflection as is seen in
the fiber patterns. Therefore the change to 7.8 A as a function of temperature is a

superposition and does not tell anything about a change of the meridional reflection

Table 4. 3. 1 The data of powder X-ray diffraction patterns from tetramer up to heptamer.

RT, Debye RT, 100mm T>RT, Flat film

A Kiessig Kamera (R) A

Tetramer d=8.05 A 8.02, 7.8,
14.7 13.7

Pentamer 8.05 8.02, 7.8,
14.7 13.7

Hexamer 8.05 8.02, 7.8,
14.7 13.7

Heptamer 8.05 8.02, 7.8,
14.7 13.7

4. 3.2 The 2D WAXS of extruded fibers

The fibers of the series of oligomers were mechanically extruded by a mini-extruder in
the liquid crystalline phase. Polymer fiber was drawn above the “melting point” of 170°C.
The incident X-ray beam was perpendicular to the fiber axis and a two-dimensional

scattering pattern was then recorded in a Kiessig camera.
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(a) Tetramer fiber (extruded at 40 °C) (b) Pentamer fiber (extruded at 70 °C)
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(c) Hexamer fiber (extruded at 75 °C) (d) Heptamer fiber (extruded at 85 °C)

(e) The experimental X-ray diffraction (f) The experimental X-ray diffraction
pattern for the heptamer. pattern for PF2/6

Figure 4. 3. 2. 2D sketches of X-ray diffraction patterns of tetramer to heptamer and
Kiessig diffraction patterns for heptamer and PF2/6.
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The 2D X-ray scattering patterns for tetramer up to heptamer and PF2
/6 are shown in figure 4. 3. 2. and their d-value were compiled in table 4. 3. 2. Some
reflections in the meridional direction were weak, so the patterns from figure 4. 3. 2 a-d
were drawn from Chemdraw according to the experimental patterns, and a real
experimental pattern of the heptamer is shown in figure 4. 3. 2e for the comparison with the
drawn pattern.

Table 4. 3. 2. The d-value of 2D X-ray diffraction of tetramer up to heptamer and polymer.

Tetramer Pentamer Hexamer Heptamer | Polymer
(A) (A) (A) (A) (A)
28.07 39.22° 49.02% 56.85° 11.6
15.87 30.86 25.73 28.45 10.2
10.71 19.32 16.28 19.04 9.2
8.02 14.40 12.05 14.4 8.02 Sequence of
10.11 9.70 11.50 7.04 (weak)
8.07 8.02 9.8 6.44 meridional
8.02 5.97 reflections
5.52
4.64
4.24
4.05
30.86" 30.86° 30.86° 30.86° Sequence
14.40 14.40 14.40 14.40 14.34 of
8.31 8.31 8.31 8.31 8.33 equatorial
halo: halo: halo: halo: 4.17 reflections
(26 =20.56°) | (26 =20.56") | (26 =20.56") | (26 =20.56°)
5.86 Off meridional
reflection on the
5 th layer line
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“: the value was obtained from Figure 4. 3. 3. by linear extrapolation; b. the d-value of
30.86 A was obtained from the same diffraction d= 14.40 A with the X-ray tube run at

higher voltage to decide whether the intensity arises from the peak in the Brems-spectrum.

From all of fiber X-ray diffraction patterns for tetramer up to heptamer similar reflections

were observed on the equator, and based on the relation of the d-values (1: NE) ), a
hexagonally ordered packing can be assumed. For the meridional reflection, the fourth, fifth,
sixth, seventh-order reflections can be observed as strong reflection for tetramer, pentamer,
hexamer, and heptamer respectively, and the d-values of these reflections were compiled in
Table 4. 3. 2. The strongest meridional reflection is for all oligomers OFn, the reflection the
d-value of which corresponds to the length of a fluorene moiety, i.e. 8.05 A. It is, however,
the reflection of n-th order for OFn (see Fig 4. 3. 3). For both the hexamer and heptamer the
1** order cannot be detected over the background. From the plot in fig 4. 3. 3, its position
can be estimated. The d-value of the first order in every meridional reflection pattern was
related to the whole molecular length, and other d-values of the reflections are

approximately the 1/2, 1/3 1/n of the whole molecular length.

14

! V4 V4
124 The strongestdiffraction| ﬂ ‘ ’/r

=
o
1 M

L]
£ 8
c 4
o 4
9 6
~—" 4
T 4 Tetramer
~~
— ] Pentamer
2] Hexamer
Heptamer

o 1 2 3 4 5 6 7
Multiple of monomer length
Figure 4. 3. 3. The position of meridional reflections of the oligofluorenes. The strongest

meridional reflection is the 4th, 5th, 6th, 7th orders of a basic reflection for tetramer to

heptamer, respectively.
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The conclusions which can be drawn : 1) the chains are packed in lamellar = smectic B or
higher order; 2) no axial shift disorder exists because no continuous layer lines; 3) side
chains are not ordered = no additional reflection due to alkane packing (high background
due to scattering of amorphous material).

Based on above X-ray diffraction patterns, a smectic packing model (Figure 4. 3. 4a) was
proposed and a simulation of X-ray diffraction pattern was conducted by Cerius2 software
based on this model for tetramer up to heptamer (Figure 4. 3. 4b). For example, for
heptamer, a hexagonal packing was built in the a, b-plane, and a layer-like packing model
was built along “c” axis, i.e., that is along the molecular axis. A unit cell with a=b =16.7
A, c=56.85 A (related to the molecular length), oo = B = 90°, y = 120° was then figured out.
The molecular conformation of the heptamer was first optimised by energy minimization,
and the helix-like conformation is shown in Figure 4. 3. 5. The calculated length of the
molecule based on molecular models was 59.2 A, a value significantly larger than that
obtained from the fiber X-ray diffraction pattern. This discrepancy could be reconciled by
assuming that the backbone packs at an offset angle of roughly 15° with respect to the layer
normal. The simulated X-ray diffraction pattern shows a similar reflection pattern to that
obtained by the experiments with more resolved reflections, and especially the meridional
reflections are very similar to the experimental values (Figure 4. 3. 4b): the 7th order is

strongest, and the 1st order is too weak to be observed.

Fiber Diffraction
Radiation used = XRAY

Wavelength = 1.5418
Tilt angle = 0.0000

heptamer—-c001 FLAT-PLATE

-
I}
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Figure 4. 3. 4 a) a smectic model for heptamer; b) the simulated 2D X-ray diffraction

pattern by Cerius2 software.

Figure 4. 3. 5 the optimized helix-like conformation for OF 7 by energy minimization, and
the torsional angle between neighboring monomers has no big difference with the result

from single crystal structure which will be shown in next part of this chapter.

Figure 4. 3. 4a shows one molecule in the unit cell. With the molecular mass of 2722
g/mol and Z = 1 a crystallographic density of p = 0.33 g/cm’ was calculated. For organic
small molecules and polymers, the crystallographic density is usually around 1 g/ecm® ',
The observation that a fiber or film from tetramer up to heptamer sink down in 2-propanol
at room temperature (p = 0.979 g/cm’) determines a lower limit for the density. The
crystallographic density would be 0.99 g/cm™ if we put three molecules into the unit cell (Z
= 3), without change of the simulated diffraction pattern like Figure 4. 3. 4b except for the
change of the intensity. The most probable choice in view of the limited number of data is
therefore a unit cell of the trigonal crystal system with space group P3.

To the tetramer, pentamer, hexamer, the same helix-like conformation was obtained by
optimising with energy minimization and the same unit cells with Z = 3 were built with the
c-parameter adapted to the molecular chain length. The molecular conformation and their
packing structures are further supported by the single-crystal structures of the oligofluorene

derivatives as shown in the following part.
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4. 3. 3 The single-crystal structures

The growth of single crystals of homo-oligofluorenes with 2-ethylhexyl side chain was
found to be very difficult after attempts by various methods due to inherent disorder.
However, single crystals of their derivatives such as diboronic fluorene, dibromo fluorenyl
dimer and fluorenyl pentamer with one fluorenone unit could be obtained, and some helpful
information for homo-oligomers can be deduced by the single-crystal structural analysis of

these oligofluorene derivatives.

4. 3. 3.1 Diboronic fluorene monomer

Single crystal of the diboronic monomer (Scheme 4. 3. 1.) was obtained by slow
evaporation of a solution of a mixture of ethanol and a small amount of dichloromethane.
Suitable single crystals were mounted into glass capillaries. The data collection was carried
out at 120 K. Pertinent crystallographic data are summarized in Table 4. 3. 3. The single-
crystal structures were solved by direct methods using the program Shelx91. The projection

of the fluorene backbones is shown in figure 4. 3. 6.
0, D0
B )78
0] O
R R

40

Scheme 4. 3. 1.The molecular structure of diboronic fluorene monomer

In the process of producing models for the refinement it turned out that the ethylhexyl
side groups are disordered. This is a natural consequence of the fact that this group is chiral,
but had been used as a racemic mixture in the chemical synthesis. This is why the exact
coordination of atoms in the side groups could not be obtained in some cases.

As shown in the figure 4. 3. 6a, the fluorene moiety is nearly planar and the substitute at
the 9-position extend above and below that plane and away from the fluorene group. One
aliphatic chain is ordered, and another one is disordered (see figure 4. 3. 6b). For the

disordered side chain, the ratio of R, S, is 50% respectively, and the same atom was used
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for the two conformations of 2-ethylhexyl side-chains (Figure 4. 3. 7). The three-
dimensional packing structure is shown in figure 4. 3. 6¢c. We can see that two molecules
form a face-to-face packed dimer structure with a van der Waals distance of 3.4-3.6 A.
Preliminary data for the triclinic unit cell (P;) of molecule 40 are summarized in Table 4. 3.

3. The unit cell parameters are : a = 12.5A, b=13.1 A, ¢ =13.17 A; a. = 108.2°, p = 92.6°,

v =102.3°, and there are two molecules in one unit cell (Z = 2).

O

)

e ol
)

N
J
<

1

) |©)

-
C

Figure 4. 3. 6. The molecular conformation of diboronic fluorene monomer. a) shown
without the aliphatic side-chains; b) shown with the aliphatic side chains and c) the 3D

packing structure.
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Figure 4. 3. 7. The structure of diboronic fluorene (40). One aliphatic chain is ordered, and

another one is disordered. For the disordered side chain, the ratio of R, S, is 50%,

respectively, and the same atom (36) was used for the two conformation of 2-ethylhexyl

side chain.

Table 4. 3. 3. Summary of the pertinent crystallographic data of the compounds 40, 47,

53

Bisboronic Dibromo dimer Pentamer with one
monomer (40) 47) fluorenone unit (53)

a(h) 12.5327 (5) 13.0864 (6) 23.3964 (8)

b @A) 13.1166 (5) 13.8647 (6) 19.0660 (7)

c(b) 13.1714 (6) 15.0723 (7) 24.3245 (8)

a(®) 108.1961 (13) 85.6071 (12) 90

B( ) 92.6247 (12) 71.6985 (13) 94.8980 (15)

v(°) 102.3195 (13) 83.8922 (12) 90

vV (4% 1994.8 (3) 2578 (1) 10810.9 (11)

V4 2 2 4

D, glem’ 1.058 1.02 1.15

Unique reflections 9022 8793 14832

Observed reflections 2238 1934 1247

Space group P-1 P-1 P2,/c

Temperature (K) 120 120 150
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4. 3. 3. 2 Dibromo fluorenyl dimer

A single crystal of the dibromo dimer (47, Scheme 4. 3. 2) was obtained by slow
evaporation from a solvent mixture of hexane and dichloromethane. Suitable single crystals
were mounted in glass capillaries. The data collection was carried out at 120 K. Pertinent

crystallographic data are summarized in Table 4. 3. 3 and the crystal structure is shown in

figure 4. 3. 8.
RJR
LI~
R R

47
Scheme 4. 3. 2.The molecular structure of dibromo dimer (47).
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Figure 4. 3. 8. The single-crystal structure of dibromo fluorenyl dimer (47). A) shown
without the aliphatic side-chains,; B) the 3D packing structure; C) the 3D packing structure

projected along the molecular axis; D) the 3D packing as related to the unit cell.

As mentioned above, the exact coordinates of atoms in the disordered side groups could
not be obtained. So, we analyzed the single-crystal structure of the dibromo dimer without
considering the side-chains.

For the dibromo dimer, the twist angle between two fluorene units is 144.2° (Figure 4. 3.
8A). This is a very important information for homo- oligofluorenes, and is in agreement
with the torsional angle between neighboring monomers for polyfluorenes, which is about
144° in the case of a 5/2 helix’. The molecules show the layer-like packing structure
(Figure 4. 3. 8B-D), and in each layer, the molecules are packed by head-to-tail mode and
the side chains tend to pack together in the space between the layers. The distance between
the two layers is approximate 13.9 A, and in each layer, the two molecules pack with a van
der Waals distance of 3.4-3.6 A. Figure 4. 3. 8C, D show the three-dimensional packing

structure which was observed along the molecular axis.
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The space group for the molecule is triclinic, and the preliminary data for the unit cell are:
a=13.09 A, b=1386 A, c =15.07 A; o = 85.61°, B = 71.70°, y = 83.89°, with two

molecules in the unit cell (Z = 2).
4. 3. 3. 2 Pentamer with one fluorenone group

Single crystal of the pentamer with one fluorenone unit was obtained from a
dichloromethane solution by slow diffusion of ethanol. Suitable crystals were mounted in
glass capillaries. The data collection was carried out at 150 K. Pertinent crystallographic
data are summarized in Table 4. 3. 3.

In the pentamer the disorder of side chain led to the fact that the ratio of observed to
possible reflections is very low (approx 10%), so only the structure of the backbone will be
discussed. The structure of the backbone is shown in Figure 4. 3. 9A. It can be seen that
here also a helix-like conformation is observed with rotation angles near 140°. However,
this conformation is disrupted in the vicinity of the fluorenone group. Here, between the
ring 3 and ring 4 the rotation is reversed. One reason may be the polarity of the fluorenone
group. Also, it is known that polyfluorenes with non-branched side chains adopt an almost
planar zig-zag conformation®. As to the two fluorene rings of the end group, i.e. the first
and fifth unit, they have similar twist angles of +141.7° and +144° around the second and
fourth fluorene units, respectively. This twist angles are also similar with those in the
dibromo dimer, further supporting that the twist angle is approximately 144° in

homogeneous oligofluorenes.

orsk Q- Oy
53

Scheme 4. 3. 3. The molecular structure of pentamer with one fluorenone unit (OF5K).
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3 4 +144.0°

Figure 4. 3. 9. The single-crystal structure of pentamer with one fluorenone group. A)
shown without the aliphatic side-chains; B) the 3D packing structure; C) the 3D packing

structure projected along the molecular axis.

The three-dimensional packing mode is shown in figure 4. 3. 9B, C. For OF5K, a layer-
like smectic packing mode was obtained. In each layer, the angle of inclination of the
molecules is 30° with regard to the c-axis. Two molecules form a centra-symmetric
structure due to the interchain dipolar-dipolar coupling interaction with a van der Waals
distance of 3.5-3.6A. Most of the aliphatic chains tend to pack in the space (symbol “II”

area in Figure 4. 3. 9B) between the two symmetry related molecules. The 3D packing
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mode of OF5K further supports that the higher homo-oligofluorenes are likely packed
according to a similar smectic model.

Preliminary data for the monoclinic unit cell (P2,/c) of molecule 53 are: (Table 4. 3. 3): a
= 2340 A, b =19.07 A, c = 2432 A; a = 90° B = 9490° y = 90°, Z = 4. The
crystallographic density is p = 1.15 g/cm”.

The X-ray fiber diffraction pattern of OF5K is shown in Figure 4. 3. 10, and the d-values
are compiled in Table 4. 3. 4. The five meridional reflections and two equatorial reflections
are observed. Similarly to homo-oligofluorenes, the 41.14 A is correlated to the molecular
length, and the 8.04 A is correlated the monomer length. The molecular conformation was
optimised by energy minimization. (Figure 4. 3. 11), and that is very similar with the result
from single crystal analysis.

Similar reflections are observed on the equator, and based on the relation of the d-value
(1: NE) ), a hexagonal type packing can be concluded. If a smectic type packing and a unit
cell is built like Figure 4. 3. 5a except for ¢ = 41.14 A (the molecular length), that means
the lamellar thickness is almost equal to the molecular length, but the d-value for 2nd layer
line should be ¢/2 = 20.6 A. It is unreasonable to get this value at d = 26.85 A. Therefore, a
unit cell witha=b=16.7 A, c=82.28 A (related to the two molecular lengths), o. = p = 90°
y = 120° was then figured out. For this structure consisting of bilayers the meridional
reflection can be indexed as 41.14 (00.2), 26.85 (00.3), 14.70 (00.6), 10.04 (00.8), 8.04
(00.10). The molecules are oriented along the “c” axis of the unit cell (Figure 4. 3. 12). The
direction of the red arrows represents the vector direction of the dipole moment in each
layer, and the vector direction is reverse for the two single layers in each double layer, so
the repeat double layers are stabilized by dipolar-dipolar interaction between neighboring
two single layers. The blue and pink arrows represent the direction around which the repeat
units rotate with regard to the neighboring unit (Figure 4. 3. 12). The values for these
rotations are taken from the single crystal structure analysis of OF5K (Figure 4. 3. 9A).
Here the fluorenone group in the center of the molecules causes a disruption of the helix-
like conformation. If one assumes a head-to-head or tail-to tail arrangement in the double
layer the distance of this perturbation of the conformation is approximately 1/3 of the total
layers thickness. This explains the observation of the 00.3 reflection. The calculated length
of the molecule based on molecular models is 42.3 A, a value slightly larger than that

obtained from the fiber x-ray diffraction pattern. This discrepancy can be reconciled by
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assuming that the backbone packs at an offset angle of roughly 14° with the respect to the

layer normal.

Figure 4. 3. 10. The X-ray diffraction pattern for pentamer with one fluorenone group
(OF5K).

Figure 4. 3. 11. The optimised helix-like conformation for OF5K by energy minimization

Table 4. 3. 4 The d-values derived from 2D X-ray diffraction patterns of the pentamer with
one fluorenone group (OF5K).

Sequence of equatorial Sequence of meridional
reflections (A) reflections (A)*
14.07 41.14 (00.2)
8.04 26.85 (00.3)
14.70 (00.6)
10.04 (00.8)
8.04 (00.10)

“: For the meridional reflections: 41.14 A is related to molecular length.
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The analysis of the fiber X-ray diffraction pattern for OF5K shows that the
supramolecular packing in the extruded fiber is different from the single crystal structure of

crystals obtained from solution.

~
o
o
H
~

JaKe[ d[qnop

Figure 4. 3. 12. Schematic diagram of the packing of OF5K drawn into fibers, the direction
of the red arrows represent the vector direction of the dipole moment in each layer. The
blue and pink arrows represent the directions around which the repeat units rotate with

regard to the neighboring unit.
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4.4 Alignment on arubbed polyimide (PI) substrate

The application of organic material as active materials in backlights for LCDs requires
high degree of polarization of the emitted light which is achieved by a high degree of
molecular alignment of the chromophores. There are numerous methods to achieve such
orientation, and in the following part, a general introduction to the formation of alignment

layers will be first described.

4. 4. 1 A general introduction to the formation of

alignment layers

4. 4. 1. 1 Quantitative description of molecular orientation-

order parameter, polarization ratio and dichroic ratio

The degree of molecular orientation is commonly quantified by means of the
orientational order parameter S, a single scalar quantity describing the spread of a
molecular axis about the director (overall axis of preferential orientation), with a large
value of S implying a small spread. Properly speaking, this term-originating from Landau’s
theory of phase transitions'*- should be applied only to anisotropic systems that are in the
thermodynamic equilibrium, but it is used in the literature for any aligned state of
anisotropic molecules. Marrucci ef al. reduced the three-dimensional problem to its two-

dimensional analogue and defined the order parameter in two dimensions by:'*

S=2<cos’d>-1= <cos20> = j (6) cos 2046 (4.3)
0

Where f(6) is the normalized distribution function of the main chain orientation, i.e. the
probability of a molecule being oriented with an angle 6 to the director (f(6)) is large
around € = 0 or 7 but is small for 8 ~7 /2). This definition ensures the order parameter

becomes zero in the isotropic case and unity in the fully aligned case.
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By means of the order parameter of the emitters, an upper limit of the achievable
polarization ratio P can be estimated using the following relation:

<1+S P-1

P<— or S>> ——
1-§ P+1

(4. 4)

where the polarization ratio is defined as the ratio of the emitted light intensity parallel (I,;)

and perpendicular (Iy,) to the molecular alignment:

P= b 4.5)
]PP
These inequalities are also valid when replacing the polarization ratio P by the dichroic
ratio D yielding:
p< 1S or s> 2-1 (4. 6)
1-S D+1

where the dichroic ratio is the ratio of the absorbance parallel (A;;) and perpendicular (A,yp)
to the molecular orientation:

_An
App

D 4.7)

From relation (4. 4) one can estimate that for a polarization ratio of P = 20 an order
parameter of at least S = 0.9 is required, stressing the need for high degree of orientation.

An exact calculation of the order parameter using the measurable polarization (dichroic)

ratio R is only possible with the knowledge of the angle o between the emission

(absorption) dipole and the molecular symmetry axis, using the relation:'
R-1

S= m(l —2cos’a) (4. 8)

Furthermore, for an accurate calculation, anisotropic internal fields should be considered

as well as surface reflection due to birefringence of the light entering or leaving the film.'

This difficulty is often ignored, and in order to be more exact in the following, the degree

of molecular orientation will be described only in terms of the dichroic ratio D (in the case

of absorption) and the polarization ratio P (in the case of emission).

4. 4. 1. 2 Alignment methods
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Efforts focused on the development of polarized EL emission devices have used stretch-
aligned, '” rubbing-aligned, '* and Langmuir-Blodgett (LB) '’ deposited polymers, or
specifically synthesized liquid crystalline (LC) polymers.*’

Polymers can be aligned by means of a number of mechanical methods, the first of which
is orientation by stretching. Polarized electroluminescence realized by this technique was
first reported by Dyreklev et al., who obtained a polarization ratio of about 2 from stretch-
orientated conjugated polythiophenes.?' Although in photoluminescence, much higher
polarization ratios have been reported, for example from stretch-oriented MEH-PPV
(poly(2-methoxy-5-[2’-ethylhexyloxy]-p-phenylene-vinylene)), ** the method of stretch
orientation has severe drawbacks. Soft materials are required for elongation but they tend to
relax back into an unoriented equilibrium state. This problem may be circumvented by
quenching into a glassy or crystalline state after stretching from the soft state (melt or
solution),” or by drawing a precursor during conversion.** For stretch alignment there is a
severe difficulty in preparing well oriented films of thickness < 1um that retain structural
integrity. Fibrillation usually occurs at high draw ratios™ and even at 1um thickness, and
power efficiency is problematic due to the high voltage required in OLED application.
Additionally, transferring the film onto a substrate to fabricate a robust device is not
straightforward."

A second method of mechanical alignment is the rubbing of conjugated polymer films-a
procedure known for two decades from the preparation of alignment layers for liquid
crystals-in order to directly obtain polarized emission from the aligned chains without the
need for additional alignment layers. To date, the best performance of a device with a
directly rubbed polymer emissive layer was achieved with a precursor PPV aligned by
rubbing during conversion.”® A polarization ratio of 12 in electroluminescence was reported.
However, due to mechanical damage of the films, controlling the uniformity of film
thickness and preventing erosion of the polymer from the substrate is difficult, especially
when ~ 100 nm thickness films are used to ensure low voltage drive requirements. The
stability and lifetime of such devices is problematic.

LB deposition is well suited to fabrication of very thin films with a well-defined number
of molecular layers, and orientation can be achieved by anisotropic compression of the
Langmuir layer during the dipping process.'” There are, however, problems arising from the

difficulty in scaling up and speeding up the LB deposition process.
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Alignment on particular substrates such as poly(tetrafluoroethylene) (PTFE) was also
reported by means of friction transfer technique in 1991.%” Usually, such an alignment
layers is fabricated by squeezing and shearing a PTFE rod on a surface, yielding a
molecularly oriented ultra-thin PTFE film with the direction of orientation of the PTFE
main chains matching the friction direction. Layers of friction-transferred poly(p-phenylene)
(PPP) have also been used for alignment of epitaxially grown thiophene/phenylene co-
oligomers for example, and polarization ratios of up to ~100 have been obtained in
photoluminescence.”® The friction transfer is a multipurpose technique, because it allows
the alignment of small molecules, conventional polymers and conjugated polymers-
regardless whether they are liquid crystalline or not,”**>* but, due to the insulating nature
of PTFE, the fabrication of electroluminescence devices is very difficult.

Finally, the alignment method which will be introduced herein is that liquid crystalline
polymers (LCPs) can be aliged on top of an alignment layer. The liquid crystalline
polymers have low viscosity in the liquid crystalline state and the tendency to align with the
long axis of their rod-like molecules along a preferred direction, which is known as the
director. However, the size of such aligned domains in LCPs is much too small (only a few
micrometers — on the average the directors are oriented randomly) to produce polarized
light from suitable electroluminescence LCPs, unless macroscopic alignment is imposed by
external action. The conventional method to achieve the required monodomains of uniform
homogeneous molecular alignment in thin films is the use of additional alignment layers
upon which the LCPs align when they are brought into the mesogenic —low viscous — state.
The alignment of the LC molecules is preserved into the crystalline state by cooling down
slowly, or into the glassy (frozen) LC state by cooling down quickly (quenching). The most
common alignment layer consists of polyimide'’, because polyimide has excellent
alignment ability as well as thermal and chemical stability.*® Furthermore, it is transparent
for visible light and therefore fulfills another fundamental requirement for incorporation
into an LED structure. Polyimide can be aligned by rubbing with a cloth” or by irradiation
with UV-light.*!

So far the most common procedure for obtaining highly aligned samples of low-
molecular weight or polymer thermotropic liquid crystals (LCs) is the use of polyimide
which has been uni-directionally rubbed by a cloth as an alignment layer. Subsequently, the
polymer is deposited by spincoating. Afterwards, the alignment of the LCs into

monodomains is accomplished by heating them into the LC phase, followed by rapid
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cooling for preservation of the emerging order. This technique does not only result in high
degrees of anisotropy, but it is also suitable for mass production and for large area
treatment. The first example of monodomain alignment of fully conjugated LCPs by means
of rubbing-aligned polyimide was the orientation of a poly(9,9-dioctylfluorene) (PF8) by
Grell et al.”

In the following section we will show that highly ordered monodomain alignment layers
of oligofluorenes can be achieved on the rubbed polyimide substrate. The films of highly
oriented oligofluorenes were investigated by means of optical microscopy, DSC,

transmission electron microscopy (TEM) and electron diffraction.

4. 4. 2 Preparation of alignment film

The primary requirements for the alignment in liquid crystalline state are (i) low
viscosity in the mesophase and (i) low transition temperatures below any transition
temperature in the alignment layer. Thermotropic liquid crystalline oligofluorenes fulfill
excellently the required conditions. To achieve a high degree of uniaxial orientation the
oligomers were thermally aligned on rubbed polyimide layers. Details on thermal alignment
conditions for the series oligomers is similar with the polyflourenes, and can be found in
the reports of Grell et al.” The preparation of the alignment layer of oligofluorenes will be

described in detail in the experimental part.

4. 4. 3 The morphology of alignment films

The morphology of aligned oligofluorenes films (OF-4, OF-5, OF-6, OF-7) was first
investigated by POM techniques. The high alignability was confirmed when viewing
samples of oriented oligofluorenes under an optical microscope between crossed polarizers.
As an example the texture for heptamer is shown in Figure 4. 4. 1, and the alignment films
of other oligomers (OF-4, OF-5, and OF-7) are similar to heptamer. A large monodomain
birefringence was observed, suggesting an uniaxial alignment of the molecules. A complete
extinction of the whole sample area was observed during every 90° stage rotation, when the
direction of rubbing was exactly parallel or perpendicular to one of the polarizers. When the
light vibrates under an angle of 45° from the rubbing direction, the field of view looks

bright and indicates that the molecules are aligned with the molecular long axis along the
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rubbing direction. Apart from high orientation, these observations reveal a high degree of

homogeneity and confirm a large monodomain texture of the oligofluorenes.

" A,
RN
R
. -
Alignment on M,
rubbed Pl '
A B
_ y 200 ym
Figure A. Typical schlieren texture obtained
during slow cooling from isotropic phase for 45° Rotation
tetramer to heptamer between crossed polarizers.
Polarizer
Analyzer
Rubbing direction C
the white arrows in these pictures Figure B and C. A film of tetramer to heptamer
correspond to the rubbing direction of oligofluorenes, which was aligned on top of

the rubbed polyimide,viewed in a polarization
microscope (crossed polarizers).

Figure 4. 4. 1 The polarized optical microscopy of the aligned and unaligned film.

For the tetramer, a partial orientation was observed during every 90°stage rotation from a
partial extinction of birefrengence in large area after spin-coating onto the rubbed
polyimide without annealing. That means that an aligned film can be obtained from the
tetramer without annealing due to its low glass transition temperature (22°C) and because
the liquid crystalline phase exists at room temperature. A complete extinction was observed
during every 90°stage rotation after annealing in liquid crystalline phase (40°C) for 30 min.
This means the alignment degree is improved by annealing. For pentamer up to heptamer,
the large domain alignment layers can be achieved only after annealing in the liquid
crystalline phase.

The DSC curves of the oriented heptamer film are shown in figure 4. 4. 2, An

endothermic peak (AH = -2.74 Jg') was observed in the first heating run, and it is
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significantly different from the second heating trace, where a typical glass transition was
observed with the AC, = 0.19 Jg'K™'. This means the oligomeric molecules form a higher
ordered (packing) phase in the oriented film instead of the glassy state in the bulk sample,
while the higher ordered solid phase is not a crystalline phase due to the small enthalpy
change, but the endothermic peak in the first heating run maybe related to the same phase

transition with the endothermic peak of PF2/6 (Figure 4. 2. 2).

/ first cooling

Endothermic

second heating

OF7 first heating
orientated film

T v ]
-80 -40 0 40 80 120
Temperature (°C)

Figure 4. 4. 2. The DSC curves of oriented heptamer alignment film (heating or cooling
rate: 10 K/min)

Oligofluorene with fluoreneone units such as OF5K was also aligned on the rubbed
polyimide surface with annealing in its liquid crystalline phase. A complete extinction over
the film was also observed at every 90° of stage rotation when the direction of rubbing was
exactly parallel to one of the polarizers, indicating a monodomain alignment layer.

Electron diffraction was carried out on the alignment films to further understand and the
molecular order in the thin film. For example, the electron diffraction pattern of the
alignment layer of the OF7 (left) and OF5K (right) is shown in Figure 4. 4. 3. A similar
diffraction pattern to that of the fiber X-ray diffraction was obtained. This means that the
molecules tend to pack as lamellae 1.e. with a smectic order in the alignment layer along the

rubbing direction.

-94 -



Chapter4 Liquid crystalline properties

(OF7) (OF5K)

Figure 4. 4. 3. Electron diffraction pattern of alignment film: OF7 at -130 °C (left); OF5K

at room temperature (right).

4. 4. 4 Polarized absorption and emission from the

alignment layers of the oligofluorenes

As mentioned above, high degrees of macroscopic order are observed in the oriented
films of oligofluorenes on the top of rubbed polyimide alignment layers. Moreover, the
alignability of the oligomers can be quantitatively analyzed by polarized absorption and
fluorescence spectra taken parallel and perpendicular to the rubbing direction of the
alignment layer. As shown in figure 4. 4. 3, typical dichroic ratios (D) at the absorption
maximum peak are 5, 10, 16, 23 from tetramer up to heptamer, and polarization ratio (P) at
emission maximum are 5, 35, 37, 41 for tetramer up to heptamer, respectively (see Table 4.
4. 1). The large difference between the absorption parallel and perpendicular to the rubbing
direction points to a narrow orientational distribution and high degree of molecular
alignment along this director. At the same time, the alignability increases with the
extension of chain-length of oligomers.

The very large dichroic ratio (23) and polarization ratio (41) was obtained for heptamer,
and this value is much larger than that of PF2/6.° This means the monodisperse
oligofluorenes are more likely to align on the top of the rubbed PI surface than
polyfluorenes. This is further confirmed by our experiment: the PF2/6 sample (M,, = 2.3 x
10° g/mol, PS standard) was spin-cast onto the same PI substrate from same concentration

solution, i.e. under the same conditions as the oligofluorenes; the film were annealed in
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liquid crystalline phase (180 °C) for 2h and a imcomplete extinction was observed over

every 90°stage rotation in POM, suggesting the existence of order defects in the alignment

films.
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Figure 4. 4. 3. Polarized UV-vis absorption and photoluminesence spectra of the aligned

films of fluorenyl tetramer to heptamer on a rubbed polyimide substtrate.

Table 4. 4. 1. The dichroic ratio (D) and polarization ratio (P) of the aligned film from

tetramer up to heptamer.

OF4 OF5 OF6 OF7
5 10 16 23
P 5 35 37 41

The polarized absorption and fluorescence spectra for OF5K are shown in Figure 4. 4. 4
and a dichroic ratio D = 8 and polarization ratio P = 9.3 were obtained. These values are
lower than the corresponding values of OFS5, indicating that the incorporation of

fluorenenone group in oligofluorenes decreases the alignability.
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Figure 4. 4. 4. Polarized UV-vis absorption and photoluminescence spectra of the aligned
film of OF5K on a rubbed polyimide substrate.

-97 -



Chapter4 Liquid crystalline properties

4.5. A dielectric spectroscopy investigation

This section of the work has jointly carried out with Prof. G. Floudas and has published in
J. Chem. Phys. 2004, 120, 2368-2374

The purpose of the study is to investigate the molecular dynamics of the oligofluorenes
as a function of chain-length from the dimer up to heptamer and the polymer. Despite
numerous efforts in establishing reliable structure-property relationships in polyfluorenes,
the underlying molecular dynamics, with impact on carrier mobility, remain, totally
unexplored. We are interested in the role of intra- versus intermolecular interactions, the
origin of the glass transition and its molecular weight dependence, and finally the detection
and role of keto defects on the dynamics. For this purpose a pentamer with a fluorenone
group was also investigated; the large dipole associated with the keto group acts as a probe
of chain defects. The results from the labeled pentamer were contrasted with the homo-
oligofluorenes and the polymer. Furthermore we provide the (weak) intrinsic dipole

moment associated with the glass transition process and index of refraction.

4.5. 1 Basics of dielectric spectroscopy

The complex dielectric permittivity e*=¢’-i¢”, where €’ is the real and €” is the imaginary
part, is a function of frequency , temperature T and pressure P, e*=¢*(o, T, P).”* In Figure

4. 5. 1, some representative dielectric loss spectra are shown for the dimer
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0.016

0.008

0.004

Figure 4.5. 1. Dielectric loss spectra for the dimer, at atmospheric pressure, for different
temperatures in the range from 249.15 to 308.15 K. Notice the broadening of the loss
curves with decreasing temperature. The normalized spectra, at a reference temperature of

T,e=268 K, are shown in the inset.

at different temperatures within the range 249.15<T<308.15 K. Notice that the curves
progressively broaden with decreasing temperature. In the inset, the same data are shifted to
the corresponding data at a reference temperature (T..~268.15 K) exhibiting spectral
broadening beyond a simple Debye function. In the analysis of the DS spectra we have used

the empirical equation of Havriliak and Negami (HN)™:

£*(T,Pw)—&,(T.P) _ I
Ae(T,P) 1+ (i07,(T.P))" |

(4.9)

where tyn(T,P) is the characteristic relaxation time in this equation, Ag(T,P)=¢,(T,P)-
€o(T,P) 1s the relaxation strength of the process under investigation and o, y (with limits
o<a, ay<l) describe, respectively, the symmetrical and asymmetrical broadening of the
distribution of relaxation times. In the fitting procedure we have used the &” values at every

temperature and in some cases the €’ data were also used as a consistency check. The linear

-99 -



Chapter4 Liquid crystalline properties

rise of the €” at lower frequencies is caused by the conductivity (8”~(c50/8f)c)'1, where o, 1S
the dc-conductivity and & is the permittivity of free space) which has been included in the
fitting procedure. From tyn, the relaxation time at maximum 10sS, Tmax, 1S oObtained

analytically following

-1/
. na
Sin
(2+2y}

max = z-HN . (4 10)
sin 4
(2+2yj

4.5. 2 Results and discussion

The dielectric loss data of the dimer, as well as of the remaining oligofluorenes (and the
polymer), exhibit a non-Debye main relaxation (called a-process) at temperatures above the
calorimetric T,. Moreover, the dielectric loss spectra of all samples exhibit a temperature-
dependent broadening that is increasing by lowering temperature. This is depicted in Figure
4. 5.1. for the dimer. Notice, that a single (a-) process affects the dynamics above T,. For
the trimer, however, a very weak slower process than the a-process exists freezing at the
same temperature (T,). The origin of this process is not clear at present but it could
originate from the slight curvature of the backbone resulting in an uncompensated weak
dipole along the chain.

To quantify the effect of temperature on the broadening of the relaxation time spectra
related with the a-process, we plot in Figure 4. 5. 2, the HN shape parameters a and ay as a

function of reduced temperature.
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Figure 4. 5. 2. Temperature dependence of the Havriliak-Negami shape parameters a
(filled symbols) and ay (open symbols) plotted as a function of reduced temperature for the
different oligofluorenes; (squares): dimer, (circles): trimer, (up triangles): tetramer, (down
triangles): pentamer, (rhombus): hexamer and (left triangle): heptamer. Notice that the

spectral broadening starts at T¢/T=0.9 in all samples.

Notice that up to the highest temperature investigated the spectra deviate from a simple
Debye process (with o=y=1). Although the low frequency slope of the relaxation spectrum
(o) approaches one for the dimer and trimer at high temperatures, the high frequency slope
(ay) is much less than one, indicating an asymmetric broadening of the loss curves towards
higher frequencies. At T,/T<0.9, all spectra broaden from the low frequency side as well.
Furthermore, there is progressive broadening with increasing degree of polymerization, n,
at a given reduced temperature. This is better illustrated in Figure 4. 5. 3, where the
normalized loss spectra of the oligofluorenes are compared under similar AT (=T-T,)

conditions.
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10"
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Figure 4. 5. 3. Normalized dielectric loss spectra for the oligofluorenes compared at a
temperature of about Tg+20 K. The symbols are as follows; (squares): dimer, (circles):
trimer, (up triangles): tetramer, (down triangles): pentamer, (rhombus): hexamer, (left
triangle): heptamer. The dashed line gives the Debye function. Because of the slight

temperature miss-match, the frequency axis is also normalized.

Notice the strong deviations from the Debye function for all oligomers that become more
pronounced with increasing n. In order to quantify the role of intramolecular vs
intermolecular correlations on the broadening of the distribution of relaxation times, a
toluene solution was prepared with dimer concentration of 40% and measured with DS.
Should the distribution of relaxation times originate from intermolecular correlations, the
inter-chain dilution should result in a narrower distribution, that, in the limit of infinite
dilution would result in a Debye function. The a-process (not shown here) showed similar
broadening in the solution beyond a Debye function suggesting that the distribution of
relaxation times is largely of intramolecular origin. A second experiment aiming in
extracting the influence of inter- and intra-molecular correlations was made on a heptamer
fiber sample prepared by a laboratory microextruder. This particular sample preparation
results in a uniform macroscopic orientation giving rise to intense wide-angle X-ray

scattering peaks. Intramolecular degrees of freedom are expected to be suppressed in this
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macroscopically aligned state. The thermal properties were subsequently examined with
DSC (not shown here) and still exhibited a step at the glass transition however with reduced
amplitude (Acp=0.12 J/Kg, 1.e., half the value from the unaligned sample) suggesting the
suppression of the intramolecular degrees of freedom by chain orientation. It is interesting
that even at this highly oriented state, intramolecular correlations associated with the a-
process are still present, and give rise to the glass transition.

The T-dependence of the relaxation times at maximum loss for the oligofluorenes and
the polymer are shown in Figure 4. 5. 4 as a function of temperature. The solid lines are fits

to the well-known Vogel-Fulcher-Tammann (VFT) equation:
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Figure 4. 5. 4. Temperature dependence of the relaxation times at maximum loss for the
different oligofluorenes ((squares): dimer, (circles): trimer, (up triangles): tetramer, (down
triangles): pentamer, (rhombus): hexamer, (left triangle): heptamer, the polymer (right
triangle) and the pentamer with fluorenone sample (open triangles)). The lines are fits to
the VFT equation (see text). The arrows for the tetramer, the pentamer and the pentamer
with the fluorenone group indicate the respective melting temperatures. Notice the slight
up-ward deviation of the a- relaxation times from the VFT dependence. In the inset, the a-
(filled squares) and p- (open squares) processes of the dimer are plotted in the usual
Arrhenius representation. The lines are fits to the VFT and Arrhenius dependencies. Notice

that the two processes do not merge.
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Table I. Vogel-Fulcher-Tammann (VFT) parameters of the oligofluorenes, the polymer and

the pentamer with fluorenone.

Sample -log(to/s) B (K) To (K)
Dimer 9.4+0.1 970+32 211+1
Trimer 8.9+0.1 903+39 234+1
Tetramer 9.4+0.2 1004+76 25242
Pentamer 9.4+0.1 1110+48 25542
Hexamer 9.1+0.05 1006+24 266+1
Heptamer 8.9+0.2 920+64 27442
Polymer 9.2+0.2 1470+£230 272+7
Pentamer with 10.5+0.2 1440476 27042
fluorenone
T :T,)exp(TigToj 4.11)

where B is an activation parameter, T, is the “ideal” glass temperature located near but
below the T, (To=T,-c,® and c,® is a constant) and 1y is the high temperature intercept. The
above parameters are summarized for the different samples in Table 1. In Figure 4. 5. 4 the
1(T) dependence for the pentamer with the fluorenone unit (open triangles) is also included
and shows distinctly different behavior from the pentamer without the fluorenone group
(filled down triangle). The different 1(T) dependence results in an increased Ty (Table I) by
as much as 15 K, that can be interpreted as reflecting a change of the backbone rotational
angles by the incorporation of the fluorenone group. Furthermore, the intensity of the a-
process (TAe~120 K) was found to be about ten times higher in the pentamer with the
fluorenone unit and, in addition, very sensitive to sample preparation/orientation effects.
Dielectric spectroscopy is very sensitive to the presence of the carbonyl group (keto defects)
due to the large dipole moment. Keto defects can be accidentally incorporated on the
backbone during synthesis as a result of photo- or electro- oxidation. The much lower
dielectric strength of the a-process in the unsubstituted oligomers and the polymer confirm

the absence of such defects from the present system.
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The VFT equation adequately describes the dynamics over the whole T-range
investigated except for the tetramer and pentamer samples above their melting temperatures.
For these samples a slight decrease of the a-relaxation times is obtained above T, (arrows
in Figure 4. 5. 4). This effect is also seen in polymer liquid crystals on the length scale of
the S-process.34 There are two additional points that need attention with respect to the t(T).
First, the values of the high temperature intercept, —log(to/s), are low; 1y is associated with
the frequency of attempts to cross a barrier or with the time required to move in free space

1453 The slower relaxation

and is expected to have a phonon-like time scale, i.e., 1p~10"
times suggest the absence from contributions of the high-frequency tail of the a-process at
phonon-like times. This could be important in investigating the vibrational spectra by i.e.,
Raman spectroscopy.>® Second, there is a variation in the fragility or steepness index,
defined from the initial slope m=dlog(<t>/s)/d(T,/T) of the normalized relaxation times
(not shown here). The slope varies systematically from 80 (dimer) to about 100 (heptamer)
in qualitative agreement with the proposed correlation®’ between non-exponentiality of the
structural response and fragility, i.e., m=mo-sefxww, where mp and s are constants and
Bxww 1s the Kohlrausch-Williams-Watts exponent of the stretched-exponential function.
For example, for the dimer (with m=80) the a and y values “correspond” to a Bxww of 0.36
whereas for the heptamer (with m=100) to Bxww of 0.26 at T, (in reality a one-to-one
correspondence is not possibly since in the HN function there are two parameters
characterizing the shape whereas in the KWW function only one).

In the inset to Figure 4. 5. 4 an Arrhenius diagram of the relaxation times for the dimer
is shown. Apart from the a-process, it includes a faster process (called B-process), found in
all oligofluorenes, with the following intensity and shape characteristics: Ae~0.004 within
the T-range: 163<T<223 K, 0=0.4+0.1, y=1.0, with an Arrhenius temperature dependence

of relaxation times:
* E
T =T, exp| — 4. 12
max 0 p(RTJ ( )

where 10* is the high temperature intercept (—logto*=12.3+£0.7) and E is the apparent
activation energy (E=28.1 kJ/mol in all samples). The intensity associated with the B-
process is a small fraction of the intensity of the a-process (typically (TAg)g/(TAg),~0.1)

suggesting either a (heterogeneous) relaxation of a reduced number of dipoles or a
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(homogeneous) relaxation of dipoles with a smaller angle of dipolar reorientation. Notice
that the 1o* for the B-process is systematically shorter than the 1y of the a-process (Table I)
revealing that the two processes approach each other with increasing temperature but never
merge. In this respect, measurements at higher frequencies could be helpful but the low loss
(Figure. 4. 5. 1) of these materials and lower sensitivity of the high-frequency set-up
precludes such an investigation.

Returning to the a-process, a more critical test of the ability of the VFT equation to
describe the experimentally obtained relaxation times is through the temperature derivative
method.>® This method focuses on the first (and second) derivatives of —logTm.x as a
function of T or T™' and practically reduces the number of parameters by linearizing certain
model functions. The VFT dependence, for example, is linearized by the first derivative

method as:

dlogt e
——=-mer |\ =(T-T,)B""’ 4.13
{ T } (T-T,) (4.13)

Notice that the case Ty=0 reduces to an Arrhenius T-dependence. The result of the first
derivative of the relaxation times with T is shown in Figure 4. 5. 5. From this representation
it immediately follows that t,.(T) for all oligofluorenes (below T,) exhibit a VFT
dependence with a good accuracy. Furthermore, all data sets have similar slopes suggesting
only small variations of the apparent activation energies (Table I). For the polymer sample,
the smaller temperature range investigated (because of the higher conductivity) precludes a
similar analysis and conclusion.

Based on the VFT T-dependence we can define an operational glass temperature from
DS as the temperature with a corresponding relaxation time at maximum loss of 10* s. The
thus obtained T, is plotted in Figure 4. 5. 6 as a function of the degree of polymerization (n)
for the oligofluorenes and the polymer (the M, value was used) together with the DSC T,.
Notice the good agreement between the DSC (rate 10 K/min) and DS (1~107s) T,. The line
in Figure 4. 5. 6 is a fit to the Fox-Flory equation:
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Figure 4. 5. 5. Temperature dependence of the dynamics in the oligofluorenes in a [-

dlog(Tmay/dT, T ys T representation. The lines are fits to the VFT behavior (see text).
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Figure 4. 5. 6. Dependence of the glass temperature on the degree of polymerization: (open
symbols): from DSC, (filled symbols): from DS (in DS the Ty is defined as the temperature
corresponding to a relaxation time of 100 s). In the inset the DS values are plotted as a
function of ' and the line is the result of the linear fit according to the Fox-Flory equation.
The polymer Ty is at 33242 K.
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. K
T,=T, -~ (4. 14)

where T, =332.4+2 is the glass transition at practically infinite molecular weight and
K=173%9. Therefore the actual glass temperature for polyfluorene is at 332 K that is
difficult to obtain from DSC alone. In the inset, the DS values are plotted as a function of n°
"and display a good linearity, according to eq 6, implying the contribution from chain-end
effects as with amorphous polymers.

From the dielectric strength of the a-process and the permittivity at high (e,) and low
(e0) frequencies we can estimate the effective dipole moment associated with this relaxation

from the Frohlich equation for spherical molecules™

2 2
e = FENgH (6‘w+2j 3¢, 4. 15)
3k, T 3 2g,+¢,

where Ny is the number of dipoles per unit volume (Ny=Np/My, where p is the density, My
is the monomer molecular weight and N is the Avogadro number), pn is the dipole moment
averaged over all possible configurations and g is a measure of the orientational pair
correlations (g=1+z<cosy>, where z is the average number of nearest neighbors and vy is the
angle between neighbors). The effective dipole moment, peg=(gp)"?, is plotted in Figure 4.
5.7 as a function of temperature for the oligofluorenes. In the dipole moment calculation a

macroscopic density of 1 g/cm’® was assumed.
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Figure 4. 5. 7. Temperature dependence of the normalized effective dipole moment for the
o-process in the oligofluorenes; (squares): dimer, (circles): trimer, (up triangles): tetramer,
(down triangles): pentamer, (rhombus): hexamer, (left triangle): heptamer. The solid line

results in an average value from the different samples (<u>=0.27240.03 D).

Notice that the effective dipole moment with a direction perpendicular to the backbone, is
0.27£0.03 Debye, independent of chain length for all oligomers suggesting local rotational
motions as responsible for the a-process. This again emphasizes the role of intramolecular
correlations in setting not only the time-scale but also the intensity of the a-process. In
addition, from the g, (=2.9) value in the glassy state (T=250 K, dimer) we obtain a

refractive index of 1.7, a value well within the reported frequency dependence of n.*’

4. 6 Conclusion

The thermal behaviors, structural and supramolecular packing, alignment properties, and
molecular dynamics of a series of oligofluorenes up to the polymer were studied using

techniques such as TGA, DSC, WAXS, POM and DS.
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The oligomers from tetramer to heptamer show a smectic liquid crystalline phase with
clearly defined isotropization temperatures; and this allows extrapolation to the expected
isotropization temperature of the polymer at around 475 °C, well above the thermal
decomposition temperature. Most importantly, the oligofluorenes do not show the same
high-order phase that the polymer exhibits below the melting temperature of approximately
160 °C. However, unlike the polymer, the oligomers do show a glass transition which
exhibits n”’ dependence and allows extrapolation to a hypothetical glass transition of the
polymer at around 64 °C. As this glass transition refers to a freezing of a liquid-crystal
phase not seen for the polymer, it is not too surprising that this phenomenon cannot be
detected for the polymer.

A smectic packing and helix-like conformation for the oligofluorenes from tetramer to
heptamer was supported by WAXD experiment, simulation, and single-crystal structure of
some oligofluorene derivatives. The twist angle between the two neighboring fluorene units
was approximately 144 °, and was in agreement with the torsional angle between
neighboring monomers for polyfluorenes in the case of a 5/2 helix.

Oligofluorenes were aligned more easily than the corresponding polymer, and the
alignability increased with the molecular length from tetramer to heptamer.

The molecular dynamics in a series of oligofluorenes up to the polymer was studied
using dielectric spectroscopy. Two dielectrically active processes were found, one below T,
(B-process) and one above (a-process) associated with the DSC T,. The latter bears many
polymeric features: a) The relaxation times at maximum loss display a strong T-dependence
following the VFT equation up to the melting temperature. However, the high temperature
intercept was much slower than the expected phonon-like time scale. b) A distribution of
relaxation times beyond a simple Debye process was found for all oligomers and at all
temperatures investigated (up to T,/T~0.73). c) Spectral broadening exists at a fixed
molecular weight by decreasing temperature, and at a fixed temperature by increasing
molecular weight. Dilution experiments proved that spectral broadening is caused largely
by intramolecular interactions. Based on the intensity associated with the a-process the
effective monomer dipole moment is 0.27£0.03 D. d) The glass transition exhibits a strong
molecular weight dependence according to the Fox-Flory equation and the polymer T, is
obtained at 332 K by DS. e) Dielectric spectroscopy is very sensitive to the presence of
keto defects that drastically influence the optical and electronic properties. This work

confirmed the absence of such defects from the present oligomers and the polymer. On the
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other hand, the investigation of a labeled pentamer with a fluorenone group (i.e., a keto
defect) revealed that the effect on the molecular dynamics is mainly to stiffen the backbone

and increase the T, by about 15 K.
4.7 Experimental

Thermal gravimetric analysis (TGA) and Differential Scanning Calorimetry (DSC) was
measured on a Mettler DSC 30 with heating or cooling rate of 10 K min™. Polarization
microscopy was performed on a Zeiss Axiophot with a nitrogen flushed Linkam THM 600
hot stage. The film thickness was measured by a Tencor a-step profiler.

The series of oligomers were extruded in liquid crystalline phase. The fiber was drawn
from a liquid crystalline PF2/6 melt around 170 °C. Wide angle X-ray powder and fiber

diagrams were recorded in a vacuum Kiessig film camera (Huber, Germany)

Single crystal experiment

Crystals of the diboronic monomer were obtained by slow evaporation from a mixture of
ethanol and a small amount of dichloromethane; the dibromo-dimer was also crystallized
by slow evapovation from a mixture of hexane and dichloromethane; the pentamer with one
fluorenone group was crystallized from a dichloromethane solution by slow diffusion of
ethanol. Suitable crystals were mounted in glass capillaries. The data collection was carried
out at 120 K or 150 K on a Nonius KappaCCD diffractometer with graphite
monochromated Mo Ka radiation for the monomers and dimer and Cu Ka radiation for the

pentamer. The crystal structures were solved by direct methods using the program Shelx91.

Alignment film

The rubbed PI substrat were commercially available from the E.H.C. Co., Ltd., Japan, and
used as received. Films of oligofluorenes were spin cast from 10 mg/mL in the chloroform
solution at 1600 rpm for 40s onto rubbed polyimide alignment layers. These films was
annealed at a nitrogen atmosphere at their corresponding liquid crystalline phase, which are
40 °C, 60 °C, 80 °C, 100 °C for tetramer up to heptamer, respectively for 30 min, and
finally by ‘freezing’ the alignment into the crystalline or glassy state by slow cooling. The
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final film thickness of the layers was 20 nm for polyimide and 30 nm for oligofluorenes,

respectively.

Dielectric spectroscopy

The sample cell consisted of two electrodes with 20 mm in diameter and the sample with
a thickness of 50 or 20 um. The dielectric measurements were made at different
temperature in the range 123-453 K, at atmospheric pressure, and for frequencies in the
range from 3x107 to 1x10° Hz using a Novocontrol BDS system composed from a
frequency response analyzer (Solartron Schlumberger FRA 1260) and a broad dielectric

converter.
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5 Photophysical properties of oligofluorenes

The steady state spectra (UV-vis absorption and fluorescence spectra) of oligofluorenes
(OF-n) and polyfluorenes (PF2/6) both in solution and film are presented in this chapter.
The transient photoluminescence properties of the oligofluorenes in m-THF and thin-film
were investigated by ultra fast photoluminescence using a streak camera and conventional
time-resolved photoluminescence technique at both room temperature and 77K.
Concentration and laser excitation intensity dependences of PL spectra of the
oligofluorenes are also discussed. Phosphorescence was observed for oligofluorenes in
frozen matrix of m-THF solution at 77K. Its lifetime increases with increasing of molecular
length. Finally, the nature of the photophysical processes is explained by the energy level

diagram involving singlet and triplet states of oligofluorenes.

5.1 Introduction

Photophysical properties of polyfluorenes and corresponding oligofluorenes in solution
and as thin-films are the basic issues when considering their applications in
electroluminescence devices. The knowledge of the relationship between photophysical
properties and chain-length, environment (for example, temperature and solvents) allows an
accurate tuning of the electro-optic properties in LEDs.

The photophysical properties of oligofluorenes' and polyfluorenes” have been studied,
particularly the excited-state dynamics of singlet and triplet states which are closely
connected with the luminescence quantum efficiency. The energy of the lowest singlet and
triplet state of poly- and oligo-fluorenes were recently investigated®, but so far the chain-
length dependence of their photophysical properties has not been fully reported and
discussed. In this chapter the photophysical properties of oligofluorenes (OFn) with 2-
ethylhexyl side chains are investigated by steady-state and time-resolved fluorescence
spectroscopy. The chain-length dependence, concentration dependence, laser excitation
power dependence of the photophysical properties are discussed and explained by energy-

level diagrams of the excited singlet and triplet states.
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5. 2 Basic theory and method
5. 2. 1 Radiative and non-radiative transitions between

electronic states

The energy level diagram of organic m-conjugated molecules is very important to explain
the mechanism of their complex photophysical properties. The general energy level
diagram, so-called Perrin-Jablonski diagram, (Figure 5. 2. 1) is convenient for visualizing
in a simple way several possible photophysical processes®: photon absorption, internal
conversion, fluorescence, intersystem crossing, phosphorescence, delayed fluorescence and
triplet-triplet transition. The singlet electronic states are denoted Sy (ground electronic
state), Si, S;... and the triplet states, T;, Ty, .... Vibrational levels are associated with each

electronic state. It is important to note that absorption is very fast (= 10" s) with respect to

SZ ¥ IC =
— — -I-2
= I5C__ =
= O ————Is¢ =
gé S1 T1 = T
= =
—3— [ABSORPTION][FLUORESCENCE] [PHOSPHORESCENCE —
$ ¥
S, Y Y S,

ABSORPTION  FLUORESCENCE PHOSPHORESCENCE

CHARACTERISTIC TIMES
absorption 10 s
vibrational relaxation 1072-101 s
lifetime of the excitated state S; 101%-107 s > fluorescence
intersystem crossing 1019108 s

internal conversion 107'-107 s

lifetime of the excitated state T 10%-1s —phosphorescence

Figure 5. 2. 1. Perrin-Jablonski diagram and illustration of the relative positions of

absorption, fluorescence and phosphorescence spectra’. The arrows with full line:
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absorption and emission of light; wavy lines: radiationless transitions (IC: internal

conversion, ISC: intersystem crossing).

all other processes so that there is no concomitant displacement of the nuclei according to

the Franck-Condon principle’; The vertical arrows corresponding to absorption start from

the 0 (lowest) vibrational energy level of Sy because the majority of molecules are in this

level at room temperature, as shown in Figure 5. 2. 2*. Absorption of a photon can bring a

molecule to one of the vibrational levels of Sy, S,,....
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Figure 5. 2. 2. lllustration of the vibrational bands in the absorption and fluorescence

spectra of aromatic hydrocarbons".

Once a molecule is excited by absorption of a photon, it can return to the ground state
with emission of fluorescence, but many other pathways for de-excitation are also possible
(Figure 5. 2. 3)* internal conversion (i.e. direct return to the ground state without emission
of fluorescence), intersystem crossing (possible followed by emission of phosphorescence),
intramolecular charge transfer and conformational change. Interactions in the excited state

with other molecules may also compete with de-excitation: electron transfer, proton

transfer, energy transfer, excimer or exciplex formation.
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Delayed fluorescence (DF) and phosphorescence (Ph) are ubiquitous features of
molecular solids.” The triplet state, which is usually populated by intersystem crossing
(ISC) from optically excited singlet states, can either decay monomolecularly or
bimolecularly. In the case of monomolecular decay, long-lived phosphorescence is emitted,
whereas the bimolecular reaction leads to generation of an excited singlet state and a singlet

ground state, respectively. The excited singlet state then leads to delayed fluorescence.

intersystem délayed
phosphorescence «-— crossing “"ﬂuorescence

internal
conversion

fluorescence -
emission

hv

intramolecular
charge transfer

conformational

change
electron
transfer
phoiochemicai proton
transformation transfer

exciplex _ energy
formation  excimer f{ransfer
formation

Figure 5. 2. 3. Possible de-excitation pathways of excited molecules’.

5.2.2 The Boltzmann Law

For some aromatic hydrocarbons such as naphthalene, anthracene and perylene, the
absorption and fluorescence spectra exhibit vibrational bands. The energy spacing between
the vibrational levels and the Franck-Condon factors that determine the relative intensities
of the vibronic bands are similar in Sy and S;. As a result, the emission spectrum often
appears to be symmetrical to the absorption spectrum (‘mirror image’ rule), as illustrated in
Figure 5. 2. 2.

The ratio of the numbers of molecules N; and Ny in the 1 and O vibrational levels of

energy E; and Ey, respectively, is given by the Boltzmann Law:
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Ni1/No = exp[-(E1-Eo)/kT] (5.2.1)

where k is the Boltzmann constant (k = 1.3807 x 10% JK') and T is the absolute
temperature. For example, the absorption and emission spectra of anthracene show a
wavenumber spacing of about 1400 cm™, i.e. an energy spacing of 2.8 x 107’ J, between
the 0 and 1 vibrational levels. In this case, the ratio N;/Ny at room temperature (298 K) is
about 0.001. However, it should be noted that most fluorescent molecules exhibit broad and
structureless absorption and emission bands, which means that each electronic state consists
of an almost continuous manifold of vibrational levels. If the energy difference between the
0 and 1 vibrational levels of S, (and S;) is, for instance, only about 500 cm™, the ratio
N1/Ny becomes about 0.09. Consequently, excitation can then occur from a vibrationally
excited level of the Sy state. This explains why the absorption spectrum can partially
overlap the fluorescence spectrum. On the other hand, the energy gap between Sy and S is
of course much large than between the vibrational levels, so the probability of finding a
molecule in S; at room temperature as a result of thermal energy is nearly zero (Es;-Es = 4

x 107" J, compared with AT = 4 x 107" J).
5. 3 Materials and methods

All of materials studied in this chapter were oligofluorenes with 2-ethylhexyl side
chains (OFnN) from dimer to heptamer and the corresponding polyfluorenes (PF2/6) (see
Scheme 3. 1. 1), and their synthesis was described in Chapter 2.

5. 3. 1 Steady state absorption and emission methods

UV-vis spectra were recorded at room temperature with a Perkin-Elmer Lambda 9
UV/Vis/NIR spectrophotometer. Photoluminescence spectra were obtained on a Spex
Fluorolog II (212). Thin films of all materials were prepared by spin-coating of a solution
in chloroform onto quartz substrates. The thickness of all of the films is approximately 50

nm, as was estimated by Tencor P-10 Surface Profiler.

5. 3. 2 Time-resolved fluorescence method5. 3. 2. 1 Streak

camera technology (ultra-fast-time-resolved spectrophotometry)
5.3.2. 1.1 What s a streak camera
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The streak camera technique is also called “fast time-resolved photoluminescence
measurement” It is a device to measure ultra-fast light phenomena and can deliver intensity
vs. time or vs. position (or wavelength) information. Its name dates back to the early days
of the high speed rotating drum cameras. These cameras would “streak” reflected light onto
film. No other instruments which directly detect ultra-fast light phenomena have better
temporal resolution than the streak camera.

Since the streak camera is a two dimensional device, it can be used to detect several tens
of different light channels simultaneously. For example, when it is used in combination
with a spectroscope, time variation of the incident light intensity with respect to wavelength
can be measured (time-resolved spectroscopy). Used in combination with proper optics, it
is possible to measure time variation of the incident light with respect to position (time and

space-resolved measurement).

5. 3. 2. 1. 2 Operating principle

Figure 5. 3. 1 shows the operating principle of the streak camera. The light being
measured passes through a slit and is formed by the optics into a slit image on the
photocathode of the streak tube. At this point, let us assume that we have four optical pulses
which vary slightly in terms of both time and space, and which have different optical

intensities, are coming through the slit and arrive at the photocathode.

o N SWEEP CIRCUIT STREAK IMAGE ON
TRIGGER SIGNAL SWEEP PHOSPHOR SCREEN
ELECTRODE
LENS
LIGHT T A;;Aaqg- ¢ @ OO0 O
INTENSITY SRR N TIME
TIME <— SPACE
PHOTOCATHODE ACCELERAT'N J_ / PHOSPHOR a3
INCIDENT LIGHT SuT = MCP  gCREEN

Figure 5. 3. 1. Operating principle of the streak tube.

The incident light on the photocathode is converted into a number of electrons

proportional to the intensity of the light, so that these four optical pulses are converted
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sequentially into electrons. These then pass through a pair of accelerating electrodes, where
they are accelerated and bombarded against a phosphor screen.

As the electrons produced from the four optical pulses pass between a pair of sweep
electrodes, high voltage is applied to the sweep electrodes at a timing synchronized to the
incidient light (see Figure 5. 3. 2). This initiates a high-speed sweep (the electrons are
swept from top to bottom). During the high-speed sweep, the electrons, which arrive at
slightly different times, are deflected in slightly different angles in the vertical direction,
and enter the MCP (micro-channel plate). As the electrons pass the MCP, they are
multiplied several thousands of time, after which they impact against the phosphor screen,

where they are converted again into light.

TRIGGER SIGNAL —rl PHOSPHOR IMAGE
SWEEP VOLTAGE

[l
i
)
b
1
1
1
1
1
1
1
1
1
1
i
T
1
t

INCIDENT LIGHT

Figure 5. 3. 2. Operation timing (at time of sweep).

On the phosphor screen, the phosphor image corresponding to the optical pulse which
was the earliest to arrive is placed in the uppermost position, with the other images being
arranged in sequential order from top to bottom; in other words, the vertical direction on the
phosphor screen serves as the time axis. Also, the brightness of the various phosphor
images is proportional to the intensity of the respective incident optical pulses. The position
in the horizontal direction of the phosphor image corresponds to the horizontal location of
the incident light.

In this way, the streak camera can be used to convert changes in the temporal and spatial
light intensity of the light being measured into an image showing the brightness distribution
on the phosphor screen. We can thus find the optical intensity from the phosphor image,

and the time and incident light position from the location of the phosphor image.

5. 3. 2. 1. 3 System configuration
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In order to measure ultra-high speed optical phenomena using a streak camera, a trigger
section and a readout section are required. The basic configuration of this system is shown
below (Figure 5. 3. 3).

The trigger section controls the timing of the streak sweep. This section has to be
adjusted so that a streak sweep is initiated when the light being measured arrives at the
streak camera. For this purpose, we use a delay unit, which controls how long the trigger
signal which initiates the streak sweep is delayed, and a frequency divider, which divides
the frequency of the external trigger signal, if the repetition frequency of the trigger signal
is too high. Also, in cases where the trigger signal cannot be produced from the devices
such as a laser, it has to be produced from the light being measured itself, and this requires

a PIN photodiode.

STREAK CAMERA

T A ]
N E ]—» —_— —_— =

HIGH-SENSITIVE FRAME-GRABBER

RA BOARD
2 CAME COMPUTER
<READOUT SECTION>
[ eevieer
PIN PHOTODIODE Iy
(FOR OPTICAL TRIGGERS)
EXTERNAL TRIGGER SIGNAL JL |:—__I
FREQUENCY DIVIDER

<TRIGGER SECTION>

Figure 5. 3. 3. Basic System Configuration of Streak Camera.

The readout section reads and analyzes streak images produced on the phosphor screen
which is on the output side of the streak camera. Because the streak image is faint and
disappears in an instant, a high-sensitivity camera is used. Analysis of streak images is done
by transferring the images through a frame grabber board to a computer. The color of the
streak images represents the PL intensity. The spectra of PL intensity vs. wavelength and
PL Intensity vs. time are obtained from the analysis of streak camera images (Figure 5. 3.
4).

In addition to the units which make up this basic configuration, there are spectroscopes,

optics, and other peripheral equipments which can be used depending on each applications.
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Figure 5. 3. 4. The spectra of PL intensity vs. wavelength and PL Intensity vs. time are

obtained from the analysis of streak camera records.

5. 3. 2. 2 Gate detection technique

The long-range delay fluorescence measurements can be done by gate detection
technique. Gate detection technique is an interesting alternative to the single-photon timing
technique (SPT).°® The intensity decays were measured using stroboscopic or pulse
sampling methods. The basic idea is to sample the intensity decay following pulsed
excitation (Figure 5. 3. 5). The detection gate is displaced across the intensity decay until
the entire decay is measured. In fact, the first time-domain (TD) lifetime instruments used

gated detection to sample the intensity decay.’
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Gate detection can be accomplished in two ways. One method is to turn on or gate the
gain of the detector for a short period during the intensity decay.® Surprisingly, this can be
accomplished on a timescale adequate for measurement of nanosecond lifetimes.
Alternatively, the detector can be on during the entire decay, and the electrical pulse
measured with a sampling oscilloscope.” Such devices can sample electrical signals with a
resolution of tens of picoseconds. In recent years there has been a reintroduction of gated
detection methods. "

The sample is excited by a train of light pulses delivered by a flash lamp or a pulsed
lasers. A computer-controlled digital delay unit is used to gate (or ‘strobe’) the
photomultiplier by a voltage pulse (whose width defines a time window) at a time
accurately delayed with respect to the light pulse. Synchronization with the laser pulse is
achieved by a master clock or electric triggering. By this procedure, only photons emitted
from the sample that arrive at the photocathode of the photomultiplier during the gate time
will be detected. The fluorescence intensity as a function of time can be constructured by
moving the time window after each pulse from before the pulse light to any suitable end
time (e.g. ten times the excited-state lifetime). The principle of the gate detection technique
is shown in Figure 5. 3. 5.° and Figure 5. 3. 6*.

The gate detection technique offers some advantages. It can detect many photons per
pulse, which should provide improved statistics. It does not require expensive electronics.
High-frequency light sources are unnecessary because the intensity of the signal is directly
proportional to the intensity of the light pulse, in contrast to the single-photon timing
technique. High-intensity picosecond lasers operating at low repetition rate can be used,
with the advantage of lower cost than cavity dumped, mode-locked picosecond laser. A
disadvantage of this method is the lack of knowledge of the noise level for each data point,
so that one needs to estimate the experimental uncertainties during data analysis, and

lifetime measurements with samples of low fluorescence intensity are more difficult.
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Figure 5. 3. 5. A: Principle of the gate detection technique™; B: Relation between CW and
TR-PL. (PFL: prompt fluorescence; DF: delayed fluorescence).
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Figure 5. 3. 6. Basic System Configuration of Delayed photoluminescence measuremente”.

5.4 Steady-state spectra

Electronic absorption spectra of monodisperse oligo(9.9-bis(2-ethylhexyl)fluorene-2.7-
diyl)s OF2-OF7 in diluted chloroform solution with the same fluorene unit concentration
of 1.0 x 10 M are shown in Figure 5. 4. 1a and the data are collected in Table5. 4. 1.

The oligofluorenes exhibit unstructured absorption bands, as is also seen for
polyfluorenes.'' The absorption maximum is red-shifted with increasing number (n) of
fluorene units. Absorption energies decrease with n (the number of fluorene unit in
oligofluorene) following the quantum-mechanical law eqn. (5. 4. 1) of Davidov based on

monomer interactions in oligomers:

COS

AE = A-2|M| (5.4.1)

n+l1

Where A is a constant related to the monomer absorption energy, and M is the matrix
element of the interaction between neighboring fluorene unit, a constant independent of n."?
The molar extinction coefficient (¢) and effective conjugation length of the

oligofluorenes in chloroform solution have been discussed in chapter 3. The UV-vis
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absorption spectra of thin films of the oligofluorenes and polyfluorene on quartz substrates
(Figure 5. 4. 1b) are practically similar to the solution data except for slight red-shifts in
absorption maxima, as listed in Table 5. 4. 1. In some cases, the absorption spectra in solid
state are generally slightly broadened by 100-250 meV as result of small local variations of
the m-overlap due to some conformational disorder of the oligomer and polymer chains in
the solid state.

Figure 5. 4. 1c showes the photoluminescence (PL) spectra of dimer (42, OF-2) to
heptamer (50, OF-7) in chloroform with the same concentration of fluorene units (1.0 x 10
® M), excited at the corresponding energy of maximum absorption. In contrast to the
absorption, the emission spectra exhibit a well — resolved vibronic structure, similar to
polyfluorenes, assigned to the me—m* 0-0, 0-1 and 0-2 intrachain singlet transitions,"> The
well-resolved vibronic progression with an energetic spacing of approximate 160 m eV is
observed, which is related to the stretching mode of C=C-C=C substructures of the
oligomer or polymer backbone.'* The spectral position and the intensity of the PL
maximum changes with the number of fluorene units ». This is explained by the increase of
effective conjugation from dimer to heptamer. Notably, the relative intensity ratio of the
three emission bands also changes with n. The relative component part of the 0-0 transition
increases, while that of the 0-1 transition decreases with n. This may be related to the
increase of the intrachain coupling interaction with the molecular length.

The fluorescence spectra were also measured for OF7 in different solvents, which are the
m-cyclohexane, m-THF, toluene, chloroform (Figure 5. 4. 2). The spectra in m-cyclohexane
were slightly blue shifted by 4-5 nm compared with the spectra in chloroform due to the
high polarity of chloroform, but the solvatochromic effect was very weak due to low
polarity of homo-oligofluorenes; thus the shift is only several nanometers from polar
solvent to nonpolar solvent.

Normalized solid-state PL spectra of oligofluorenes (42, 43, 45, 46, 49 and 50) from
spin-coat thin films on a quartz plate excited at the absorption maxima are shown in Figure
5. 4. 1d, and the key data are also listed in Table 5. 4. 1. The films typically display solid-
state emission spectrum which are similar in shape and position to the spectrum in dilute
solution, slight red-shifts in the emission maximum are observed and relative intensities of
the 0-1 intrachain singlet transition increase in all cases. Most importantly, the green-band

emission usually seen for the polymer'” is absent for all of the oligomers, as seen in Figure
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5. 4. 1d. Even upon high temperature annealing (180 °C) in air, this green emission is still
negligible for the oligomers. This results casts doubt on the widely discussed hypothesis
that the "green" emission seen with variable intensity in polymer samples (see Figure 5. 4.
3)' originates from excimer formation by inter-chain interaction or chemical defects in the
polymer backbone. It is difficult to see why such interchain interactions are suppressed in

the case of oligomers if explanation of excimer formation is true.
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Figure 5. 4. 1. a)UV-Vis absorption of oligofluorenes dimer to heptamer, and polymer in
chloroform solution at room temperature. The spectra (OF2 up to OF7, PF2/6) were
recorded at a fixed concentration of fluorene repeat units of 1.0 x 10° molL™: b) UV-Vis
absorption of oligofluorenes dimer to heptamer film (thickness: around 50 nm) on quartz;
¢) emission spectra of the oligofluorenes and polymer in chloroform solution at room
temperature; the spectra of OF2 up to OF7 were recorded at a fixed concentration of

fluorene repeat units of 1.0 x 10° molL™”, emission spectra of PF2/6 was recorded at a
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fixed concentration of fluorene repeat units of 2.5 x 107 molL™; d) emission spectra of

oligofluorenes dimer to heptamer film on quartz;

Table 5. 4. 1. Summary of UV-Vis absorption Amax(abs)(OF Vmax(abs)) and photoluminescence
AmaxeL) (OF Vmax(pr)) spectra of fluorene oligomers and polymer, from chloroform solutions

and solid films.

Solution Film
Sample }\-max(abs) }\-max(PL)a }\-max(abs) 7\-max(PL)a1
nm (€V)° nm (V) nm (eV)° nm (eV)° nm €V)° nm (eV)°

OF-2 327(3.79) 365 (3.40) 385 (3.22) 329 (3.77) 369 (3.36) 388 (3.20)
OF-3 348 (3.56) 394 (3.15) 415 (2.99) 349 (3.55) 398 (3.12) 419 (2.96)
OF-4 358 (3.46) 404 (3.07) 426 (2.91) 363 (3.42) 410 (3.02) 431 (2.88)
OF-5 365 (3.40) 409 (3.03) 432 (2.87) 370 (3.35) 417 (2.97) 436 (2.84)
OF-6 368 (3.37) 411 (3.02) 434 (2.86) 372 (3.33) 420 (2.95) 439 (2.82)
OF-7 372(3.33) 412 (3.01) 434 (2.86) 373 (3.32) 422 (2.94) 440 (2.82)

PF2/6 383 (3.24) 414 (3.00) 437 (2.84) 383 (3.24) 422 (2.94) 443 (2.80)

“Since the resolution of the low energy peak was too low at the temperature where the data
have been recorded only Ayq. of the two high energy component are given, b Vimax(abs) and
Vimax(abs) 11 unit of eV’

2,0x10°
——cHcl,
1,6x10° - Toluene
m-THF
= —— m-Cyclohexane
& 1,2x10°4 orr
% A = 370 nm
& 80x10° concen. (1*10° M)
£ for fluorene unit
-
a
4,0x10° !
\\\
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Figure 5. 4. 2. The steady state fluorescence spectra of OF7 in different solvents.
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Figure 5. 4. 3 Fluorescence spectra of thin films of the PF2/6 obtained for a sample

annealed at 180 °C for 1 hr in air.

5. 5 Fast time-resolved fluorescence
5.5.1 The spectra and decay of fluorescence

The time-resolved fluorescence spectra of the oligofluorenes and corresponding polymer

in m-THF recorded by Streak camera techniques were shown in Chapter 3. 2. 4. In all the

cases, mono-exponential fluorescence decay curves were observed and the lifetimes of the

oligomers were in the subnanosecond range (Figure 3. 2. 6). The lifetimes (1) of the

oligomers displayed a linear relation with the reciprocal number of the fluorene units (1/n)

with the equation:
(5.5.1)

T =386+ 808 (1/n)
in which t is in the unit of ps. The decrease of lifetimes with the extension of the chain—
length (Table 5. 5. 1) can be explained by the enhanced transition dipolar coupling

. . . . . 17
interactions with the increased unit numbers.
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Table 5. 5. 1. The lifetimes of oligofluorenes and polyfluorenes, which were measured by

streak camera technique with m-THF solution (I x 10°° M) at room temperature.

OF2 OF3 OF4 OF5 OF6 OF7  PF2/6
T (ps) 789 663 578 549 520 505 397
11 (D) 6.8 9.3 11.5 13.0 144 1497 -

* 1, was derived from absorption spectra and in the units of Debye (107"* esu.cm).

First, transition dipolar moments of the oligomers can be calculated from eqn. 5. 5. 2,
which represents the relation between oscillator strength f and transition dipole moment

(for diluted solution)'®

(M) (M)

In the equation, fis the oscillator strength, my is the electron mass, e is the electron charge,

2
8" m,v 2

3he?

2
f= =4.702x107% (5.5.2)

v is the frequency, ¥ is the wavenumber, % is Plank’s constant(h = 6.6256 x 107’ erg s),
and ]\Tu, is the transition dipole moment between state / and u.

The oscillator strength is related to the spectrum of the molar decadic extinction
coefficient &(V'). Integration over the absorption band gives the osillator strength defined
by eqn. 5. 5. 3'%:
2303m,c’

4319x107°
/= myNe’ -[

[e(@)dv = e(V)dV (5.5.3)
band n, band
in which ny is the refractive index. For small organic molecules, n, is approximated as 1.4.

Iffin eqn. 5. 5. 2 is replaced by eqn. 5. 5. 3, eqn. 5. 5. 4 can be deduced:
p
1.,

in which ¥ is the absorption maximum wavenumber (cm™) and m is in the units of Debye

2 9.185x107

j e(V)dv (5.5.4)

n v band

(107'® esu.cm). Based on eqn. 5. 5. 4, the transition dipole moment can be calculated, if the
absorption spectrum (V') is measured.

The absorption spectra of all of oligofluorenes (OF-n) in dilute chloroform solution in
Figure 5. 4. 1(a) can be addressed in terms of e(Lmol'cm™)~¥ (cm™). The transition dipole
moments between ground state Sy and excited state S; were then calculated according to

eqn. 5. 5. 4 and listed in Table 5. 5. 1. Herein the “g,” represents the transition dipole
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moment of the corresponding OF-n. As shown in Figure 5. 5. 1 a linear relation between
the transition dipole moment g and the number of fluorene units # is obtained in a double
logarithmic scale. That is, with the extension of chain length, the values of z, increase as:
log(n) = 0.6 + 0.6log(n) (5.5.9)

obtained by linear fitting (Figure 5. 5. 1). This is obviously only valid as long as n<< n

where n” is the number of unit defining the conjugation length.

log () = 0.6 + 0.6 (log (n))

K, (D)

Figure 5. 5. 1. The dependence of transition dipole moment (iu,) on the degree of

polymerization of oligofluorenes.

Generally, an exponential dependence holds for , as function of (5. 5. 6)"”
o =1’ (5.5.6)

In which g; is the transition dipole moment of the monomer unit. Combined with eqn. 5.
5.5 and eqn. 5. 5. 6, the parameter p; with 0.6 D and o with 0.6 are obtained. The value of
o is in excellent correlation with the Kasha aggregate model (o = 0.5)."

In addition, photoluminescence intensities were found to decay exponentially due to the
well-defined structure of polyfluorenes with very short lifetime in the sub-nanosecond
range. The high luminescence quantum efficiency QE of oligofluorenes ranging from 0.9 to
1,"” measured by means of an etalon, allows the approximation eqn. (5. 5. 7)

OE = W,/(W, + W) ~ 1 (5.5.7)
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and leads to a direct relation between their fast decay times t and the radiative rate W,

according to eqn. (5. 5. 8)

3
= U (W, + W) o = SEHC
W, o (u,)

r

(5.5.8)

in which @ is the emission frequency. It is noteworthy that the nonradiative rate W, was
neglected. Given the small bathochromic (i.e., small change of @ ), eqn. (5. 5. 9) can be
inferred from eqn. (5. 5. 6) and (5. 5. 8), and an approximately linear relationship between 7
and //n can be obtained according to Kasha aggregate model with a = 0.5 and K as a
constant. Thus our experimental results (Figure 3. 2. 6 (¢) ) can be explained by eqn. (5. 5.
9)

Toczjf(o—f:;OCK% (5.5.9)

Bright sky-blue photoluminescence can be observed for all of oligofluorenes and
polyfluorenes. Similar to steady-state fluorescence spectra, the emission of all of
compounds in solution or film displayed well-resolved band structures, assigned to the 0-0,
0-1 and 0-2 intrachain singlet transitions. No green emission bands (500-600 nm) were
observed in all of oligomers in CW and prompt fluorescence.

Figure 5. 5. 2 shows fluorescene spectra and decay of emission for OF5 and PF2/6 both
in solution and thin film at room temperature (RT) and 77K. The peaks of the spectra are
sharper at 77K compared to RT, and the position of the peaks are slight red-shifted (1-2
nm) comparing to the spectra in solution (m-THF) (Figure 5. 5. 2 (a) and (c)).

The decay of fluorescence is faster for the films than in m-THF solution (t = 549 ps) for
OF5, and become faster with increasing temperature, for example, the lifetimes were longer
at 77K (t = 390 ps) than at room temperature (t = 343 ps) for OF5 film. Similar
phenomena were also observed for PF2/6 (Figure 5. 5. 2 (d)). This can be explained by
temperature dependent exciton mobility. For example, the exciton concentration is higher in
solid films than in dilute solution so that the fluorescence is quenched easier by exciton-
exciton collision. The high exciton mobility and high exciton concentration provide the
sufficient number of collision during the excited-state lifetime, so that the trapping in defect

site results in the decrease of the lifetime of fluorescence.
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Figure 5. 5. 2.The time-resolved fluorescence spectra for OF5 and PF2/6 both in solution

and in film. (A) the fluorescence spectra of OF5 in both solution and film at room

temperature and 77K. (OF5 in m-THF was excited at 370 nm), (B) the decay of emission of
OF5; (C) the fluorescence spectra of PF2/6 in both solution (m-THF) and film at room
temperature and 77K ; (D) the decay of emission of PF2/6.

The delayed fluorescence spectra of PF2/6 (left) and OF5 (right) are shown in Figure 5.

5. 3. Green light emission was not observed for PF2/6 solution at room temperature and

fresh film at 77K. Green emission bands®® (500-600 nm) were not observed for all of

oligomers in the delayed fluorescence spectra at RT and 77K
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Figure 5. 5. 3. The delayed fluorescence spectra of PF216 (left) and OF5 (right) both in

solution and film at room temperature and 77K.

5. 5. 2 Concentration dependence

Concentration dependence was studied with the heptamer (OF7) at RT by the Streak

camera technique. (Figure 5. 5. 4). No changes were observed in the shape and position of

fluorescence spectra, but the fluorescence intensity increased with the concentration from

107 M to 10* M. Almost the same PL emission intensity was observed with the

concentration from 10 to 10° M (Figure 5. 5. 4 (A) and (B)). This means that the

. . . . 4
fluorescence intensity becomes saturated when the concentration increases to 10" M.
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Figure 5. 5. 4. Concentration dependence of the fluorescence spectra of the heptamer at
RT. (A) the fluorescence spectra at different concentration in m-THF'; (B) the dependence
of the fluorescence intensity on the concentration probed at 419 nm; (C) the decay of
fluorescence at different concentration in m-THF probed at 419 nm, (D) the dependence of
lifetime (1/e) on the concentration probed at 419 nm.

The decay of fluorescence displayed the same monoexponential behaviour under
different concentration, and a lifetime increase at increasing concentration (Figure 5. 5. 4
(C) and (D)). The monoexponential decay behaviour of OF7 at different concentrations
means that aggregates and excimer formation are not exist in high concentration solution.
The obvious concentration dependence of the lifetime could be related to the solvent-

molecules and molecules-molecules interchain interactions.

5. 5. 3 Power intensity dependence

Figure 5. 5. 5 (A) shows the fluorescence spectra of heptamer (OF7) at different power
of the exciting light (the excitation wavelength is 370 nm). The shape and position of the
spectra are almost the same at the different laser excitation intensities.

In Figure 5. 5. 5 (B) the dependence of fluorescence intensity upon laser excitation
intensity for the solution of OF7 at RT is depicted. The fluorescence intensity varies
approximately linear with the laser excitation intensity. The data points are not enough to
give accurate fitting in Figure 5. 5. 5(B), the dependence of fluorescence intensity on the

laser excitation intensity of OF-n will be discussed in more detail in Chaper 5. 6.
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Figure 5. 5. 5. (A) The fluorescence spectra of OFT at different power of the exciting light;
the inserted picture: the normalized fluorescence spectra of OF7 at different power,(B) the

dependence of the fluorescence intensity on the laser excitation intensity.

5. 6 Long range delayed fluorescence

The long range delayed fluorescence measurements for OF5 were done in m-THF
solution both at RT and 77K. The CW and delayed fluorescence spectra did not change
with power intensity except for the increasing of fluorescence intensity (Figure 5. 6. 1 (a)
and (b)). The shape of the fluorescence spectra was sharper at 77K compared to those at
room temperature (Figure 5. 6. 1 (c)). The fluorescence spectra at different excitation
wavelength from 345-405 nm are shown in Figure 5. 6. 1(d), and the wavelength of
emission maximum did only slightly shift (2-3 nm).

In Figure 5. 6. 2 the dependence of fluorescence or DF intensity on the laser excitation
intensity is depicted for a dilute m-THF solution of OF5 at room temperature and 77K.
Delayed emission was recorded with a time delay of 10 ns after excitation at 365 nm. The
fluorescence, and the DF intensity varies approximately linear with the laser excitation

intensity with the slope S= 1.
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Figure 5. 6. 1. The fluorescence spectra of OF5 in m-THF. a) CW fluorescence at room
temperature at different intensities; b) the delayed fluorescence at room temperature at
different intensities, delay time: 10 ns, gate time: 5 ms, c¢) CW fluorescence in 77K at
different intensities, d) the delayed fluorescence at different wavelength of excitation. For
(a), (b), (c) the excitation wavelength is 365 nm, for (d) the delay time of measurement of
DF is 10 ns.
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Figure 5. 6. 2. The dependence of fluorescence, and delayed fluorescence intensity of OF5
in m-THF on pump intensity at room temperature and 77K. The time delay for

measurements of DF was 10 ns; Excitation wavelength is 365 nm.

The delayed emission spectra of a dilute solid solution of OF5 at 77K are shown in
Figure 5. 6. 3. The delayed emission was detected 1 us after optical excitation at 380 nm. In
the delayed emission spectra of OF5 in dilute solid solution, two different contributions can
be distinguished. The spectral position of the high energy part of the spectra is coincident
with the prompt fluorescence at 3.05 eV (406 nm) and shows the same vibronic splitting of
about 170 meV. This emission is due to delayed fluorescence (DF) from the S; state of
OF5. At lower energy the delayed emission band at 2.25 eV (552 nm) can be assigned to
the Sp «— T, transition bearing a vibronic splitting of 170 meV, identical to the prompt
fluorescence. This is also similar with that of PF2/6.%' The singlet-triplet energy gap in OF5
amounts to AEsy = 0.80 eV. Except for the spectral position of the DF and the
phosphorescence, the signatures of the delayed emissions are very similar to the spectra of
polyfluorenes (PF2/6) as shown in Figure 5. 6. 4.** The energy level of the T, state of the
PF2/6 in m-THF solution is at 2.18 eV. The delayed fluorescence spectra at high-energy
part peak at 2.39 eV and shows the same vibronic splitting of about 170 meV. In dilute
solution the singlet-triplet gap of PF2/6 with AEst ~ 0.75 eV is smaller than that of OF5
(AEsT = 0.80 eV).
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Figure 5. 6. 3. a) Delayed emission spectra (green line) and CW fluorescence spectra
(black line at RT and red line at 77K) and absorption spectra (blue line) of OF5 in m-THF
at 77K. The delay time is 1us after laser excitation and gate time is 5 ms, exposure time: 3s,
sensitivity: 8; b) and c) Delayed emission spectra of OF5 in m-THF at 77K with different
delay time on semi-logarithmic scales; d) dependence of phosphorescence and DF intensity

upon time (OF5 in m-THF solution at 77K). The OF5 solution was excited at 380 nm.

The delayed fluorescence of OF5 in m-THF frozen solution probably has a similar origin
as DF of PF2/6 in m-THF frozen solution, i. e., triplet-triplet annihilation (TTA).*'*

Figure 5. 6. 3 (b) and (c) show the delayed fluorescence at different delay time. The
emission intensity decreases very fast from lus to 500 ps, then decays slowly. The
dependence of DF and phosphorescence (Ph) intensity upon the time for OF5 in dilute solid

solution is shown in Figure 5. 6. 3 (d). The phosphorescence in dilute solution decays
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monoexponentially over the entire time range from 500 —5000 us , as expected when the
decay of the triplet reflects the intrinsic lifetime, and the lifetime is about tp, ~ 3 ms. The
DF decays also monoexponentially over the time range studied starting from 500 ps, and

the lifetime is about tpr ~ 1.5 ms, just half the value of the Phosphorescence lifetime.
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Figure 5. 6. 4. The absorption spectra of PF2/6 in m-THF (solid line) and a PF2/6 film
(solid line with m) at 80 K. Delayed emission of PF2/6 in m-THF (solid line) and a PF2/6
film (solid line with o) at 80 K detected after 5 ms delay following excitation™.

The spectra of delayed emission of OF5 in dilute solid solution at 77K under different
laser excitation intensities are shown in Figure 5. 5. 10 (a), and the DF intensity decreases
faster than that of phosphorescence as the laser excitation intensity decreases. The variation
of the phosphorescence intensity with pump intensity is illustrated in Figure 5. 6. 5 (b). For
recording Phosphorescence, the detection is delayed to 1us after optical excitation. At the
detection range, the phosphorescence intensity increases linearly with light flux with a

slope of 0.85 on a double logarithmic scale.
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Figure 5. 6. 5. a) The delayed emission spectra of OF5 at different laser intensity in m-THF
at 77K; b) dependence of phosphorescence intensity of OF5 in dilute solid solution on
pump intensity at 77K. The time delay for measurements of DF and Ph was 1 us, and the
photon energy for optical excitation was 380 nm (3.26 eV).

In Figure 5. 6. 6 (a) the low temperature (77K) delayed emission spectra of a dilute solid
solution of OF3 are also presented. The delayed emission was detected 1 us after optical
excitation at 3.49 eV (355 nm). Similar to OF5, the delayed emission spectra of OF3 in
dilute solid solution display two different contributions. The spectral position of the high
energy part of the spectra is coincident with the prompt fluorescence at 3.21 eV (386 nm)
and shows the same vibronic splitting of about 160 meV. This emission is due to delayed
fluorescence (DF) from the S; state of OF3. At lower energy the delayed emission at 2.31
eV (537 nm) can be assigned to the Sy <— T; (0-0) transition bearing a vibronic splitting of
6.21:22

160 meV, identical to the prompt fluorescence. This is also similar with that of PF2/

The singlet-triplet energy gap in OF3 amounts to AEsy ~ 0.90 eV.
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Figure 5. 6. 6. a) Delayed emission spectra (red line) of OF3 in m-THF at 77K, CW
fluorescence (black line) and absorption spectra (blue line); b) dependence of
phosphorescence upon time of the OF3 in m-THF solution at 77K. The OF3 solution was
excited at 3.49 eV (355 nm).

The dependence of phosphorescence intensity upon time for OF3 in dilute solid solution
is shown in Figure 5. 6. 6 (b). The phosphorescence decays exponentially over the time
range studied starting from 500 ps. The lifetime is about tp, ~ 1 ms, which is less than the 3
ms found for OF5, and much less than the 1.0s for PF2/6 in dilute solid solution at 80 K
(m-THF solvent).”” The lifetime of the phosphorescence in the series of the homo-
oligofluorenes increases with the molecular size, in contrast to the fluorescence life-time.
This behavior can be explained by increased probabilities of intersystem crossing with the
increase of chain-length.

In table 5. 6. 1 a compilation of the energy gaps, such as Sy-S;, Sp-T, S;-T; for OF1,
OF3, OF5 and PF2/6 are listed. The energy of S;-S¢, T;-Sy transitions decreases with the
molecular length, i.e. the emission maximum of fluorescence and phosphorescence are red
shifted with the molecular size. A linear relation is observed between the emission
maximum wavenumber of fluorescence and phosphorescence and the reciprocal number of
fluorene units in Figure 5. 6. 7. Apparently the S;* and T;** energies of the oligomers can
be expressed as AE(n) = AE, + const./n, the basic spectral features upon increasing the
molecular length®, where n is the number of fluorene units. The data has allowed the
extrapolation to PF2/6 (n = «) and the evaluation of its singlet energy (2.80 eV) and triplet
energy (2.05 eV). These values are lower than that of experimental PF2/6 which has singlet
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energy of 2.93 eV and triplet energy of 2.18 eV. The slope (1.23) of the plot is bigger for
fluorescence than that (0.89) for phosphorescence. This means that the decrease of energy
gap of S;-Sy is faster than that of T;-Sy with molecular length, i.e. the spectra of
fluorescence are red shifted faster than those of the phosphorescence, resulting in the
convergence of the singlet-triplet energy gap with the molecular length. The singlet-triplet
energy gap (AEgsr) in OF1, OF3, OF5, PF2/6 is 1.09, 0.9, 0.8, 0.75 eV respectively.

This smaller slope of the straight line as compared to the singlet data indicates that T; is
less extended, as has also been shown by semi-empirical calculations.”® The singlet-triplet
gap of the PPP-type polymers decreases with increasing conjugation along the polymer

backbone in accord with observations in thiophene oligomers.*’

Table 5. 6. 1 the compilation of the energy gap, such as Sp-S;, So-T;, S;-T; for OF1, OF3,
OF5, and PF2/6. (OF1: the fluorene monomer)

N (FL) S1-So (eV) T1-So (eV) Si-Ty
(eV)
OF1 1 4.03 (308 nm) 2.94 (422 nm) 1.09 77K hydroc. solv.*
OF3 3 3.21 2.31 0.90 77K m-THF
OF5 5 3.05 2.25 0.80 77K m-THF
PF2/6 314 2.93 2.18 0.75 77K m-THF®

* Herkstroeter et. al. JACS; ° Hertel et. al. JCP (2002), the molecular weight of PF2/6 was
M, = 122000 g/mol; My, = 244000 g/mol)
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Figure 5. 6. 7. The maximum wavenumber versus the reciprocal degree of polymerization.
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(OFL1: the fluorene monomer)

The energy level diagram can be obtained from the Table 5. 6. 1 and the Table 3. 2. 2
(Chapter 3) for the series of oligofluorenes and polyfluorenes. For example, the energy
level diagram of OFS5 is shown in Figure 5. 6. 8. The value of energy level for the Sy, S,
and T, are the 5.5, 2.45, 3.25 eV, respectively. The energy level diagram illustrates the
relative position of absorption, fluorescence and phosphorescence spectra. The triplet state

is populated by intersystem crossing (ISC) from optically excited singlet states.
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Figure 5. 6. 8. The energy level diagram of OF5 and illustration of the relative position of

absorption, fluorescence and phosphorescence specra.

5. 7 Summary

In this chapter, the basic theory of energy level diagrams of molecules was used to
explain the mechanism of the photophysical properties. The time-resolved
photoluminescence methods and further experimental principles are explained (streak
camera and the gate detection technique). The steady state spectra (UV-vis absorption and
fluorescence spectra) of oligofluorenes (OF-n) and polyfluorenes (PF2/6) both in solution

and thin film are presented. The time-resolved fluorescence spectra of the oligofluorenes
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were measured making use of streak camera and gate detection technique in m-THF
solution and films at both RT and 77K. The lifetime of the oligofluorenes decreases as the
the chain-length grows. Green emission was not observed in CW, or in prompt or delayed
fluorescence for oligofluorenes in m-THF and film at RT and 77K. Concentration and laser
excitation intensity dependence of oligofluorenes were also investigated. Phosphorescence
was observed for oligofluorenes in frozen dilute m-THF solution at 77K and its lifetime
increased with length of the oligofluorenes. Finally, the photophysical processes were
rationalized by singlet and triplet states of oligofluorenes and the energy level diagram was
derived. A linear relation was obtained for triplet energy and singlet energy as a function of
the reciprocal degree of polymerization, and the singlet-triplet energy gap (S;-T;) was

found to decrease with the increase of degree of polymerization.

5. 8 Experiment
5. 8. 1 Ultrafast time-resolved PL (TRPL) experiments

For TRPL experiments a frequency doubled Ti: Sapphire laser producing 130 fs pulses
at a repetition rate of 80 MHz with laser Pulse duration 12 ns, followed by a frequency
doubling BBO crystal, was used to obtain a suitable excitation line for the studies of the
oligofluorenes. The detection system for the ultrafast TRPL measurements consisted of a
streak camera system with a maximal time resolution of 4 ps, combined with a 0.25 m
monochromator. The TRPL measurements were carried out mainly at room temperature

either under vacuum (<10 mbar) with films or under ambient condition with solutions.
5. 8. 2 Experimental setup of gate detection technique:

Time-resolved PL spectroscopy was carried out with an Nd:YAG-laser system (10 Hz
repetition rate, 7 ns pulse width). The pulse energies could be tuned between 0.5 pJ and 50
uJ, using a rotatable neutral density filter. The excitation photon energy was also tunable
with a combination of an optical parametric oscillator(OPO, GWU GmbH, Germany) and
frequency doubler (GWU GmbH, Germany). Photoluminescence emission was detected by

a gatable optical multichannel analyzer (OMA EG&G), which consisted of a
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monochromator in conjunction with a electrically cooled intensified CCD array. Smallest
gate 50 ns. The measurements were performed in a cold finger cryostat (< 10 mbar) at
approximately 80 K and 295 K.

Thin films of all materials were made by spin-coating of solution in chloroform onto
quartz substrate. The thickness of all of the films was approximately 50 nm, which was

estimated by Tencor P-10 Surface Profiler.
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6 Synthesis and characterization  of

oligofluorenes with one fluorenone group

Oligofluorenes (trimer, pentamer and heptamer) with one fluorenone unit at the center
were synthesized and are used as model compounds to understand the origin of the low-
energy emission band in the photoluminescence and electroluminescence spectra of
polyfluorenes. The thermal properties and the steady-state UV-vis and fluorescence

Spectroscopic properties were investigated.

6.1 Introduction

In the development of polymer light-emitting diodes (LEDs), blue light emission is of
particular importance. Although a number of fully conjugated and partially conjugated
polymers have been designed and synthesized in an attempt to realize efficient blue
photoluminescence (PL) and electroluminescence (EL),' only a limited number of these
polymers appear promising for use in blue polymer LEDs. The 9,9-disubstituted poly(2,7-
fluorene)s (PFs)? are among the most promising candidates. The PFs exhibit high PL and
EL quantum efficiencies, high EL brightness'®'Y, high charge transport, thermal stability,
and attainability of physical parameters through chemical modification and
copolymerization. The high-efficiency blue PL emission from the PF structure is attractive
for use in displays.3 Moreover, as a host material, the PFs can enable full color (blue, green,
and red) via energy transfer to longer wavelength emitters in blends with other conjugated
polymers and with phosphorescent dyes.* Because the PFs homopolymers exhibit
thermotropic liquid crystallinity, they can be oriented on rubbed polyimide layers.’
Although there have been significant advances toward stability of polymer light-emitting
diodes (PLEDs),’ the lifetime and color purity need improvement for commercialization of
full-color displays. Photo-oxidation plays an important role in the lifetime of PLEDs
fabricated from phenylene vinylene derivatives.” Yet, despite the remarkable improvements
in terms of stability and color purity of OLEDs based on PFs-type emitters, most of these
OLEDs suffer from a degradation of the device and a loss of efficiency under operation,

which is most visibly documented in the formation of a low energy emission band at 2.2-
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2.4 eV (520-560 nm). As a result, the color of the emission shifts from desired blue to blue-
green (and even yellow). This undesired long wavelength emission is observed in the
photoluminescence (PL)® after photooxidation of the polymer and the electroluminescence
(EL) spectra, but it is typically more intense in the EL spectrum.” At the beginning, the
long wavelength emission (and associated problems) has been mostly attributed to
aggregates and /or excimer formation in the material."

Several attempts have been made to stabilize the blue color of PFs via chemical
modification, including incorporation of benzothiadiazole, perylene, and anthracene
moieties into the PF main chain and via end-capping, but the green EL was not completely
eliminated.'' Pure blue emission was obtained from PF-based PLEDs by doping with a
dilute concentration of hole-transporting (HT) molecules.” '> However, slow phase-
separation in this blend limits device stability. Thus, the achievement of stabilized blue EL
from PF-based PLEDs continues to be a challenge.

However, as shown recently'” by two groups of List, E. J. W. et al., the more or less
intense low-energy emission band at 2.2-2.3 eV can be identified as the emission from
exciton and /or charge trapping keto defect sites (9-fluorenone sites), which in fact can be
regarded as emission of a guest (defect) accidentally incorporated into the n-conjugated PF
backbone. As shown below, such keto defects, leading to the unwanted low energy
emission band in polyfluorenes, can be formed already during synthesis (in the case of 9-
monoalkylated polyfluorenes, MA-PF), or as result of a photo- (or electro-) oxidative
degradation process of almost any PFs, for example, a 9,9-dialkylated polyfluorene (DA-
PF). 13

The 9-monoalkylated polyfluorene (MA-PF) and the 9,9-dialkylated derivative DA-PF
discussed here (alkyl = 3,7,11-trimethyldodecyl) can be synthesized from the corresponding
2,7-dibromofluorene monomers in a reductive aryl-aryl coupling according to Yamamoto.
The long and branched side groups hereby allow a simple liquid chromatographic
separation of mono- and dialkylated dibromofluorene monomers to be carried out, which is
more difficult for PFs bearing smaller side-chains. The pristine 9-monoalkylated MA-PF
was already found to contain 9-fluorenone defect sites after polymer synthesis. An
explanation for the ongoing mechanism of defect-site generation is the following (Scheme
1): The highly active Ni’ species used in the reductive coupling of the dibromo monomers
reduce a certain amount of the 9-monoalkylated fluorene building blocks (I) to (aromatic)

fluorenyl anions (II) under formation of hydrogen. These anions can form hydroperoxide
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anions (III) with atmospheric oxygen during the work-up of the reaction mixture. The

hydroperoxide anions then undergo a final rearrangement to fluorenone moieties (IV).

Scheme 1. Proposed mechanism for the generation of keto defect sites in MA-PF

The incorporation of the fluorenone defect sites in MA-PF dramatically changes the
emission properties of the polymer and the low energy emission band is dominant in
emission spectra. The energetic position of the low-energy emission band at ca. 2.3 eV in
MA-PF is very similar to the low-energy emission band of the fluorenone building block in
statistical dialkylfluorene/fluorenone copolymers.'* It is also similar to the emission band of
photooxidized (photodegradated) fluorene-endcapped poly(9,9-dihexylfluorene-2,7-diyl)
(PF6) as demonstrated by the IBM Almaden group,'> where, terminal, unsubstituted
fluorene moieties were photooxidized to fluorenone units. In this light, the often favored
interpretation that the low-energy emission bands in PF are associated with ongoing
aggregate or excimer formation is at the very least questionable.

The keto defect sites present in MA-PF are formed already during the synthesis of the
polymer. However, such keto defect sites can not only be formed as side reaction during
polymer synthesis, as shown for MA-PF, but can also be formed as result of a photo- or
(electro-) oxidative degradation of DA-PF. '3 Moreover, the emission contribution of keto
defect sites is more pronounced in EL devices when compared to that of PL experiment.
The reason for this behavior is the presence of two parallel processes that give a low-energy
EL contribution due to the presence of fluorenone defect sites: a) energy transfer of singlet

excitons from the PF main chain to keto defect sites and b) trapping of charges at the
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fluorenone defect sites and their subsequent emissive recombination. The second process
cannot proceed in PL experiments and increases the contribution of the defect-site-related
low-energy EL band. Therefore, in contrast to the PL process, in EL devices a much lower
concentration of fluorenone defects results in a dominating low-energy emission band.'®

Gong and Moses et.al. have also studied both the PL and EL from PFs and found that the
low-energy emission band originates from fluorenone defects.'””® They show that
fluorenone defects are generated by photo-oxidization and thermal oxidation. It is well
known that the low-energy emission band from PF is typically more intense in EL than in
PL, implying that such defects are also generated during device fabrication. Using X-ray
photo-emission spectroscopy (XPS), they have shown that the oxidation of PF is catalyzed
by calcium, thereby explaining why the low-energy band is more intense in the EL spectra.
By inserting a specific buffer layer between the PF and Ca/Ag (Ba/Ag) electrode to block
the diffusion of calcium into PFs, fluorenone defects are inhibited, and the blue emission is
stabilized.

Although a number of possible mechanisms ** ' has been suggested that the longer
wavelength emission band origins from aggregates and /or excimer formation or fluorenone
defects in backbone of PFs, but it remains unclear. The mechanisms of ‘fluorenone defects’
is more convincing. In order to improve the performance and lifetime of PF based PLEDs,
it is important to identify the origin of the long wavelength emission band and to
understand the mechanism of the color degradation.”'” So in this work, the oligofluorenes
(trimer, pentamer, heptamer) with one fluorenone group were synthesized, and they can
serve as model compounds for understanding the long wavelength emission of PFs by
investigating their electronic and photophysical properties.

In this chapter, the synthesis of the oligofluorenes (trimer, pentamer, heptamer) with one
fluorenone group is first introduced. Their thermal, electrochemical properties was studied
by DSC, POM, WXRD and CV techniques. Their photophysical properties especially the

transition fluorescence spectroscopic characterizations will be discussed in next chapter.

6. 2 Synthesis and characterization  of

oligofluorenes with one fluorenone group
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The synthetic strategy of oligofluorenes with one fluorenone unit is shown in Scheme
6.2.1. The synthesis of compound 41, 44 and 48 were introduced in chapter 2. The trimer
(OF3K) 55 was prepared by Suzuki coupling reaction between the mono-boronate
substituted fluorene 41 and 2,7-dibromofluorenone (54). The syntheses of higher fluorenyl
oligomers with one fluorenone unit such as pentamer (OF5K, 53) and heptamer (OF7K,
58)

; Pd(PPhgiTiI‘:ene Q.Q @'@ .

Na,COs, reflux;
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O e GO L
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Scheme 6.2.1. The synthetic strategy of oligofluorenes with one fluorenone group.

were based on two important syntons, the monobromides of the fluorenyl-dimer (44) and
trimer (48). The palladium-catalyzed Miyaura reaction'® was used to transform the
bromides to the boronates and the corresponding boronates (56 and 57) were obtained in

80% and 70% high yield, respectively, under mild conditions after standard column
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chromatography work-up. The target products OF5K (53) and OF7K (58) were then
prepared by Suzuki coupling reactions between the mono-boronate fluorene 56 (and 57)
with compound 2,7-dibromofluorenone, respectively.

During the synthesis, all compounds were purified by standard column chromatography
and confirmed by field desorption mass spectroscopy (FD-MS) and 'H or “C-NMR
techniques.

The combined '"H NMR spectra of all the oligomers OF3K-OF7K are shown in Figure
6.2.1. In the "H NMR spectra of OF3K (Figure 6.2.2), well resolved peaks related to the
alkyl and aromatic protons were observed, however the signals became broad due to
overlap of the resonances with increasing of the chain-length, and the peaks assigned to
aromatic protons also slightly shift downfield. The integration ratio of aliphatic/aromatic
protons observed for the OF3K (55), OF5K (53), OF7K (58) are 3.40, 4.25, 4.64,
respectively, which are in good agreement with the calculated values: 3.38, 4.27 and 4.62.
3C NMR spectra of the oligomers (Figure 6.2.3) were also analyzed and further supported
the high purity.
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Figure 6.2.1. Combined 'H NMR spectra of OF3K, OF5K and OFT7K in dichloromethane-
&
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Figure 6. 2. 2. Detailed assignment of the 'H NMR spectrum of OF3K (55) in

dichlroromethane-d-.
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Figure 6. 2. 3. Combined C NMR spectra of the OF3K, OF5K and OF7K in

dichlroromethane-d-.
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Field-desorption (FD) mass spectra of the OF3K, OF5K and OF7K are shown in Figure
6. 2. 4 a-c. In all case, the molecular ionic peaks correlated to the molecular weight of the
compounds were observed. Some peaks assigned to multi-charged species (M*" and M>")
were also found. For heptamer with one fluorenone group (OF7K), the peak at 2510.7 is
assigned to M" of OF7K, while the peaks at 1255.2, 836.8, and 627.7 are related to the M2+,
M, M*" respectively.

100% 956.2 + _1.2E7
95] M F1.287
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85] F1.0E7
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5] F9.1E6
703 Fe.se6
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45] Fs.586
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353 F4.3E6
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Figure 6. 2. 4a. FD-MS for OF3K (55) (m/z: 956.2 [M]).
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Figure 6. 2. 4b. FD-MS for OF5K (53) (m/z:1735.2 [M"] ).
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Figure 6. 2. 4c. FD-MS for OF 7K (58) (m/z: 2510.7 [M"] ).

6. 3 Thermotropic characterization

The thermotropic properties of the oligofluorenes with one fluorenone group are similar
like that of homo-oligofluorenes. The Thermal Gravimetric Analysis (TGA) of OF3K (55),
OF5K (53), OF7K (58) in a nitrogen atmosphere shows no change in mass until above
370°C (figure 6. 3. 1.). The DSC traces shown in figure 6. 3. 2 clearly exhibit the glass
transitions for all of the oligomers with one fluorenone units OF3K, OF5K and OF7K at
the low temperature, followed by an endothermic transition for the OF5K and OF7K as the
temperature is increased (Table 6. 3. 1). The latter transition is identified as the liquid
crystalline phase to isotropic phase transition based on the polarized optical microscopic
study. For a thin film of OF5K and OF7K, typical Schlieren texture shown in figure 6. 3. 3,
was observed during slow cooling from the isotropic phase between crossed polarizers. The
Schlieren texture as well as the very small enthalpy of the transition, indicate the liquid
crystalline structure to be probably of nematic character, but a smectic liquid crystalline
phase was proved by a further study in the single crystal structure of OF5K and X-ray
diffraction of OF5K, as has been discussed in chapter 4.
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Weight (mg)
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Figure 6. 3. 1 TGA traces of OF3K, OF5K, OF 7K measured in a nitrogen atmosphere

(heating at 10 K/min).
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Figure 6. 3. 2. DSC traces of OF3K, OF5K, OF7K measured in a nitrogen atmosphere

second heating and cooling at 10 K/min).

Table 6. 3. 1. A summary of glass transition temperature (Tg), isotropization temperature

(Tis,), and enthalpy change during the isoptropization transition (AH;, ) for the

oligofluorenes with one fluorenenone unit.

OF3K OF5K OF7K
T, (°C) 29.8 49.8 57.1
T (°C) 106.8 204.6

AHj, (Jg™) -0.74 -0.77
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Figure 6. 3. 3. Typical Schlieren texture obtained at 80 °C during slow cooling from the
isotropic phase for OF5K (53) between two crossed polarizers.

6. 4 Electronic and Electrochemical Properties

6.4.1 Electrochemical measurements

The results of the cyclic voltammetry (CV) measurements in solutions of the
oligofluorenes with one fluorenone group (OF3K, OF5K and OF7K) are presented in
Figure 6. 4. 1, and the data are collected in Table 6. 4. 1. In all cases, two or multiple
reversible oxidation waves and one reduction wave were observed. With the extension of
the chain-length, the E;,'? for the related oxidation wave displayed a negative shift. For
example, for trimer (OF3K), two reversible oxidation waves with Ei,' and Eip° (E12: half
wave potential) at 1.20 and 1.38 V were observed, which are assigned to the successive
generation of the radical mono-cation and dication. With chain-length extension to the
pentamer (OF5K), two reversible oxidation waves with Ei»' and E1/22 at 1.08 and 1.37 V
were observed. However, for all of compound (OF3K, OF5K and OF7K), the reduction
wave with E1/2-1 around —1.53 V is almost not changed with the extension of the chain
length. The plots of the current of all peaks (i,) versus the square root of the scan rate ')
show a linear relationship, indicating the electrochemical process was controlled by

diffusion for these oligomers (For example, for OF3K, shown in figure 6. 4. 2.).
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Figure 6. 4. 1 Cyclic voltammetry of oligofluorenes with one fluorenone group (OF3K to

OF7K).

Table 6.4. 1. Cyclic voltammetric Data for OF3K-OF7K, 5 x 107 M substrate and 0.1 M

BuyNPFs in CH,Cl,. “ I, and E, value relative to the vacuum level. AE is calculated from

AE= Ip-Ea.
Compound Ei,'  Ep®  Ew*Ei'  Epp'Red. Iy E. AE
V) V) V) V) ev) (eV) (eVv)
OF3K 1.20 1.38 0.18 -1.54 573 313 260
OF5K 1.08 1.37 0.29 -1.52 561 314 247
OF7K 1.02 1.26 0.24 -1.53 552 313 239

“ Pt disc electrode as working electrode, AgNO3/Ag electrode as reference electrode and a

Pt wire as counter electrode. Scan rate: 100 mv/s, for Fc¢'/Fe, E,, = 0.232 V under the

condition.
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Figure 6. 4. 2. The plot of the current of all peaks versus the square root of the scan rate
for trimer of fluorene with one fluorenone group (OF3K).

6. 4. 2 Determination of ionization potential (Ip) and

electron affinity (Ea)

The redox potentials in all the measurements were internally calibrated by adding
ferrocene(Fc) during the measurements and in the case of using AgNOs;/Ag as reference
electrode the E;»(Fc'/Fc) = 0.232 V. Thus, ionization potential (Ip) and electron affinity
(Ea) relative to the vacuum level of OF3K to OF7k can be written according to the same

method used for OF2-OF7 by formula:

Ip= (Eox + 4.4 + 0.435-0.232) eV
Ea= (Ereq + 4.4 +0.435-0.232) eV

where E.x and E,¢4 are, respectively, the onset potentials for oxidation and reduction relative
to AgNOs/Ag reference electrode. Differently, for OF3K-OF7K, the onset potentials for
reduction E,.q and oxidation Eq could be easily drawn out from the CV curves because of
experimentally accessible stable anionic and cationic state. So Ip and Ea were obtained only
from CV, not from absorption spectra, from which the onset of absorption energy was
gained difficultly with an exact value because of the broad keto absorption band. The band

gaps (AE) were calculated by equation:
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AE = Ip- Ea,
where the 4E is the HOMO-LUMO gap. With the extension of the chain-length, the Ip
values (table 6. 4. 1) decreased from 5.73 eV for OF3K down to 5.52 eV for OF7K,
whereas the Ea values are almost not changed, resulting in a convergence of the HOMO-

LUMO gap.

6. 4. 3 Optical Properties of Oligofluorenes with one

fluorenone group

6. 4. 3. 1 Steady-state absorption and fluorescence

spectra

Electronic absorption and emission spectra of monodisperse oligofluorenone with one
fluorenone group in dilute chloroform solution with the same fluorene unit concentration of
1.0 x 10 M are shown in figure 6. 4. 3 and the data are collected in table 6. 4. 2.

The oligofluorenes with one fluorenone group (including fluorenone monomer) exhibit
structured absorption bands. Comparing to homo-oligofluorenes, except for the maximun
absorption peak related the n-n* transition, the fluorenone band can be also observed as a
broad long-wave absorption (n-n*) and a shoulder closed to the maxium absorption peak

(Figure 6. 4. 3). Moreover, if the absorption spectra of OF3K-OF7K are normalized at the

Photon energy (eV) Photon energy (eV)

2,4 28 32 36 4,0 4.4 2,0 2,4 2,8 32
12 T T T T T — 12 12 T T T T 12
371 594 584 512
350 295
(3.34eV) (2.08ev)_ (2.12eV) (2 42ev)

> 10 ~__\ (@54eV) (3)1)%3 E\54.2 Y 1o 3 1,0 41,0
Z < CHCI,
£ 08 Fluorenone 408 2 m  Fluorenone 0.8
5 —— OF3K & = OF3K
8 OFSK o] OF5K
g 064 ——oF7K <06 f ® OF7K 106
£ s
o 044 404 g 404
[ -
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B £
g o2 - 34 02 5 1°2
% @71ev) (3.23eV) z

0,0 — - . 0,0 0,04 T — — —l‘¢ 0,0
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Wavelength (nm) Wavelength (nm)

Figure 6. 4. 3. UV-vis absorption(left) and fluorescence(right) spectra of fluorenone
OF3K, OF5K and OF7K measured from the solution (1x1 0°M fluorene unit concentration)

in chloroform at room temperature.
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wavelengths of their absorption maxima, the intensities of the fluorenone absorption band
decrease with the molecular size from OF3K to OF7K because the amount of fluorenone
component in the molecule decreases with the chain-length. The absorption spectra
(including all of absorption bands) are red-shifted with increasing number () of fluorene

units from OF3K (Amax (abs) = 350 nm, 3.54 €V) t0 OF7K (Amax (absy = 371 nm, 3.34 V).

Table 6. 4. 2. A summary of UV-Vis absorption (Amax (abs)), fluorescence (Amax (emp) data for
oligofluorenes with one fluorenone group (OF3K-OF7K), in various solutions and solid

film on quartz plate.

OF3K OF5K OF7K OF7
CHCI, 350 (3.54eV) 366 (3.39) 371 (3.34) 372 (3.33)
uv Toluene 349 (3.55) 365 (3.40) 371 (3.34) 372 (3.33)
(nm) (eV) m-THF 348(3.56) 364 (3.41) 370 (3.35) 371 (3.34)
m-Cyclohexane 346 (3.58) 362 (3.43) 368(3.37) 369 (3.36)
film 348 (3.56) 365 (3.40) 370 (3.35) 373 (3.32)
CHCl, 584 (2.12) 594 (2.09) 596 (2.08) 412 (3.01)
PL Toluene 532 (2.33) 535 (2.32) 535 (2.32) 412 (3.01)
(nm) (eV) m-THF 532 (2.33) 537 (2.31) 536 (2.31) 411 (3.02)
m-Cyclohexane 507 (2.45) 512 (2.42) 512 (2.42) 410 (3.02)
film 543 (2.28) 541 (2.29) 548 (2.26) 422 (2.94)
CHCl, 127 (0.59) 133 (0.60) 133 (0.60) 40 (0.32)

. Toluene 87 (0.46 89 (0.46 85 (0.44 40 (0.32
Stokes shifts® ! (0.46) (0.46) (049 (0:22)
m-THF 85 (0.44) 91 (0.47) 84 (0.43) 40 (0.32)
(nm) (eV) m-Cyclohexane 66 (0.37) 69 (0.38) 70 (0.38) 41 (0.34)

* the stokes shifts was calculated with (n¢» 7*) transitions. m-THF: 2-methyl

tetrahydrofuran; m-Cyclohexane: methyl-cyclohexane.

The fluorescence spectra of OF3K to OF7K (also including fluorenone monomer) in
chloroform are shown in figure 6.4.3, excited at the corresponding energy of maximum
absorption. A very strong yellow-green emission band accompanied by a weak blue
emission can be observed from OF3K-OF7K. The very weak blue band with three well-
resolved fluorescence bands can be assigned to the 0-0, 0-1 and 0-2 singlet excitation to

ground state transitions.'” The yellow-green emission bands are unstructured and broad.
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This is very similar to the green emission band in the photoluminescence and
electroluminescence spectra of PF. The emission maximum wavelengths are red-shifted
with increasing number (n) of fluorene units from OF3K (Amax (emi) = 584 nm, 2.12 eV) to
OF7K (Amax (emiy = 371 nm, 2.08 eV). For fluorenone monomer (OF1K), the emission
maximum wavelength is in 512 nm (2.42 eV), a more higer energy than that of OF3K-
OF7K.

The UV-Vis absorption spectra of thin films (see Figure 6. 4. 4) of the OF3K-OF7K on
quartz substrates are practically identical to the solution data except slight blue-shifts (1 or
2 nm) in absorption maxima, as listed in Table 6. 4. 2. However, their solid state PL spectra
from thin films (around 540 nm) is much more blue-shift than that in chloroform (580-590
nm) (Figure 6. 4. 4 a-c) and the data are also listed in Table 6. 4. 2. For example, for OF3K,
the maximum emission wavelength of thin film is at 543 nm, which is large blue-shifted
from 584 in chloroform. This can be explained with the polarity of chloroform, and will be

discussed in detail in the next section.
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Figure 6. 4. 4. The UV and fluorescence spectra of OF3K to OFT7K in chloroform solution
(black) and film on quartz plate (red).

6. 4. 3. 2 Solvatochromic effect

All oligofluorenes with one fluorenone group are highly soluble in chloroform,
methylene chloride, toluene, hexane, and tetrahydrofuran. It is known that solvent polarity
affects the energy levels of the excited states in the oligomers containing both electron-
donating and —withdrawing groups. *° Therefore, both the peak position and the
fluorescence spectral shape of the polymers can be expected to be affected. Figure 6. 4. 5
shows the normalized UV-vis and fluorescence spectra for OF3K-OF7K dissolved in
solvents of different polarities, which are m-cyclohexane, toluene, m-THF and chloroform,
respectively and the corresponding data are listed in Table 6. 4. 2. The effect of the solvent
on the electronic absorption transition for the oligomers is very weak. For example, the
highest energy transition (Amax abs) = 346 nm, 3.58 eV) of OF3K are found with nonpolar
solvent such as m-cyclohexane and the more polar solvents such as chloroform resulted in a
slightly lower energy transitions (Amax @bs) = 350 nm, 3.54 eV). This behavior has been
defined as a positive solvatochromic response (Av = + 330 cm™)?' that is related to a
greater stabilization of the excited state relative to the ground state with increasing polarity
of the solvent. Similar behavior has been observed for donor-acceptor molecules of
terthiophene where the trend was rationalized as a consequence of an intramolecular charge
transfer.*” In addition, the effect of the solvent on the intensity and shape of UV absorption
spectra is also not obvious (figure 6. 4. 5). The molar extinction coefficient (€) of the
oligofluorenes (see Table 6. 4. 3) shows very small changes.

If the oligomer contains both donor and acceptor groups, its fluorescence spectrum is
more sensitive to the polarity of the environment. At equal concentration (1 x 10 M) as the
solvent polarity increase, e.g., from m-cyclohexane to chloroform, the emission spectra are
red-shifted. For example, the emission maximum is around 507 nm for OF3K in m-
cyclohexane, 532 nm in toluene and m-THF, 584 nm in chloroform. That means the stoke
shifts is also solvent dependence. As the solvent polarity increases, the Stokes shift
increases, for example, the stoke shift (n¢» 7*) of OF5K is 133 nm (0.60 eV) in
chloroform, 91 nm (0.47e¢V) in m-THF, 89 nm (0.46 eV) in toluene, 69 nm (0.38 eV) in m-

cyclohexane. This indicates the excited—state dipole moment is larger than that of the
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ground state.”The shape of emission spectra is observed slight differently in these solvent,

for example, in m-cyclohexane a maximum emission peak with a shoulder was observed
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Figure 6. 4. 5. TheUV-vis and fluorescence spectra of OF3K to OF7K in different polar

solution. (concentration: 1x 107 M fluorene units including the fluorenone unit)

but in toluene, m-THF and chloroform only a broad emission band was found. At the same
time, the full width at half-maximum (fwhm) of the emission for OF3K-OF7K increase
from 82 (in m-cyclohexane, toluene, m-THF) to 100 nm (in chloroform). This is a solvent
effect which results from the variations of the local environment of solute molecules,
variations which are due to the statistical motions of the surrounding solvent. > Thus at any
instant of time the surroundings of an assembly of solute molecules are inhomogeneous:
some solute molecules are better solvated than others. This effect is more important with
polar solvents and highly dipolar solutes. The general observation is that the bandwidth
increases with solvent polarity. These phenomena indicate an intramolecular charge transfer
within the excited state.”*

In addtion, the fluorescence intensities of the oligomers decrease from non-polar
solvents to polar solvents (figure 6. 4. 5). If the intensity in chloroform is defined 1, the

values of around 25 in toluene, 30 for in m-THF and 50 in cyclohexane were observed.
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This quenching action should be linked possibly to the energy gap law which controls the
rates of non-radiative deactivations. As the energy of the excited state (e.g. S;) is lowered
by solvation in polar solvents, so the radiationless transitions S;—S, generally become
faster, and at the same time the corresponding radiative transition which depend on the
frequency as v’ will be slower. This provides a general mechanism for the quenching action
of polar solvents only if the excited state is more polar than the ground state, so that the
effective transition energy M*— M (radiative and non-radiative) diminishes with

increasing solvent polarity.

Table 6. 4. 3 . Summary of ¢,,, and relative PL Intensity of fluorene oligomers with one

fluorenone group, from various solutions. The PL Intensity is a relative value, and it is

defined as 1 in choroform solution.

€max(L mol™ cm™) PL Intensity
CHCI; Toluene m-THF m-CyH CHCI;  Toluene m-THF m-CyH
OF3K 63813 63214 67553 66071 1 24 30 47
OF5K 132938 131827 140438 136022 1 26 32 50
OF7K 202557 201637 212834 213052 1 26 32 47

6. 5 Summary

Oligofluorenes (trimer, pentamer and heptamer) with one fluorenone unit at the center
were synthesized and were used as model compounds to understand the origin of the low-
energy emission band in the photoluminescence and electroluminescence spectra of
polyfluorenes. Oligofluorenes with one fluorenone unit (OF3K, OF5K, OF7K) were
prepared by Suzuki coupling reaction between the mono-boronate monomer, dimer, trimer
and 2,7-dibromofluorenone. All of compounds were purified by standard column
chromatography and confirmed by FD-MS, 'H and BC-NMR techniques. The thermal
properties and structure analysis (Chapter 4) were investigated by TGA, DSC, POM and
WAXS. A smectic liquid crystalline phase was found between the glass transition and
isotropic transition. Electrochemical properties were investigated by CV technique, and the

ionization potential (I,) and electron affinity (E,) were calculated from the onset of
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oxidation and reduction of OFnK. Finally, the steady-state UV-vis and fluorescence
spectroscopic properties were studied. A strong absorption of m-t* transition accompanied
with a weak long-wave absorption (n-m*) were observed. A strong green emission
accompanied with a weak blue emission were obtained both in solution and on film, and the
green emission was very similar with the low-energy emission of photo- or electro-oxidized
PFs. The fluorescence of OFNnK also displayed obvious solvatochromic effect. The
wavelength of emission maximum was red-shifted and the fluorescence intensity decrease

with the increasing of the polarity of solvent.

6. 6 Experimental

General Remarks.

Reactions requiring an inert gas atmosphere were conducted under argon, and the
glassware was oven-dried by heating gun. THF was distilled from potassium prior to use.
Commercially available chemicals were used as received. 'H NMR and >C NMR spectra
were recorded on a Bruker DPX 250 or AC 300 spectrometer (250 and 300 MHz for 'H,
62.5 and 75.48 MHz for ">C). Chemical shifts are given in ppm, referenced to residual
proton resonances of the solvents. Thin-layer chromatography was performed on aluminum
plates precoated with Merck 5735 silica gel 60 Fiss. Column chromatography was
performed with Merck silica gel 60 (230 £ 400 mesh). Field desorption spectra were
recorded on a VG ZAB 2-SE FPD machine. Differential Scanning Calorimetry (DSC) was
measured on a Mettler DSC 30 with heating or cooling rate of 10 K min™'. Polarization
microscopy was performed on a Zeiss Axiophot with a nitrogen flushed Linkam THM 600
hot stage. UV-vis spectra were recorded at room temperature with a Perkin-Elmer, Lambda
9, UV/Vis/NIR, spectrophotometer. Photoluminescence spectra were obtained on a Spex
Fluorolog II (212). Optical properties of solid thin films were normally obtained for the
samples spin-coated on quartz substrate from dilute chloroform solutions and dried in

vacuum. Elemental analysis were performed by the University of Mainz.

2,7-Bis(2’-9’,9’-di(2-ethylhexyl)fluorenyl)-9-fluorenone (55, OF3K):

A mixture of monobronate monomer 41 (2.0 g, 3.9 mmol) and 2,7-dibromofluorenone
(0.59 g, 1.75 mmol) in toluene (30 mL) and 2M aqueous Na,COj; solution (10 mL, 20
mmol) was degassed by “freeze-pump-thaw” cycles (3 x) and Pd(PPhs)s (204 mg, 0.177
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mmol) was added under argon. The solution was heated to reflux with vigorous stirring for
20 h. After the reaction mixture was cooled to room temperature, diethyl ether and water
were added. The organic layer was separated and washed with diluted HCI and brine, then
dried over MgSO,. The solvent was removed under vacuum and the residue was purified by
column chromatography over silica gel with petroleum ether/dichloromethane (5:1) as the
eluent (R = 0.24) to give the title compound (0.90 g, 56%): '"H NMR (250 MHz, CD,Cl,):
0 ="17.97 (s, 2H), 7.86-7.64 (m, 12 H), 7.45-7.27 (m, 6 H), 2.15-1.99 (m, 8 H), 0.86-0.50 (m,
60 H) ppm; °C NMR (62.5 MHz, CDCl3): & = 194.0, 151.4, 150.7, 142.9, 142.8, 141.3,
140.7, 137.9, 135.3, 133.2, 126.8, 126.7, 125.6, 124.1, 122.9, 122.3, 120.7, 120.0, 119.8,
55.0, 44.6 (two peaks), 34.7, 33.8, 28.2, 27.1, 26.9, 22.7, 14.0, 10.4 ppm; MS (FD): m/z:
957.49 [M]; 478.1 [M*].

7-(4,4,5,5-Tetramethyl[1.3.2]dioxaborolan-2-yl)-9,9,9",9"-tetrakis-(2-ethylhexyl)-2,2"-
bifluorene (56)

Under an argon atmosphere, 7-Bromo-9,9,9",9 -tetrakis-(2-ethylhexyl)-2,2 -bifluorene (44)
(6.70 g, 7.82 mmol), bis(pinacolato)diboron (2.98 g, 11.73 mmol), KOAc (3.83 g, 39.1
mmol) and Pd(dppf)Cl, (0.319 g, 0.319 mmol) were dissolved in DMF (70 mL) and heated
to 60°C overnight. After the reaction mixture was cooled to room temperature, water and
diethyl ether were added. The aqueous phase was extracted with diethyl ether and the
combined organic layers were dried over MgSO,. The solvent was removed under vacuum
and the residue was purified by column chromatography over silica gel with petroleum
ether/dichloromethane (5:1) as the eluent (R¢ = 0.29), and afforded the monoboronic dimer
56 as an colorless oily product (5.77 g, 81.6 %): '"H NMR (250 MHz, CD,Cl,): & = 7.86-
7.59 (m, 10 H), 7.44-7.25 (m, 3 H), 2.09-2.04 (m, 8 H), 1.35 (s, 12 H), 0.88-0.49 (m, 60 H)
ppm; C NMR (62.5 MHz, CD,Cl,): & = 152.0, 151.4, 151.1, 150.2, 144.4, 141.5, 140.9,
140.5, 133.8, 130.7, 127.1, 126.8, 126.3, 124.6, 123.3, 120.5, 120.0,119.2, 84.0, 55.3, 44.8,
35.2,34.1,28.6,27.6,25.1,23.1, 14.1, 10.4 ppm; MS (FD): m/z: 904.5 [M].

2,7-Bis(9°,9°,9°°,9’-  Tetrakis(2-ethylhexyl)-2’-7’,2 ’bifluorenyl)-9-fluorenone (53,
OF5K):

A mixture of monoboronic dimer 56 (2.89 g, 3.2 mmol) and 2,7-dibromofluorenone
(0.27 g, 0.8 mmol) in toluene (16 mL) and 1M aqueous K,COj3 solution (8 mL, 8 mmol)
was degassed by “freeze-pump-thaw” cycles (3 X) and Pd(PPhs)s (92.4 mg, 0.08 mmol)
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was added under argon. The solution was heated to reflux with vigorous stirring for 20 h.
After the reaction mixture was cooled to room temperature, diethyl ether and water were
added. The organic layer was separated and washed with diluted HCI and brine, then dried
over MgSO,. The solvent was removed under vacuum and the residue was purified by
column chromatograpy over silica gel with petroleum ether/dichloromethane (5:1) as the
eluent (R = 0.22) to give OF5K (0.7 g, 50.5%): '"H NMR (250 MHz, CD-CL): & = 7.99 (s,
2H), 7.87-7.66 (m, 24 H), 7.45-7.26 (m, 6 H), 2.15-2.06 (m, 16 H), 0.90-0.53 (m, 120 H)
ppm; °C NMR (62.5 MHz, CDCls): & = 194.0, 151.6, 151.2, 151.0, 150.6, 142.8, 141.0,
140.4, 139.7, 137.9, 135.3, 133.2, 126.8, 126.4, 125.7, 124.1, 122.9, 122.3, 120.7, 120.1,
119.6, 55.0 (two peaks), 44.6, 34.8, 33.9, 28.2, 27.2, 22.7, 14.0, 10.4 ppm; MS (FD): m/z:
1735.2 [M'], 867.2 [M*], 578.5 [M*"].

7-(4,4,5,5-Tetramethyl[1.3.2]dioxaborolan-2-yl)-9,9,9,9",9”",9""-hexakis(2-ethylhexyl)-
2,2°-7",2"” -terfluorene (57)

The monoboronic trimer 57 was prepared according to the method used for monoboronic
dimer 56 by using monobromo-fluorenyl-trimer 48 (2.93g, 2.35 mmol),
bis(pinacolato)diboron (1.2 g, 4.7 mmol), KOAc (1.15 g, 11.75 mmol) and Pd(dppf)Cl,
(96.0 mg, 0.117 mmol) in DMF (20 mL). Column chromatography over silica gel with
Hexane/dichloromethane (4:1) as the eluent (Ry= 0.33) afforded the desired compound as a
very stick gum (1.98 g, 67.5%): '"H NMR (250 MHz, CD,Cl,): & = 7.87-7.62 (m, 16 H),
7.44-7.26 (m, 3 H), 2.10-2.08 (m, 12 H), 1.36 (s, 12 H), 0.89-0.50 (m, 90 H) ppm; *C
NMR (62.5 MHz, CDCls): 6 = 151.6, 151.2, 150.6, 149.8, 144.0, 141.1, 140.2, 133.6,
130.4, 126.8, 126.0, 124.1, 123.0, 120.2, 119.7,118.9, 83.6, 54.9, 44.6, 34.7, 33.8, 28.2,
27.1,24.9,22.7, 14.0, 10.3 ppm; MS (FD): m/z: 1294 [M].

2,7-Bis(9°,9°,9°°,9°,9°,9""’- Hexakis(2-ethylhexyl)-2’-77,2*"-7°" 2"’ -terfluorenyl)-9-
fluorenone OF7K (58):

Compound OF7K was prepared according to the procedure for OF5K by using 2,7-
dibromofluorenone (76 mg, 0.225 mmol), monoboronic trimer 57 (1.5 g, 1.16 mmol) and
Pd(PPhs)4 (34.7 mg, 0.03 mmol) in toluene (8 mL) and 1M aqueous Na,COs (4.0 mL, 4.0
mmol). The reaction took 24 h. After cooling to room temperature, the mixture was diluted
with diethyl ether and the organic layer was washed with diluted aqueous HCI and brine,

then dried over MgSO,4. The solvent was removed under vacuum and the residue was
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purified by column chromatography over silica gel with hexane/dichloromethan (3:1) as the
eluent (R,= 0.48 ) to afford 58 as a yellow powder (264 mg, 46.7 %): 'H NMR (250 MHz,
CD,Cl,): & = 8.00 (s, 2H), 7.88-7.68 (m, 36 H), 7.45-7.26 (m, 6 H), 2.14-2.06 (m, 24 H),
0.90-0.53 (m, 180 H) ppm; *C NMR (62.5 MHz, CDCls): & = 194.1, 151.6, 151.2, 151.0,
150.6, 142.8, 141.1, 140.3, 139.8, 137.9, 135.3, 133.2, 126.8, 126.1 (multi-peaks), 124.1,
122.9, 122.3, 120.7, 119.8 (three peaks), 55.0 (two peaks), 44.5, 34.8, 34.0, 28.2, 27.1,
22.7,14.0, 10.3 ppm; MS (FD): m/z: 2510.7 [M], 1255.2 [M*"]; 836.8 [M”']; 627.7 [M*'].
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7 Photophysical properties of oligofluorenes

with one fluorenone group

One of the objectives of the photophysical investigations on the oligofluorenes with one
fluorenone group (OFNK) is to determine whether the undesirable green emission in
polyfluorenes arises from intermolecular aggregates or from fluorenone-type defects on the
main chains. The steady state spectra of OFnK, such as UV-vis absorption, fluorescence
and solvatochromic effects have been presented in Chapter 6. In this chapter, the time
resolved fluorescence spectra of OFnK, a comparison between OFn and OFnK, and the
photophysical properties of blend systems of PF2/6 with OFnK will be presented and
discussed.

7.1 Time resolved fluorescence (TRF) spectra

The time-resolved fluorescence spectra of OFn and OFnK were investigated by the
streak camera and gated detection technique at both RT and 77K.

7.1.1 An overview of TRF of OFnK

In this part, an overview of TRF of OFnK in dilute solution and as films will be
described with the excitation wavelength at 450 nm for the n—r* transition band and at

365 nm for Sy-S; transition.

7.1.1.1 Fast time-resolved fluorescence spectroscopy
(FTRF)

The fast time-resolved PL spectra of OFnK were measured both in toluene : methyl-
cyclohexane (1 : 1) (TOL-MCH) and in m-THF solutions. The streak camera photos of
OF5K in TOL-MCH (left) and in m-THF (right) excited at 370 nm are shown in Figure 7.

1. 1. Only one green emission band was observed for OF5K in TOL-MCH, whereas a
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strong green emission accompanied with weak a blue emission band was observed in m-

THF solution.

Time (ps)

A

Wavelength
PL Intensity avelength (nm)
Figure 7. 1. 1. The streak camera photos of OF5K in solutions: 1x 10° M in TOL-MCH

(left) and 1x 10° M in m-THF (right) at room temperature (excitation at 370 nm).

The fluorescence spectra of OF5K as film and in solution (TOL-MCH and m-THF) at
77K and RT are shown in Figure 7. 1. 2. Only a broad green emission band with maximum
emission approximately at 2.30 eV (540 nm) was detected both in TOL-MCH solution and
film (Figure 7. 1. 2a) at RT. This 2.30 eV (540 nm) emission band matches exactly with the
previously reported troublesome green PL and EL band in blue-emitting polyfluorenes.*
The strong green emission band was accompanied with a weak blue emission band when
excited at 370 nm (Figure 7. 1. 2b). The weak blue emission band became weaker at 77K
than that at RT. When the OF5K was excited at 430 nm, the green emission band was
almost identical to that excited at 370 nm (Figure 7. 1. 2b).

At 77K, the green emission band with well-resolved structure at approximate (2.25 eV)
550 nm and (2.10 eV) 590 nm was observed in both solution and film of OF5K (Figure 7.
1. 2 (a) and (b)). The shape of the spectra was very similar to the fluorescence spectra of
OF5, and showed the similar vibronic splitting of about 160 meV.

The fluorescence spectra of OF5K in m-THF at 77K excited at 370 nm with different
power intensity are shown in Figure 7. 1. 3a. The position and shape of the spectra was
independent of laser excitation intensity except for the fluorescence intensity, either excited
at 370 nm or 430 nm (not shown). The dependence of the fluorescence intensity of OF5K

in m-THF on pump intensity at 77K is shown in Figure 7. 1. 3b. The fluorescence intensity
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varies approximately linear with the laser power (with slope S = 1), and a similar behaviour

was obtained at RT.
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Figure 7. 1. 2. a) The fluorescence spectra of the OF5K as film at both RT and 77K, the
inserted figure shows the fluorescence spectra of OF5K in dilute TOL-MCH solution; b)
the fluorescence spectra of OF5K in m-THF solution at both RT and 77K (the excitation

wavelengths are at 430 nm and 370 nm, respectively).
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Figure 7. 1. 3. a) The fluorescence spectra of OF5K (10° M in m-THF) under different
power intensities; b) the dependence of the fluorescence intensity of OF5K in m-THF on

pump intensity at 77K (excitation at 370 nm).

-179 -



Chapter 7 Photophysical properties of OFnK

The oligomers OFNK maybe considered as internally doped structures; e. g. for
OF5K, efficient excitation transfer takes place by a doping concentration of 20 mol %, i.e.,

FO
=20 mol %
FL-FL-FO-FL-FL (7.1.1)

(FO: fluorenone unit; FL: Fluorene units with the 2-ethylhexyl side chain)

The presence of the low optical gap chemical structure in the oligofluorene chain results
in rapid energy transfer from higher energy sites (fluorene segments) to lower energy sites
(fluorenone units) prior to the radiative decay of the excited species (Scheme 7. 1. 1).

/TN o N
S~ T
TN TN o N Y

@'@ O.Q 205 0.0 @'@

Scheme 7. 1. 1. Energy migration by hopping of excitations along a single oligo- or

polymer chain.

The fluorescence spectra of OF3K at RT and 77K are shown in Figure 7. 1. 4. The green
emission band with well-resolved structures at 2.16 eV (574 nm) and 2.32 eV (534 nm)
with similar vibronic splitting of 160 meV was observed in m-THF solution at 77K. At
room temperature, only one broad emission centered at 2.27 eV (547 nm) was observed. In
addition, a similar linear dependence of fluorescence intensity on the laser power was
observed (Figure 7. 1. 4b).

The decay of the green fluorescence of OFnK is similar in solution (TOL-MCH and m-
THF) and film at different excitation wavelengths (370 nm or 430 nm) (Figure 7. 1. 5 (2)),
and different laser excitation intensities (Figure 7. 1. 5 (b)). Moreover, the decay of
fluorescence at RT is faster than that at 77K. The decay of the green emission is slower
than that of the blue emission, and the blue emission had a similar decay behaviour as that
of the OF5 (Figure 7. 1. 5 (a)). This suggests that the blue emission band arises from the
fluorenyl species. The lifetime of the OFnK emission can not be obtained from the streak

camera measurements, so longer time range fluorescence measurements were performed.
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Figure 7. 1. 4. a)The fluorescence spectra of OF3K at RT and 77K; b) dependence of
fluorescence intensity of OF3K in m-THF on laser excitation intensity at RT (excited at 430

nm).
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Figure 7. 1. 5. a) The decay of fluorescence in m-THF solution both at RT and 77K; b)

decay of the fluorescence of OF3K at different laser power intensities.
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7.1.1.2 Long range delayed time-resolved PL

spectroscopy

The CW fluorescence spectra and DF of OF5K (10° M) at 77 K in m-THF as a dilute
frozen matrix are shown in Figure 7. 1. 6. To verify the difference between absorption
bands, namely, n—n* and n—nr* transition, OF5K was excited both at 365 nm as well as
453nm. As shown in Figure 7. 1. 6 (a), a strong green emission band (“A” band)
accompanied with the weak blue emission band (range from 411nm to 494 nm) was
observed when the excitation wavelength was fixed at 365 nm. The wavelength of the
maximum of the blue emission band ranges from 3.02 eV (411 nm) to 2.85 eV (435 nm)
(“B” band) and arises from the excited singlet state of the fluorene unit, and the emission
bands at 2.67 eV (466 nm) and 2.51 eV (494 nm) (“C” band) originates from an occasional
photochemical reaction and it consequences for PL property. In fact, the “C” band did not
exist when the sample was exposed to the excitating laser beam for a short time. Only
OF5K with a fluorenone unit can also undergo a photochemical reaction at longer exposure
to the excitating laser beam and subsequently a new emission band appeares. This new
band displayes a similar spectral shape as the low-energy band with a similar vibronic
splitting ( ca.150 meV).

As shown in Figure 7. 1. 6 (b), the delayed fluorescence of OF5K was observed at
different delay times when excited at 365 nm. The emission bands from 3.02 eV (411 nm)
to 2.52 eV (493 nm) (“B” and “C” bands) nearly vanish when the delay time increases to 20
ns, and the green emission band intensity decreases with increasing delay time. The CW
fluorescence spectra of OF5K excited at 453 nm are shown in Figure 7. 1. 6 (c) and a
similar strong green emission band accompanied with a weak “C” band are observed. The
delayed fluorescence spectra excited at 453 nm (Figure 7. 1. 6 (d)) discloses that the “C”
band also vanishes when the delay time increases to 20 ns.
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Figure 7. 1. 6. The CW fluorescence spectra ((a) and (c)) and DF spectra ((b) and (d)) of
OF5K at 77 K in m-THF as a dilute frozen matrix. Excitation was at 365 nm for (a) and
(b), at 453 nm for (c) and (d).

The kinetics of the green emission of OFnK at 77 K in m-THF was studied. The
dependence of DF intensity upon time (t>10 ns) is shown in Figure 7. 1. 7. The OF5K
frozen solution showed similar monoexponential decay kinetics under excitation at 453 nm
(n — =* transition) and at 365 nm (Sp — S; 0-0 transition) as shown in Figure 7. 1. 7 (left).
The fluorescence lifetime of OF5K is approximately 8 ns with excitation wavelength at
either 365 nm or 453 nm. Similar decay behaviour and the lifetimes (8.3 ns) were also
obtained for OF3K (Figure 7. 1. 7 (right)) at 77K in m-THF frozen matrix.
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Figure 7. 1. 7. The dependence of DF intensity upon time (t>10 ns) for OFnK probed at
543 nm at 77 K in m-THF. Left: The OF5K frozen solution was excited at 365 nm and 453

nm; Right: The OF3K frozen solution was excited at 410 nm.

In Figure 7. 1. 8 the dependence of CW fluorescence, prompt fluorescence and delayed
fluorescence intensity upon laser excitation intensity for OF5K in a dilute frozen solution
at 77K is depicted. The delayed emission was recorded with a time delay of 20 ns after
excitation at 363 nm and 453 nm. The CW, prompt fluorescence and DF intensity varies

approximately linear with laser excitation intensity probed at 546 nm (Figure 7. 1. 8).
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=
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Figure 7. 1. 8. The dependence of CW, prompt and DF intensity of OF5K on laser
excitation intensity at 77 K in m-THF probed at 546 nm. The OF5K frozen solution was

excited at both 365 nm and 453 nm.

7. 1. 2. Site-selective excitation
Site-selective excitation PL experiments were carried out in order to clarify the origin of

the low-energy emissions bands.
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The CW fluorescence spectra of OF5K at 77K in m-THF at different excitation
wavelengths from 510 nm to 420 nm are shown in Figure 7. 1. 9 (a). The green emission
(“A” band) is observed and the emission maximum is slightly red-shifted (about 5 nm) with
the excitation wavelength going from 510 nm to 420 nm (Figure 7. 1. 9 a). The green
emission (“A” band) accompanied with a strong “C” band was observed at the same time
when the excitation wavelengths were varied between 450 and 420 nm. The CW
fluorescence spectra of OF5K excited at 420 nm at different laser excitation intensities at
77K in m-THF dilute frozen matrix are shown in Figure 7. 1. 9 (b). The PL intensity at 463
nm (“C” band) and 540 nm (“A” band) increases with the increasing of power intensity

approximately linearly as depicted in Figure 7. 1. 10.
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Figure 7. 1. 9. (a)The CW fluorescence spectra of OF5K at 77K in m-THF at different
excitation wavelengths; (b) the CW fluorescence spectra of OF5K excited at 420 nm under

different laser excitation intensities.
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Figure 7. 1. 10. Dependence of CW fluorescence intensity of OF5K in m-THF on laser
excitation intensity at 77K probed at 463 nm and 540 nm (excitation at 420 nm).
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7. 1. 3 Concentration dependence

The fact that the green emission was observed in such dilute OFnK solution (10° M)
suggests that the green emission does not originate from intermolecular aggregates or
excimer formation, but is obviously related to the fluorenone defect sites in the main chain.
On the other hand, from the structural point of view, the fluorenone moieties are more
planar than the 9,9-dialkylfluorene units and thus the fluorenone-containing oligofluorenes
may be more prone to from aggregates with increasing concentration as compared to the
defect-free oligofluorene chains. So the green emission from OFnK in concentrated
solution or solid films may originate from the fluorenone defects and/or excimers
formation. We thus investigated the PL emission of OFnK as model compounds for
fluorenone-containing polyfluorenes in m-THF solution under different concentrations such
as 10,10, 10" and 10° M.

7. 1. 3. 1 Fluorescence spectra and decay of fluorescence
The photophysical properties of OF5K at different concentrations (10-3-10-6 M) were

studied with a streak camera and gated detection technique at RT with the excitation

wavelength at both 450 nm and 365 nm.

7. 1. 3. 1. 1 Fast time-resolved fluorescence spectra
(FTRF)

The fluorescence spectra of OF5K (left) and the decay of the fluorescence (right) at RT
at different concentrations in m-THF are shown in Figure 7. 1. 11(excited at 450 nm). The
spectra are identical at different concentrations except for the emission intensity. The same
mono-exponential decay behaviour was observed, except that the decay rate was slightly

faster with increasing concentration.
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Figure 7. 1. 11.The fluorescence spectra of OF5K (left) and decay of fluorescence (right) in
m-THF solutions at different concentrations at RT (excited at 450 nm).

The fluorescence spectra of OF5K (left) and normalized fluorescence spectra excited at
365 nm (right) in m-THF solutions with different concentrations at RT are shown in Figure
7. 1. 12. The strong green emission (“A” band) accompanied with the weak blue emission
(“B” band) is observed. When the spectra are normalized at 414 nm, the PL spectra of
OF5K (Figure 7. 1. 12 (right)) show a steady growth of the 550 nm band as the
concentration increases. The ratios of green and blue emission intensity are 1.7, 3.1, 4.5, 7.2
with the concentrations of 10°, 10° 10 and 10° M, respectively. These results suggest
that as the concentration increases the intermolecular interactions became obvious, leading
to enhanced green emission. It is worthy to note that Romaner et al. did not observe such a
concentration dependence of the green emission band in toluene solutions of polyfluorenes
containing fluorenone defects?, and that this difference can be explained by the relatively
low concentrations of the solutions they studied (~10°-10"" M).

The dependence of the PL intensity on the concentration for OF5K (left) is shown in
Figure 7. 1. 13. The PL intensity at 550 nm and 417 nm increases with increasing
concentration from 10° M to 10 M, and approximately reaches a plateau in the region of
10 M to 10 M. To further understand the nature of the green emission of OFnK, we have
investigated the fluorescence decays of the PL emission bands in m-THF solutions at
different concentrations. Single exponential fits to the decay would indicate that these is
only one emitting species, whereas multiexponential decay would imply complex kinetics
involving several species, formation of excimers or clusters®. The decay behaviour of

OF5K at different concentrations at 419 nm and 550 nm is shown in Figure 7. 1. 13 (right,
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excitation at 365 nm). A monoexponential decay behaviour independent on concentration is
observed. We thus rule out the possibility that the green emission band originates from
aggregates or excimer formation in solution. The observed strong concentration dependence

of the green emission band in solution can be explained by enhanced interchain hopping

processes.
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Figure 7. 1. 12. The spectra of OF5K (left) and normalized fluorescence spectra (right) in
m-THF solutions with different concentrations at RT (excited at 365 nm). The inserted

figure shows the spectra normalized to 550 nm.
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Figure 7. 1. 13. The dependence of the PL intensity on concentration for OF5K (left) and
the decay behaviour of OF5K at different concentrations probed at 419 nm and 550 nm

(right). The excitation was at 365 nm.
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7. 1. 3. 1. 2 Long range delayed time-resolved

fluorescence

The long range delayed fluorescence spectra (normalized) of OF5K in m-THF with
different concentration (10° M to 10° M) at RT are shown in Figure 7. 1. 14.. The shape
and position of the spectra did not show any change with concentrations except for that the
fluorescence intensity increased with increasing concentration. Dependence of CW, prompt
fluorescence and DF intensity on concentration at 540 nm was similar to that shown in
Figure 7. 1. 13 (red line). The PL intensity reached saturation for concentrations around 10°
%10 10 M. The dependence of fluorescence intensity of OF5K (excited at 450 nm) upon
time for t > 10 ns is shown in Figure 7. 1. 14 (b). Similar mono-exponential decay
behaviour is observed and the lifetime decreases slightly with increasing of concentration,
in agreement with the results based on the fast time-resolved fluorescence spectra shown in
Figure 7. 1. 11 (right).
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Figure 7. 1. 14. a) The normalized fluorescence spectra of OF5K in m-THF with different

concentrations at RT; b) Dependence of fluorescence intensity of OF5K upon time for t >

10 ns probed at 537 nm. Excitation was at 450 nm.
The dependence of fluorescence intensity of OF5K upon time for t > 10 ns in m-THF

with different concentrations at RT is also shown for the excitation wavelength of 365 nm

(Figure 7. 1. 15). The fluorescence decays mono-exponentially over the time range studied
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starting from 10 ns. The lifetime is about 7-8.5 ns for the different concentrations (10° M to
107 M), and decreases slightly with the decrease of the concentration.

The monoexponential decay behaviour of OF5K and OF7 (shown in Chapter 5. 5. 2)
at different concentrations further supports that the green emission does not originate from
aggregates or excimer formation. The obvious concentration dependence of the green
emission band in solution suggests that increased interchain interactions among OFnK
enhance the emission from the fluorenone defects. In addition, the OF5K and OF7 can be
regarded as the model compounds of PFs with keto defects situated on the chain and
pristine PFs. So we rule out the possibility that in the oxidized or annealed PFs the green
emission originates from ground state aggregates or excimer formation.

In solution, the oligomer and polymer chains can adopt different conformations and
possess rotational freedom.* In dilute solutions (107-10° M), one can envisage isolated
chains with very limited collisions between them, and thus the energy migration would be
one-dimensional by means of "loop" transfer or "non-nearest neighbour" transfer® to the
keto defects, with very little contribution from interchain energy transfer. In more
concentrated solutions (102 M), the number of chain collisions would increase and
interchain energy transfer would contribute to the number density of excitons localized on
fluorenone defect sites. Hence, we see a steady increase in the green emission at 535 nm
with increasing concentration for all OFnK.

The observed long lifetimes of the green emission in the OFnK are similar to those
previously reported for the 9-fluorenone molecules® and poly-(9,9-dihexylfluorene-co-
fluorenone)s®. Based on the PL decay dynamics of OFnK in dilute solution, we thus
concluded that the green emission in OFnK originates from the fluorenone units contained
on individual chains. In addition, the fluorenone containing PFs exhibit a single mono-
exponential decay of the green emission as films®, implying the presence of only one type
of emitting species, which would not be expected for typical excimer emission in thin films.
These results are also consistent with the recent reports which claimed that one deals with a
single-chain defect emission from the fluorenone moieties and not an aggregate or excimer

emission®’.
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Figure 7. 1. 15 Dependence of fluorescence intensity of OF5K upon time for t >10 ns in m-

THF at different concentrations at RT. The excitation was at 365 nm.

7.1. 3. 2 The dependence on laser excitation power
The delayed fluorescence spectra of OF5K (10 M, excited at 365 nm) at different laser

excitation intensities (left) and the normalized spectra at 550 nm (right) are shown in Figure
7. 1. 16. The blue emission intensity increases slightly faster than that of the green emission
upon increasing of the laser excitation intensity, i.e. the ratio of the green to blue emission
band decreases. The decay behaviour of fluorescence is independent on the laser excitation

intensity probed at both 419 nm and 552 nm (not shown).
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Figure 7. 1. 16. The delayed fluorescence spectra of OF5K (10 M) at different laser
excitation intensities (left) and the normalized spectra at 550 nm (right). Excitation was at
365 nm.
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The dependence of fluorescence intensity of OF5K in m-THF with different
concentrations on laser excitation intensity probed at 417 nm (left) and 550 nm (right) at
RT is shown in Figure 7. 1. 17 (excited at 365 nm and 450 nm by streak camera technique).
In all of the cases, the fluorescence intensity varies approximately linear with laser
excitation intensity. The dependence of laser excitation power was also investigated by
gated detection technique. The CW fluorescence, DF, prompt fluorescence intensity also
varies approximately linear with laser excitation intensity for the sample concentration from
10" M to 10 M both excited at 450nm and 365 nm (not shown).
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Figure 7. 1. 17. the dependence of fluorescence intensity of OF5K at 417 nm (left) and 550
nm (right) in m-THF on laser excitation intensity at RT. Excitation was at 365 nm and 450

nm.

7. 2 A comparison of the photophysical properties
of OFn and OFnK

Table 7. 2. 1 presents a summary of the photophysical properties of OF5 and OF5K.
Here, we discuss both the steady-state spectra and time-resolved fluorescence spectra and

try to draw conclusions on the origin of each emission.
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Table 7. 2. 1. Comparison of photophysical properties between OF5 and OF5K.

OF5

OF5K

shape and position

absorption peak

328 (shoulder)

Absorption (300-400 nm) 365 (strongest) m-n*
broad band (400-500 nm) n-g*
Amax(@bs) (nm) 365 (m-n*) 365 (n-1t*)
shape and position | structured blue band weak blue (400-500 nm)
(400-500 nm) strong broad green band (500-
600 nm)
Emission Amax(em) (nm) 409 591
power dependence ® S=1 S=1
decay behaviour monoexponential monoexponential
Lifetime 549 ps 9 ns (green emission)
phosphorescence observed not observed

%S = 1: Fluorescence intensity varies approximately linear with laser excitation intensity.

7. 2. 1 Comparison of the steady spectra of OFn and
OFnK

Figure 7. 2. 1 (a-c) shows a comparison of normalized steady absorption and emission
spectra of OF3 and OF3K, OF5 and OF5K, OF7 and OF7K both in chloroform solution
and in thin film. The absorption maximum (n-n*) of OFnK is very similar to the
corresponding homo-oligofluorenes (OFn), but the emission maximum is significantly
different. For example, the absorption maximum is seen at 3.40 eV (365 nm, 1 —» =*
transition) for both OF5 and OF5K in chloroform solution. A shoulder at 3.78 eV (328 nm)
and a broad long-wave absorption band at 2.76 eV (450 nm, n — r* transition) are also
observed in the UV-vis absorption spectra of OF5K. For all OFnK, a yellow-green
emission band at 2.07-2.34 eV (530-600 nm) is observed both in solution and for thin films.
The absorption spectra of OF5 and OF5K in form of films are almost identical with those
in solution with only 1-2 nm shift.

The fluorescence spectra of OF5 and OF5K are dramatically different. Upon increasing
of wavelength three well-resolved blue emission bands with maximum at 3.04 eV (408 nm)
are observed for OF5 in dilute chloroform solution, which are correlated to the 0-0, 0-1, 0-2
transitions, whereas a broad green emission band with maximum at 2.10 eV (591 nm)

accompanied with a weak blue band was observed for OF5K in dilute chloroform solution.
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The emission spectra of OF5 film are similar to those in solution with only a slight red-shift
(8 nm), while for OF5K, the green emission band displays solvotachromism and is
significantly red-shifted going from non-polar to polar solvents (see Chapter 6. 4. 3. 2). The
emission spectra of OF5K film with emission maximum at 2.29 eV (541 nm) is blue-
shifted around 0.19 eV (50 nm) compared to that in chloroform solution. As the magnitude
of intermolecular interactions increases upon going from dilute solution to thin films, the
green emission became dominant. As shown in Figure 7. 1. 12, Figure 7. 1. 14, and Figure
7. 2. 1, the green emission band is always accompanied by a weak blue emission band in
solutions of OFnK, but in the thin film, only the green emission is observed (Figure 7. 1.
2a and Figure 7. 2. 1). In the solid state, interchain interactions are obvious. On the other
hand, mainly intrachain energy transfer is predominant in dilute solutions. Such dominant
green emission has been reported for fluorenone-containing polyfluorenes® and was
explained as being due to strong intermolecular interactions in the thin films, but this
should not be interpreted as evidence of excimer emission. The enhancement can be
understood in terms of the more efficient excitation energy transfer from fluorene segments

to the lower-energy fluorenone moieties in the solid state®.
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Figure 7. 2. 1. The steady state UV-vis and fluorescence spectra of OFn and OFnK in
solution (chloroform) and thin film: a) OF3 and OF3K; b) OF5 and OF5K; c¢) OF7 and
OF7K.

The UV-vis absorption and fluorescence spectra of OF5 and OF5K were measured at
fixed concentration in chloroform as shown in Figure 7. 2. 2. The fluorene unit
concentration of OF5 and OF5K for UV-vis absorption spectra was 1x10°M and 1x 10
M for the fluorescence spectra. The absorption intensity of the two solutions are similar, but
the PL intensity of OF5K is approximately twice lower than that of OF5 solution. This can
be explained by the polarity of the solvent. In fact, a very strong yellow-green emission can

be observed in nonpolar solvents such as m-cyclohexane.
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Figure 7. 2. 2. UV-vis absorption spectra and fluorescence spectra of OF5 and OF5K were
measured at a fixed concentration in chloroform at RT. The UV-vis absorption spectra of
OF5 and OF5K were recorded at 1x10™°M of fluorene units, and the fluorescence spectra

were recorded at 1x 10 M of fluorene units.

7. 2. 2. Comparison of the time resolved fluorescence

spectra of OFn and OFnK

The combined time-resolved fluorescence spectra of OF5K and OF5 in m-THF at RT

are shown in Figure 7. 2. 3 (left, excited at 365 nm). Only a blue emission band with
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maximum at 417 nm is observed for OF5, which is identical with the blue emission band of
OF5K. The dependence of the PL intensity of OF5 and OF5K at 417 nm on time is also
shown in Figure 7. 2. 3 (right). A very similar monoexponential decay behaviour is
observed, suggesting that the blue emission bands originate from the same species, i.e. the
fluorene units in both compounds. The lifetime of the blue emission of OF5K is slightly
longer than that of OF5, and this could arise from the different environments of fluorene
units in OF5K and OF5.
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Figure 7. 2. 3. The combined fluorescence spectra of OF5K and OF5 in m-THF at RT (left)
and the dependence of PL intensity of the OF5K and OF5 on time at 417 nm (right).
Excitation was at 365 nm.

The green emission bands of OF5K are identical when excited either at 365 nm or 450
nm. The lifetime of the green emission band is approximately 8 ns, that is much longer than
that of the blue emission of OF5 (Table 7. 2. 1).

The CW fluorescence, DF, and prompt fluorescence intensity of OF5 and OF5K varies
approximately linear with the laser excitation intensity in dilute frozen m-THF matrix at
77K (Table 7. 2. 1), suggesting that possible subsequent bimolecular reactions of the
excited species such as singlet-singlet annihilation or triplet-triplet annihilation do not take
place.

The combined UV-vis absorption, CW fluorescence, DF or phosphorescence spectra of
OF5 and OF5K are shown in Figure 7. 2. 4. Interestingly, a structured phosphorescence

(green line) band with identical vibronic splitting as the fluorescence band is observed for
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OF5 in frozen m-THF matrix at 77K. Such phosphorescence was not observed for OF5K.
In the delayed fluorescence of OF5K in frozen m-THF matrix at 77K (delay: 20 ns), the
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Figure 7. 2. 4 The combined UV-vis absorption, CW fluorescence, DF or phosphorescence
spectra of OF5 and OF5K. The UV-vis absorption spectra were recorded at 10° M in
chloroform, and the CW fluorescence, DF and phosphorescence were recorded at 10° M in
m-THF.

blue emission band is very weak and its position and shape is the same as that in the CW
fluorescence. The shape and position of the phosphorescence band of OFb5 is similar to that
of the fluorescence of OF5K at 77K with the same vibronic splitting of about 160 meV.
This will be explained by an energy diagram in the subsequent part (Chapter 7. 2. 3). The
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lifetime of the green emission of OF5K is around 8 ns, but the lifetime of the related
phosphorescence of OF5 is as long as 3ms, indicating that these two similar emission bands
do originate from different mechanisms. Similar phenomena are also observed for OF3K
and OF3 (Figure 7. 2. 5).
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Figure 7. 2. 5 The combined UV-vis absorption, CW fluorescence, DF or phosphorescence
spectra of OF3K (left) and OF3 (right). The UV-vis absorption spectra were recorded at
10 M in chloroform, and the CW fluorescence, DF and phosphorescence were recorded at
10° M in m-THF.

7. 2. 3 Discussion

In this part, we combine our experimental results with quantum-chemical calculations®
reported by Egbert Zojer and coworkers to gain a better understanding of the photophysical
properties of oligofluorenes and oligofluorenes containing keton defects. It has also been
shown that the emissive properties of fluorenone are strongly influenced by chemical
substitution.? Therefore, we will discuss the influence of the length of the oligofluorene
chain in OFnK. Special emphasis was devoted to excited-state localization effects induced
by fluorenone units and their influence on the photophysical properties of fluorene-based
materials. Some questions raised by the above experiments will be discussed. For example,
why are similar absorption maxima observed for OFn and OFnK, while a strong blue
emission is observed for OFn and a green emission for OFnK; why the long-wave
absorption band (450 nm) of OFnK is so weak; why the emission maximum of OF5K at
77K is almost same as the phosphorescence of OF5 at 77K. Comparing with the reports on
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the green emission of polyfluorenes in the literature, our results will give a powerful
support to the conclusion that the green emission in polyfluorenes originates from the keto

defects especially when the samples have been subject to photo- or electro- oxidation.

7.2.3.1An energy level analysis

The calculated transition energies and oscillator strengths reported by Egbert Zojer etc®.
for the most relevant excited states of the two model molecules OF5 and OF5K in their
ground-state equilibrium geometry are listed in Table 7. 2. 2. In the OF5, the lowest lying
singlet excited state S; is strongly optically allowed and is dominated by a configuration in
which an electron is excited from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO) (see Figure 7. 2. 6). The energetic position of
that excited state, 3.6 eV, is about 0.2 eV higher than the experimental value of the
absorption maximum; this discrepancy is in part due to the relatively small size of the
studied model system and the reciprocal dependence of the energy gap on the number of

repeat units usually observed in organic systems°.

Table 7. 2. 2. Calculated singlet transition energies and oscillator strengths for the

molecules of OF5 and OF5K in their ground-state conformations.

State E (eV) Osc.str
OF5

S1.0r5 n-1* 3.58 4.27
OF5K

S1,0F5K n-m* 2.77 0.00
Sz, oFsk CT n-n* 3.05 0.42
S3, oFsK T-n* 3.68 3.82

For OF5K, Sp-S; corresponds to an optically forbidden transition and possesses a n—n*
character (as will become evident from the discussion of the nature of the excited states in
part 7. 2. 3. 2).
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Figure 7. 2. 6. Energy level diagram-using data from cyclic voltametry, spectroscopic and
quantum-chemical techniques® reported by Egbert Zojer etal. S; in OF5K has the same

energy as the lowest singlet excited state in the OFb5.

This means that the description of the lowest level excited state is dominated by
determinants in which an electron has been excited from a c-orbital localized on the C=0
moiety of the molecule to the lowest unoccupied =* orbital. Such low-lying n-r* states are
common in aromatic ketones. The next excited state (S,) is also only weakly optically
allowed in OF5K. As all these orbitals display a m-electronic character and an excitation to
the S, state is associated with a significant charge redistribution in the fluorenone unit, S,
can be classified as a m-n* charge transfer (CT) state. The first state with high oscillator
strength in OF5K is the third singlet excited state Ss, and it is actually located at about the
same energy as the lowest singlet excited state in the OF5 (see Table 7. 2. 2).

The keto moiety does not destroy the conjugation along the oligo- or poly(fluorene)
backbone, i.e., the most strongly optically allowed excited state in the low energy region is
hardly affected by the presence of the keto group. This conclusion actually also holds for
the similar absorption maximum of OFn and OFnK, in agreement with our experimental
results.

In the low energy range of the absorption spectra, the absorption is very weak (Figure 7.

2. 1.) because the low lying states in fluorenone-containing chains (S; and S;) possess very
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low oscillator strength and they can hardly be observed in the absorption spectra of
materials with low fluorenone concentration. This is also consistent with the lack of
absorption in the low energy region observed in photodegradation experiments on

6,8, 11

polyfluorenes . Consequently, the products of photo- and/or electro-oxidation will

become accessible via absorption spectroscopy only in strongly degraded materials’*2.

7.2.3.2. The nature of the excited states

We now discuss why an efficient green emission can be obtained from OFnK. For the
compound OF5K, lattice relaxation phenomena take place from the lowest lying excited
state that have been also explored by Egbert Zojer etal®. They found that if one included
geometric relaxation phenomena in the excited state, a reversal in the ordering of the lowest
two excited states is predicted, with the first excited state becoming the CT n-n* excitation
(see Figure 7. 2. 6). The energies and oscillator strengths calculated for the lowest excited
states of OF5K in the relaxed S; conformation are summarized in Table7. 2. 3. For OF5K,
the vertical transition energy from the first relaxed singlet excited state to the ground state is
very close to the experimentally observed yellow-green emission (2.1-2.4 eV), and the
vertical transition energy is also close to the vertical transition energy (2.1-2.4 eV) from the
triplet state to the ground state of OF5. This is the reason why the yellow-green emission is
observed for OF5K, and the emission has a similar spectral position as the
phosphorescence emission of OF5. In addition, the small, but nonvanishing, calculated
oscillator strength associated with the CT =-m* excited state is in agreement with the
experimental observations: (i) the fluorenone defect is emissive; but (ii) the quantum
efficiencies of fluorenone-containing materials will usually be very low. In fact, the
quantum efficiency of OF5K drops significantly compared with OF5. Similarly the
fluorescence of the photo-oxidized films is also significantly decreased compared to
pristine polyfluorenes.'?

The LUMOs of OF5K, which are rather strongly confined to the fluorenone unit (with
large electron densities on the C = O bond), have no counterparts in keto-free
oligofluorenes. Therefore, one can not find the equivalentto the CT n-n* state in "pristine”

oligo- or poly(fluorene)s.
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This simple analysis based on molecular orbitals (electron-hole two particle wave
functions) implies that the two lowest lying excited states (S; (n-7*) and S; (CT n-*)) in
the fluorenone-containing materials should supply the dominant contributions on the
fluorenone unit (or even on the C — O part of the molecule)®. The CT n-n* excited state
becomes strongly localized on the central fluorenone unit. This localization can be simply
explained on the basis of the Coulomb interaction between the electron (confined in the
localized LUMO orbital) and the hole. At the same time a nonvanishing electron-hole
density is also distributed on the neighboring fluorene units. The probability of finding the
electron and/or the hole on fluorene segments at larger-distance, however, decreases
drastically. This indicates that at least the fluorene segments that are directly attached to the
fluorenone unit affect to a certain extent the electronic structure of the S, state. The
localization is even more pronounced for the n—n" state, where the electron-hole pair is
confined to the oxygen and the neighboring carbon atom®. In contrast to that, for the S3 (n—
) state, the electron—hole two-particle wave function in OF5K is delocalized along the

whole chainand is strongly reminiscent of the lowest excited state in the OF5 (Sl,(opg-,))g.

Table 7. 2. 3. Singlet transition energies and osillator strengths for the compound OF5K in

the relaxed geometry of the lowest lying excited state.?

OF5K
State E (eV) Osc.
CT n-n* 2.45 0.48
n-m* 2.65 0.00
- 3.44 3.02

Quantum-chemical calculations for the fluorenone monomer OF1K were also performed
by Egbert Zojer et al.®. The energies of the n—n" states are virtually identical in OF1K and
OF5K. The shift between the CT n—n states of OF1K and the longer model systems is
relatively small (0.19 and 0.33 eV, respectively), whereas the energy difference between the
n—n states in OF1K and OF5K isquite large (around 1.4 eV). To study that in more detail,
we have calculated the dependence of the excited state energies on the number of repeat
units, both for OF5 and OF5K from Table 3. 2. 2, Table 5. 6. 1 and Table 6. 4. 2. The
results are summarized inFig. 7. 2. 7. OF5 displays a linear dependence of the S; energy on
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the inverse number of repeat units, as is common for the delocalized n—n" excited states in
conjugated organic materials*®. The S; (Ss for n = 1) states in the fluorenone-containing
materials show a similar trend. In contrast, the energy of the S; state (n-rn) in all
fluorenone-containing materials is chain-length independent®. As we described above, the
absorption maximum wavelength (n-n) Ss (Ss n = 1) is red-shifted with the molecular
length of OFnK, while the long-wave absorption maximum (S, n—r) is almost constant
from OF3K to OF7K (Figure 7. 2. 8). This is in agreement with the quantum chemical
calculations. For compounds OFnK, the calculated energy of the S, (CT m-n*) state
decreases by 0.32 eV when going from OF1K to the OF3K and then remains constant upon
further increasing the chain length®. This is further confirmed by our experimental results
(Figure 7. 2. 8).

As shown in Figure 7. 2. 8 (C), when the fluorescence spectra are normalized for the
green emission maximum, the blue emission intensity increases with increasing chain
length. This is due to the increasing fraction of fluorene units in the higher oligomers. In
addition, the blue emission band is also red-shifted with the molecular length due to the

delocalized n-n* state.
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Figure 7. 2. 7. The dependence of transition energies on number of fluorene units
(reciprocal scale) for OFn and OFnK (for OFnK; the n is the number of
fluorene+fluorenone units. All the data used here were selected from Table 3. 2. 2, Table 5.
6. 1 and Table 6. 4. 2. The data of absorption and emission of OF5 and OF5K were
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recorded from chloroform, and the data of phosphorescence of OF5 were recorded from a
frozen m-THF matrix at 77K.
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Figure 7. 2. 8. A) The normalized UV-vis absorption and emission spectra of OF1K, OF3K,
OF5K and OF7K in dilute chloroform solution (10 M fluorene units for the absorption
spectra, and 10° M fluorene units for emission spectra); B) the UV-vis absorption spectra
of OFnK with the magnified long-wave absorption band; C) the emission spectra of OFnK

with the magnified weak blue emission band.
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A series of studies of fluorenone-containing oligofluorenes proposed efficient Forster
energy transfer to the fluorenone defects and strong exciton confinement on the fluorenone
moieties, because of their lower-lying energy levels, compared to fluorene segments.®
Efficient funneling of the excitation energy from the high lying energy levels of the
fluorene segments to the low lying energy level of the fluorenone defects results from
energy migration by hopping of excitations along a single polymer chain until they are
trapped on the fluorenone defects on that chain or transferred onto neighboring chains by

Forster-type interchain energy transfer process (will be discussed in Chapter 7. 3).

7.3 Energy transfer in PFs/OFnK blend system

7. 3. 1 Introduction

The low energy emission bands in PF-type polymers were identified as the emission
from a keto defect based on our own experimental results and literature™®”**. It was shown
that by incorporating keto defects into the polymer backbone the emissive characteristics of
oxidatively degraded polyfluorenes, especially the appearance of the 530 nm band (ca. 2.3
eV) could be faithfully reproduced. From the discussions in the last part (Chapter 7. 2), we
know that efficient funneling of excitation energy takes place from the high energy
(fluorene segments) to low energy sites (fluorenone units) by hopping along a single
polymer chain until they are trapped on the fluorenone defects on that chain and then give a
main yellow-green emission. In addition, the green emission may also arise from Forster-
type interchain excitation energy transfer from fluorene segments of one chain to
fluorenone units in neighboring chains. If only a small fraction of PFs samples is oxidized
to have keto defects, what will change in their photophysical properties? Can energy
transfer take place from the defect-free PFs molecules to keto-defect containing molecules?
In this part, energy transfer was investigated using a model system consisting of
polyfluorenes doped by the OFnK molecules.

The CW PL spectroscopy of the spin-coated films of OF5, OF5K, and a PF2/6:OF5K-
blend system (10 wt. %) are shown in Figure 7. 3. 1. Only a blue emission band for OF5
film and a green emission for OF5K in the films are observed. For the PF2/6 and OF5K
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blend system, the blue emission band is slightly red-shifted and the green emission band is

blue-shifted, comparing with OF5 and OF5K, respectively.
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Figure 7. 3. 1. The CW fluorescence spectra of the spin-coated films of OF5, OF5K, and a
PF2/6:0F5K blend system (the film thickness is about 50 nm).

7.3.2 Photophysical properties of the blend system

The UV-vis absorption (left) and steady state fluorescence spectra (right, excited at 383
nm) of PF2/6 doped with different concentrations of OF3K at RT are shown in Figure 7. 3.
2. All of the absorption spectra of the blends doped with 0.1, 0.3, 1, 3, 10 wt. % OF3K are
almost the same as that of pure PF2/6. Comparing with the absorption spectra of OF3K as
film (Figure 6. 4. 4), the keto band (n—n*) with a broad long-wave absorption band and a
shoulder was not resolved in the blend system. This is, however, not suprising as the
amount of keto defects is relatively low in our doping experiments which makes them
undetectable in the optical absorption measurement. This phenomena is similar to that of
poly(fluorene-co-fluorenone)s with different fluorenone content in toluene solution®.

In all of the emission spectra (Figure 7. 3. 2b), the typical spectral features of
polyfluorenes are observed, namely a maximum at 2.94 eV (422 nm) with a vibronic
shoulder at 2.80 eV (443 nm). Upon increasing of the OF3K doping concentration from 0.3
% - 10 %, an additional green emission band with maximum at 2.35 eV (527 nm) similar to
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that of OF3K thin film (Figure 6. 4. 4) is observed. All of the emission spectra were
normalized at 490 nm, and we found that the green emission intensity increases while the
blue emission intensity decreases with the OF3K doping concentration. Similar phenomena

were also observed for the non-normalized emission spectra of OF5K and PF2/6 blend
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Figure 7. 3. 2. The UV-vis absorption (left) and steady state fluorescence spectra (right) of
PF2/6 doped with different concentrations of OF3K at RT (Aexc. = 383 nm).

system (Figure 7. 3. 3). The ratio of the green emission intensity at maximum to the blue
emission intensity at maximum listed in Table 7. 3. 1. This ratio in OF3K & PF2/6 blend
system increases with the OFnK doping concentration with the values being 0.1, 0.3, 0.9,
1.7 and 6.2 for 0.1, 0.3, 1, 3, 10 wt. % doping concentration, respectively. This implies that
the emission is related to the fluorenone moieties.™ Although the concentrations of OFnK
are low, energy transfer can be expected from the photoexcited polyfluorenes or fluorene
species of OFnK to segments containing the fluorenone sites emitting at 2.35 eV in a solid-

state sample where efficient three-dimensional excited-state migration is highly probable.
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Figure 7. 3. 3. The fluorescence spectra (left) of PF2/6 doped with different concentrations
of OF5K at RT (Aexc. = 383 nm).

Table 7. 3. 1. A compilation of the ratio of green to blue emission intensity, and the
lifetimes of blue emission from OF3K & PF2/6 and OF5K & PF2/6 blend systems with
different doping concentrations.

Doping® ratio” o (PS)°

Conc. OF3K-RT OF5K-RT OF5K-77K OF3K-RT OF5K-RT OF5K-77K

0% 273 274 395
0.1% 0.1 weak weak 255 257 376
0.3% 0.3 0.2 weak 186 201 254

1% 0.9 0.4 0.15 84 112 237

3% 1.7 1.2 0.5 52 63 117
10 % 6.2 4.4 1.8 33 36 58

% Doping concentration (wt. %), representing the weight content of OFnK in the blend
systems; ° The values listed are the ratios of green emission maximum intensity / blue

emission maximum intensity. © the values listed are lifetimes of the blue emission.

The dependence of the ratio of green to blue fluorescence intensity on the doping
concentration for OF3K & PF2/6 and OF5K & PF2/6 blend systems is shown in Figure 7.
3. 4. This ratio increase slightly faster for OF5K as dopant as for OF3K, and the blue
emission intensity at 448 nm decreases faster for OF5K than for OF3K as dopant (inserted
figure), suggesting that the OF5K is slightly more effective than OF3K in the blend
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system. In addition, the ratio of the green to blue emission intensity for OF5K as dopant
increases faster at RT than at 77K, indicating that the energy transfer is more effective at
RT.
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Figure 7. 3. 4. The dependence of the ratio of green to blue fluorescence intensity on the
doping concentration (excited at 383 nm and the unit of doping in concentration is

mo'dop/gmatrix)-

The green emission band is red-shifted with the OF3K doping concentration from 508
nm (0.3 % doping concentration) to 527 nm (10 % dopping concentration, Figure 7. 3. 2).
Similar phenomena are also observed for the OF5K & PF2/6 blend (Figure 7. 3. 3). A
possible explanation is: at low doping concentration, the fluorenone moieties give rise to a
weak emission peaking at about 500 nm (2.48 eV). With the increase of dopant, more
fluorenone groups are added to the system. The energy of the CT n-n* state is lower when
the fluorenone units are contained within the macromolecule as discussed in the last
section. Consequently, an increasing fraction of the fluorenone units in the blend system
leads to a shift of the greenish emission to longer wavelengths.

Similar phenomena have been noted in the photodegradation process of the system of
poly(9,9-di-n-hexyl-fluorene) end-capped with fluorene units. In the PL spectra, the weak
greenish part of the emission spectrum that peaks at around 490 nm (2.53 eV) became
noticeable and shifted to longer-wavelengths after photodegradation in air'!. This scenario
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is also consistent with the results of an investigation on the thermal treatment of different
types of polyfluorenes.’® In poly(9,9-di-n-hexyl-fluorene)s end-capped with unsubstituted
fluorenes, the maximum of the greenish emission was originally found at about 490 nm and
gradually shifted to longer wavelengths with longer annealing times (annealing at 200°C).
The tertiary hydrogen atoms at the 9 and 9’ positions of the terminal fluorene units are
chemically significantly less stable than the sites where the di-n-hexyl side chains are
attached to the other fluorene units in the polymer. As a first step (possibly already prior to
the intentional photo-oxidation), the chemically less stable end groups are oxidized and
give rise to the weak emission peaking at about 490 nm (2.53 eV). During the UV
irradiation in air, an increasing fraction of the “inner” 9,9-di-n-hexyl-fluorene units is
converted into fluorenone defects, as proved by the high intensity of the IR band associated
with the C=0 stretching vibration measured for the photooxidized sample*. According to
the results from Zojer 8, the energy of the CT n-n* state is lower when the fluorenone units
are contained within the chain. Consequently, an increasing fraction of fluorenone units
within the polymer chains is expected to lead to a shift of the greenish emission to longer
wavelengths, as observed experimentally.

The red-shift results from the fluorenone group concentration in the system, but not from
excimer formation in variation with the number of interaction PF chains. As shown in the
literature and by our experiments, with the increase of OFnK doping concentration in PFs
or the content of fluorenone in PFs backbone, the green emission band is red-shifted from
490 nm to 520 nm, i.e. the intra- and intermolecular energy transfer becomes more efficient
with increasing keto defect concentration.

The dependence of the fluorescence intensity upon laser excitation intensity at different
doping concentrations at RT is shown in Figure 7. 3. 5 (excited at 383 nm). The
fluorescence intensity varies approximately linear with the laser excitation intensity in all
cases, i.e., the dependence of fluorescence intensity upon laser excitation intensity is

independent of the doping content OFnK in the blends.
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Figure 7. 3. 5. The dependence of the fluorescence intensity on the laser power intensity
(excited at 383 nm at RT).

The decay of the fluorescence of OF3K & PF2/6 (left) and OF5K & PF2/6 (right)
blends probed at 422 nm at different doping concentration at RT is shown in Figure 7. 3. 6.
In all cases, a monoexponential decay is observed for the blue emission. The decay
becomes faster upon increasing of the concentration of OFnK, i.e., the lifetime of the blue
emission of the OFnK & PF2/6 blends decreases with the doping concentration (see Table
7. 3. 1). For OF5K & PF2/6 blends at RT, the lifetime decreases from 274 ps to 36 ps
when the doping concentration increases from 0 to 10 wt. %, indicating a systematical
increase of the quenching rate with increasing concentration of OFnK. The decay of the
fluorescence of OF5K & PF2/6 with different doping concentrations probed at 537 nm
(green emission) is shown in Figure 7. 3. 7. The decay of the green emission band is slowed
down, i.e., the lifetime increases with the OFnK concentration in the blend. In addition, the
energy transfer process is thermally activated. The decay of the blue emission for OF5K &
PF2/6 (0 % and 10 % doping) at 77K is also shown in Figure 7. 3. 6 (right), and all data for
different doping concentrations at 77K are listed in Table 7. 3. 1. The lifetime of the blue
emission at 77K is higher than that at RT at the same doping concentration, indicating that
the energy transfer from PF2/6 to OFnK is easier at higher temperature.The operationally
simplest way to quantify the doping effect on the fluorescence in PF2/6 is to plot
experimentally determined decay times as a function of concentration (Figure 7. 3. 8). The

decrease of the lifetime with increasing of doping concentration is slightly faster for OF5K
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than OF3K as dopant. This means that the energy transfer is more effective for OF5K &

PF2/6 blends.
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Figure 7. 3. 6. The decay of fluorescence of OF3K & PF2/6 (left), OF5K & PF2/6 (right)
blends probed at 422 nm.
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7. 3. 3. Energy transfer mechanism

7. 3. 3. 1. A general introduction to the energy transfer

Energy transfer from an excited molecule (donor) to another that is chemically different
(acceptor) according to D* + A — D + A* is called heterotransfer. This process is possible
provided that the emission spectrum of the donor partially overlaps the absorption spectrum
of the acceptor.

If the donor and acceptor are identical, we have homotransfer D* + D — D + D*. When
the process can repeat itself so that the excitation migrates over several molecules, it is
called excitation transport or energy migration.

It is important to distinguish between radiative and non-radiative transfer. Radiative
transfer corresponds to the absorption of a photon by a molecule A (or D) emitted by a
molecule D and is observed when the average distance between D and A (or D) is larger
than the wavelength. Such a transfer does not require any interaction between the partners,
but it depends on the spectral overlap and on the concentration. In contrast, non-radiative
transfer occurs without emission of photons at distances less than the wavelength and
results from short- or long-range interactions between molecules. For instance, non-
radiative transfer by dipole-dipole interaction is possible at distances up to 80-100A.

Non-radiative energy transfer can result from different interaction mechanisms. The
interactions may be Coulombic and/or due to intermolecular orbital overlap. The
Coulomobic interactions consist of long-range dipole-dipole interactions (Forster’s
mechanism) and short-range multi-polar interactions. The interactions due to intermolecular
orbital overlap include electron exchange (Dexter’s mechanism) and charge resonance
interactions.

For allowed transitions on D and A the Coulombic interaction is predominant, even at
short distances. For forbidden transitions on D and A (e.g. in the case of transfer between
triplet states (3D* + 1A — 1D + 3A%*), in which the transitions T;— Sp in D* and Sop — T3
in A are forbidden), the Coulombic interaction is negligible and the exchange mechanism is
found, but is operative only at short distances (< 10 A) because it requires overlap of the
molecular orbitals. In contrast, the Coulombic mechanism can still be effective at large
distances (up to 80-100 A).

For OFnK & PF2/6 blend system, the Forster transfer as a main energy transfer

mechanism was investigated herein. Although the excitation transport (or energy migration)
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can also be happen in OFnK itself from fluorene to fluorenone group (see Scheme 7. 1. 1),
the main energy transfer discussed here is from PF2/6 to OFnK in the blends. The
molecules OF3K or OF5K can be regarded as an acceptor, and the PF2/6 or a segment of
PF2/6 as a donor.

7. 3. 3. 2. Energy transfer mechanism in OFnK & PF2/6
blends

The absorption spectra of OF3K, OF5K, OF7K and the fluorescence spectra of PF2/6
in film are shown in Figure 7. 3. 9. The spectral overlap in the range of 400-550 nm can be
seen between the long-wavelength absorption band of OFnK and the fluorescence spectra
of PF2/6. A simplified Jablonski-type diagram of OF5K and PF2/6 illustrates the case in
Figure 7. 3. 10. The radiative transfer is possible with the absorption by the molecule

OFnK (acceprtor) of a photon emitted by the molecule PF2/6 (donor).
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Figure 7. 3. 9. The UV-vis absorption spectra of OF3K, OF5K, OF7K in film and the

fluorescence spectra of PF2/6 in film.
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Figure 7. 3. 10. Simplified Jablonski-type diagram of OF5K and PF2/6 illustrating the
overlap of spectra.

In a classical molecular crystal the rate limiting process for excitation quenching is the
exciton migration within the host matrix. In a random medium like a conjugated polymer
this is a dispersive process because the energy levels of the molecules/subunits of the
polymer are distributed in energy. This gives rise to energetic relaxation of an exciton and,
concomitantly, to a temporal decrease of the exciton mobility*’. For Férster type energy
transfer, dipole-dipole interactions control a single step transfer from an excited donor to an
acceptor. In order to assess the importance of this mechanism one has to calculate the
relevant rate constant kp«_,a according to Forster theory™

_ 9000(In10)x g2
1287°n*N o R®

[ “F, (e, (A)AdA (7.3.1)

0

Kp*_A

where ¢ is the intrinsic lifetime of the donor, ¢2 is quantum yield of the donor

fluorescence, n is the refractive index of medium, Na is the Avogadro’s number, « is the
molecular orientation factor (k? = 2/3 for random orientation), A is the wavelength, Fp (1)
is the corrected fluorescence intensity of the donor with the total intensity normalized to
unity, &a (4) is the extinction coefficient of the acceptor at 4, and R is the mutual distance

between donor and acceptor molecules. Eg. (7. 3. 1) can be expressed more conveniently as

1 (R
Kpra= —| —2 | , 7.3.2
oon rB(Rj (7.3.2)
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where Ry is the critical distance at which excitation transfer and fluorescence decay of
donor contribute equally and can be expressed as

RS _ 9000(In10)x*¢g

9000(In10)x ¢ |
° 1287z°n’N,

1287°n°N,,

(7.3.3)

j: Fo (e, (A)A4dA =

where ¢p is the fluorescence quantum yield of the donor and J is the spectral overlap
integral between donor fluorescence and acceptor absorption spectra.
If the wavelength is expressed in nanometers, then J() is in units of M™*cm™(nm)* and

Foster distance, in angstroms, is given by
R=0.2110’n*QJ ()] (7. 3. 4)
Calculations based on the absorption spectrum of OF3K or OF5K in toluene assuming
the fluorescence quantum yield of 0.73* for PF2/6 and a refractive index of 2'° afforded a

Ro = 25.6 A and 28.3 A for OF3K & PF2/6 and OF5K & PF2/6, respectively.

If the fluorescence decay of the donor following pulsed excitation is a single exponential,
the measurement of the decay time in the presence (zp) and absence (zp) of transfer is a

straightforward method of determining the transfer rate constant, the transfer efficiency and

the donor-acceptor distance, by using the following relations:*

i:io+kT or kT:i_iO (7.3.4)
Tp Tp Tp Tp
@, =1-0 (7.3.5)
o
R

(7.3.6)

ERCAPA=

The transfer rate constant kr and the transfer efficiency ¢r listed in Table 7. 3. 2 were
calculated according to Eq. 7. 3. 4, 7. 3. 5, in which the lifetimes in the presence (zp) and
absence (72 ) of acceptor were taken from Table 7. 3. 1. In all of the cases, the transfer rate

constant kr and the transfer efficiency ¢r increases with increasing doping concentration
(Figure 7. 3. 11). kr and ¢r increase faster for OF5K & PF2/6 blends at RT than at 77K,
and the energy transfer is faster for OF5K & PF2/6 than OF3K & PF2/6 blends at RT.
The energy transfer efficiency becomes almost saturated when the OFnK concentration
increases up to 3% (wt. %).

The donor-acceptor distance of the two blend systems (OF3K & PF2/6, OF5K &
PF2/6) decreases with the increasing doping concentration (Table 7. 3. 2), i.e., the donor
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and acceptor are more close under higher doping concentration, and energy transfer is also

more effective.

Table 7. 3. 2. A list of the energy transfer rate constants, energy transfer efficiencies and
donor-acceptor distances of OF3K & PF2/6 and OF5K & PF2/6 blends with different
doping concentrations.

Dopping® kr® #° re
Conce. (ns™h A)
Wt. % OF3K  OF5K  OF5K OF3K OF5K OF5K OF3K-  OF5K-
RT RT 77K RT RT 77K RT RT
0% 0 0 0 0 0 0 - -
0.1% 0.26 0.24 0.13 0.07 0.06 0.05 39.8 44.5
0.3% 1.72 1.33 1.41 0.32 0.27 0.35 29.1 33.5
1% 8.24 5.28 1.69 0.69 0.59 0.40 224 26.6
3% 15.57 12.22 6.02 0.81 0.77 0.70 20.1 23.1
10 % 26.64 24.13 14.71 0.88 0.87 0.85 18.4 20.7

2 Dopping concentration, representing the weight content of OFnK in the blends; ° the

energy transfer rate constant (k;). ¢ energy transfer efficiency (¢;). ¢ the donor-acceptor

distance (r).
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=
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Figure 7. 3. 11. The dependence of ky and ¢r on the doping concentration for OF3K &
PF2/6 and OF5K & PF2/6 blends.
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7.4. Summary

A series of oligofluorenes with one fluorenone group in the center of the chain (OFnK)
were used as the model compounds to investigate the origin of the green emission of PFs.
The photophysical properties of OFnK were studied in dilute solution and thin film. Only a
broad green emission band with maximum emission approximately at 540 nm was detected
both in TOL-MCH solution and film at RT for OF5K. The strong green emission was
accompanied with a weak blue emission when excited at 370 nm. The strong green
emission of OFnK suggested that rapid energy transfer from higher energy sites (fluorene
segments) to lower energy sites (fluorenone unit) prior to the radiative decay of the excited
species. At 77K, the green emission band with well-resolved structure appeared at
approximately 550 nm with a vibronic splitting of about 160 meV. The fluorescence
intensity varies approximately linearly with laser excitation intensity when excitation
wavelength is 365 nm and 450 nm. Monoexponential decay behaviour was observed and
the lifetime of the green band is about 8 ns for OF3K and OF5K, which is longer than that
of blue emission from OF5. In addition, site-selective excitation and concentration
dependence of the fluorescence spectra were also investigated. The ratio of green and blue
emission intensity increases with the increase of the concentration. The observed strong
concentration dependence of the green emission band in solution suggests that increased
interchain interactions among the fluorenone-containing oligofluorene chains enhances the
emission from the fluorenone defects at higher concentration. The mono-exponential decay
behaviour and power dependence were not influenced significantly by the concentration.
We have ruled out the possibility that the green emission band originates from aggregates
or excimer formation.

By comparing of the photophysical properties of OF5 and OF5K with experimental
results and reported quantum-chemical calculations®, some important conclusions were
drawn:

The low lying states S; (n-n*) and S, (CT =-n*) in fluorenone-containing chains possess
very low oscillator strength, so the absorption in the low energy range of OFnK (2.2-2.4
eV) is very weak. The first state with high osillator strength in OF5K is the third singlet

excited state Ss. It is actually located at about the same energy as the lowest singlet excited
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state in the OF5, so similar absorption maximum wavelength is observed for OFnK and
OFn.

1) The energy of the CT =-rt* state is below that of the n-n* state due to excited-state
geometry relaxation. The green emission arises from the radiative decay of the excited
species from the first relaxed singlet excited state to the ground state. The LUMOs of
OF5K, which are rather strongly confined to the fluorenone unit (with large electron
densities on the C = O bridge), have no counterparts in keto-free oligo(fluorene)s.
Therefore, one finds no equivalent to the CT =-n* state in “pristine” oligo- or
poly(fluorene)s.

i) The wavelength of the absorption maximum is red-shifted with the chain-length
increasing for both OFnK and OFn. This is a consequence that the n-n* excited state is
delocalized in the whole molecules. The position of low-energy absorption and the green
emission is independent of the chain-length of OFnK except for OF1K. This is explained
for the reason that the n-n* state and CT =-nt* are localized dominantly on the central
fluorenone unit of OFnK.

Energy transfer was investigated using a model system of a polyfluorene doped by
OFnK. Forster-type energy transfer takes place from PF2/6 to OFnK, and the energy
transfer efficiency increases with increasing doping concentration of OFnK.

A series of studies on the blends suggests an efficient Forster energy transfer to the
fluorenone defects and strong exciton confinement on the fluorenone moieties, because of
their lower-lying energy levels, compared to fluorene segments.’® Efficient funneling of
excitation energy from the high-energy fluorene segments to the low-energy fluorenone
defects results from energy migration by hopping of excitations along a single polymer
chain until they are trapped on the fluorenone defects on that chain or transferred onto
neighbouring chains by Forster-type interchain energy transfer processes.

These results imply that the red-shifted emission in polyfluorenes can originate from
(usually undesirable) keto groups at the bridging carbon atoms-especially if the samples
have been subject to photo- or electro-oxidation or if fluorenone units are present due toan

improper purification of the monomers prior to polymerization.
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7.5 Experimental part

PF2/6 blended with 0.1, 0.3, 1, 3, 10 wt. % OFnK was spin coated onto quartz substrates
from toluene solution (10 mg/ml) at 2000 rpm, resulting in homogenous films with
thickness of 50 nm. OF5K was added as part of the total weight, for example, 1% doped
polymer films were spin coated from a 0.495 wt.% PF2/6 /0.005 wt.% OFnK solution in
toluene. The film thickness was measured with a Tencor P-10 Surface Profiler.
Experimental setup for the fast TRF (streak camera technique) and long range delayed
fluorescence measurement (gate-detection technique) was alrealy described in Chapter 5. 7.

UV-vis spectra were recorded at room temperature with a Perkin-Elmer Lambda 9
UV/Vis/NIR spectrophotometer. Steady state photoluminescence spectra were obtained on
a Spex Fluorolog 11 (212). Thin films of all materials were made by spin-coating of solution
in chloroform onto quartz substrate except for the films of blend system. The thickness of

all of film is approximately 50 nm.
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8 Summary

Homo-oligofluorenes (OFnN), polyfluorenes (PF2/6) and oligofluorenes with one
fluorenenone group in the center (OFNK) were synthesized in this Ph.D. work. They were
used as model compounds to understand of the structure-property relationships of
polyfluorenes and the origin of the green emission in the photoluminescence (after
photooxidation of the PFs) and the electroluminescence (EL) spectra. The electronic,
electrochemical properties, thermal behavior, supramolecular self-assembly, and
photophysical properties of OFn, PF2/6 and OFnK were investigated.

Oligofluorenes with 2-ethylhexyl side chain (OF2-OF7) from the dimer up to the
heptamer were prepared by a series of stepwise transition metal mediated Suzuki and
Yamamoto reactions. Unsymmetrical monobromides of monomer, dimer and trimer of
fluorenes are important intermediate compounds for higher oligomers. Polyfluorenes was
synthesized by Yamamoto coupling of 2,7-dibromo-9,9-bis(2-ethylhexyl)fluorene.
Oligofluorenes with one fluorenone group in center (OF3K, OF5K, OF7K) were prepared
by Suzuki coupling between the monoboronic fluorenyl monomer, dimer, trimer and 2, 7-
dibromofluorenone. Hundred of milligrams pure compounds were obtained.

The electrochemical and electronic properties of homo-oligofluorenes (OFn) were
systematically studied by several combined techniques such as cyclic voltammetry,
differential pulse voltammetry, UV-vis absorption spectroscopy, steady- and transition state
fluorescence spectroscopy. It was found that the oligofluorenes behave like classical
conjugated oligomers, i.e., with the increase of the chain-length, the corresponding
oxidation potential, the absorption and emission maximum, ionization potential, electron
affinity, band gap and the photoluminescence lifetime displayed a very good linear relation
with the reciprocal number of the fluorene units (1/n). The extrapolation of these linear
relations to infinite polymers predicted the electrochemical and electronic properties of the
corresponding polyfluorenes.

The thermal behavior, single-crystal structure and supramolecular packing, alignment
properties, and molecular dynamics of the homo-oligofluorenes (OFn) up to the polymer
were studied using techniques such as TGA, DSC, WAXS, POM and DS. The OFn from
tetramer to heptamer show a smectic liquid crystalline phase with clearly defined

isotropization temperatures; and this allows extrapolation to the expected isotropization
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temperature of the polymer at around 475 °C. Unlike the polymer, the oligomers do show a
glass transition which exhibits n™* dependence and allows extrapolation to a hypothetical
glass transition of the polymer at around 64 °C. This glass transition refers to a freezing of a
liquid-crystal phase not seen for the polymer. A smectic packing and helix-like
conformation for the oligofluorenes from tetramer to heptamer was supported by WAXD
experiment, simulation, and single-crystal structure of some oligofluorene derivatives. The
twist angle between the two neighboring fluorene units was approximately 144 °, and was
in agreement with the torsional angle between neighboring monomers for polyfluorenes in
the case of a 5/2 helix. Oligofluorenes were aligned more easily than the corresponding
polymer, and the alignability increased with the molecular length from tetramer to heptamer.
The molecular dynamics in a series of oligofluorenes up to the polymer was studied using
dielectric spectroscopy. Two dielectrically active processes were found, one below T, (B-
process) and one above (o-process) associated with the DSC T,. The latter bears many
polymeric features.

In addition, structural and supramolecular packing, alignment properties, and molecular
dynamics of OF5K were also studied in a similar way. The OF5K can be also aligned on
rubbed Pl and the alignability was weak slightly comparing to that of the homo-OF5. The
single crystal of OF5K was obtained and the smectic liquid crystalline phase was
confirmed, further supporting the smectic liquid crystal phase for the high homo-
oligofluorenes. Dielectric spectroscopy is very sensitive to the presence of keto defects that
drastically influence the optical and electronic properties and it revealed that the effect of
the keto defects on the molecular dynamics was mainly to stiffen the backbone and
increased the T, by about 15 K.

The photophysical properties of OFn and PF2/6 were investigated by the steady-state
spectra (UV-vis absorption and fluorescence spectra) and time-resolved fluorescence
spectra. The steady state spectra of oligofluorenes (OF-n) and polyfluorenes (PF2/6) both
in solution and thin film were presented. The time-resolved fluorescence spectra of the
oligofluorenes were measured by streak camera and gate detection technique in m-THF
solution and film at both RT and 77K. The lifetime of the oligofluorenes decreased with the
extension of the chain-length. No green emission was observed in CW, prompt and delayed
fluorescence for oligofluorenes in M-THF and film at RT and 77K. Concentration and laser
excitation intensity dependence of oligofluorenes were also investigated. Phosphorescence

was observed for oligofluorenes in frozen dilute m-THF solution at 77K and its lifetime
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increased with length of oligofluorenes. A linear relation was obtained for triplet energy
and singlet energy as a function of the reciprocal of n (the number of fluorene units in
oligofluorenes), and the singlet-triplet energy gap (S;-T;) was found to decrease with the
increase of n.

Oligofluorenes with one fluorenone unit at the center were used as model compounds to
understand the origin of the low-energy emission band in the photoluminescence and
electroluminescence spectra of polyfluorenes. Their electrochemical properties were
investigated by CV technique, and the ionization potential (I,) and electron affinity (E,)
were calculated from the onset of oxidation and reduction of OFnK. The photophysical
properties of OFNK were studied in dilute solution and thin film by steady-state spectra and
time-resolved fluorescence spectra. A strong absorption of m-m* transition accompanied
with a weak long-wavelength absorption (n-n*) were observed in the steady-state UV-vis
spectra. A strong green emission accompanied with a weak blue emission were obtained in
solution and only green emission was observed from the film; the green emission was very
similar with the low-energy emission of photo- or electro-oxidized PFs. The strong green
emission of OFnK suggested that rapid energy transfer from higher energy sites (fluorene
segments) to lower energy sites (fluorenone unit) prior to the radiative decay of the excited
species. The fluorescence spectra of OFnNK also showed solvatochromism. At 77K, the
green emission band with well-resolved structure appeared at approximately 550 nm with a
vibronic splitting of about 160 meV. Monoexponential decay behaviour was observed by
time-resolved fluorescence measurements and the lifetime of the green band is about 8 ns
for OF3K and OF5K, which is longer than that of blue emission from OF5. In addition,
the site-selective excitation and concentration dependence of the fluorescence spectra were
also investigated. The ratio of green and blue emission band intensity increases with the
increase of the concentration. The observed strong concentration dependence of the green
emission band in solution suggests that increased interchain interactions among the
fluorenone-containing oligofluorene chain enhanced the emission from the fluorenone
defects at higher concentration. On the other hand the mono-exponential decay behaviour
and power dependence were not influenced significantly by the concentration. We have
ruled out the possibility that the green emission band originates from aggregates or excimer
formation.

By comparing of the photophysical properties of OF5 and OF5K from experimental

results and reported quantum-chemical calculations, some important conclusions were
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drawn: 1) the low lying states S; (n-n*) and S, (CT n-n*) in fluorenone-containing chains
possess very low oscillator strength, so the absorption in the low energy range of OFnK
(2.2-2.4 eV) is very weak. The first state with high osillator strength in OF5K is the third
singlet excited state S3, and it is actually located at about the same energy as the lowest
singlet excited state in the OF5, so similar absorption maximum wavelength is observed for
OFnK and OFn; i1) the energy of the CT n-rt* state is below that of the n-n* state due to
the excited-state geometry relaxations. The green emission arises from the radiative decay
of the excited species from the first relaxed singlet excited state to the ground state. iii) The
wavelength of absorption maximum is red-shifted with the increasing of chain-length for
both OFnK and OFn. This is due to the n-n* excited state that is delocalized in the whole
molecules. The position of low-energy absorption and the green emission spectra is
independent with the chain-length of OFnK except for OF1K. This is due to the n-m* state
and CT n-rt* is localized dominantly on the central fluorenone unit of OFnK.

Energy transfer was investigated using a model system of a polyfluorenes doped by
OFnK. Forster-type energy transfer took place from PF2/6 to OFnK, and the energy
transfer efficiency increases with the increasing of the doping concentration of OFnK. A
series of studies on the photophysical properties of OFNK and blend systems proposed an
efficient Forster energy transfer to the fluorenone defects and strong exciton confinement
on the fluorenone moieties. Efficient funneling of excitation energy from the high-energy
fluorene segments to the low-energy fluorenone defects results from energy migration by
hopping of excitations along a single polymer chain until they are trapped on the fluorenone
defects on that chain or transferred onto neighbouring chains by Forster-type interchain
energy transfer process. These results imply that the red-shifted emission in polyfluorenes
can originate from (usually undesirable) keto groups at the bridging carbon atoms-
especially if the samples have been subject to photo- or electro-oxidation or if fluorenone
units are present due to an improper purification of the monomers prior to polymerization.

Based on the present research, the homo-oligofluorenes are as a defect-free material for
blue LED and a material with high alignability for polarized light-emitting diodes (PLED).
In addition, although the fluorenone defects in the oligo- and polyfluorenes completely
destroy the normal blue emission, they can instead be used as efficient green

electroluminescent materials in LEDs.
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List of symbols and abbreviations

A
COD
CT
Ccv
Cw
D

DF
DMF
DMSO
DPV
DS
DSC
Ei
Ea
ECL

EL
FETSs
FD-MS
FTRF

GPC
HOMO
HPLC
ISC
ITO
LB
LCs
LCOs
LCPs

Acceptor
Cycloocta-1,5-diene
Charge transfer
Cyclic Voltametry
Continuous wavelength
Dichroic ratios
Delayed fluorescence
N,N-dimethylformamide
Dimethylsulfoxide
Different pulse voltammetry
Dielectric spectroscopy
Differential scanning calorimetry
Half wave potential
Electron affinity
Effective conjugation length
Energy of band gap
Electroluminescence
Field-effect transitions
Field desorption mass spectroscopy
Fast time-resolved fluorescence
hour
lonization potential
Gel permeation chromatography
The highest occupied molecular orbital
High pressure liquid chromatography
Intersystem crossing
Indium tin oxide
Langmuir-Blodgett
Liquid crystal
Linear m-conjugated oligomers

Liquid crystalline polymers
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Abbreviations

LECs
LEDs
LPPP
LUMO
MCP
MEH-PPV
m.p.
NMR
OFn
OLED
OMA
OPO

p

PA

PD
PDA
PF2/6
PF3/5
PF4C12

PF8/1/1C2/6

PFL
PFO
PFs

Ph

PI

PL
PLEDs
POM
PPE
PPP
PPV
PS

Light-emitting electrochemical cells
Light-emitting diodes; Light-emitting devices
Ladder poly(p-phenylene)

The lowest unoccupied molecular orbital
Micro-channel plate
Poly(2-methoxy-5-[2’-ethylhexyloxyl]-p-phenylene-vinylene)
Melting point

Nuclear magnetic resonance

Oligofluorenes

Organic blue-light-emitting diode

Optical multichannel analyzer

Optical parametric oscillator

Polarization ratio

Polyactylene

Polydispersities

Poly(diacetylene)s
Poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl)
Poly(9,9-bis(2-propylpentyl)fluorene)
Poly(2,7-(9,9-bis(2-butyl)co-(9,9-bis(dodecyl))fluorene)
Poly(2,7-(9,9-bis(2-ethylhexyl))co-(9,9-bis((3S)-3,7-
dimethyloctyl))fluorene)

Prompt fluorescence
Poly(9,9-bis(2-octyl)fluorene

Polyfluorenes

Phosphorescence

Polyimide

Photoluminescence

Polymer light-emitting diodes

Polarizing Optical Microscopy
Poly(p-phenyleneethynylene)
Poly(p-phenylene)
Poly(para-phenylenevinylene)

Polystyrene
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Abbreviations

PT Poly- (a-thiophene)s

PTFE Poly(tetrafluoroethylene)

RT Room temperature

SEC Size-exclusion chromatography
SPT Single-photon timing technique
TBAPFg Tetrabutylammonium hexafluorophosphorate
TD Time-domain

TEM Transition electron microscopy

Ty Glass transition

TGA Thermal gravimetric analysis

Tiso Isotropic transition

THF Tetrahydrofuran

m-THF 2-methyl tetrahydrofuran
TOL-MCH Toluene: methyl-cyclohexane
TRF Time resolved fluorescence

TRPL Time-resolved photoluminescence
TTA Triplet-triplet annihilation

VFT Vogel-Flulcher-Tammann

WAXS Wide angle X-ray scattering

XPS X-ray photo-emission spectroscopy
XRD X-ray diffraction
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