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Abstract This chapter reviews the synthesis of the various classes of polyphenylene-based
materials that have been investigated as active materials in light-emitting applications.
In particular, it is shown how the electronic properties may be controlled by synthetic
design. Insoluble poly(para-phenylene) can be made by a variety of precursor routes.
Attachment of solubilising side chains gives soluble polyphenylenes in which a high de-
gree of torsion between adjacent benzene rings produced by steric interactions between
the substituents strongly reduces their electronic interaction. The phenylene units can be
made coplanar by bridging them with methine or other bridges to produce ladder-type
polymers, which show excellent photophysical properties, but strong intermolecular in-
teractions lead to problems in obtaining blue emission. Similar problems are seen for
‘stepladder’ polymers such as polyfluorenes with only partial bridging of the phenylene
rings. These interactions may be controlled by introduction of bulky substituents. The
electroluminescence efficiency of these materials can also be enhanced by use of charge-
transporting substituents. Copolymerisation with lower-band-gap units enables tuning of
the emission colour across the entire visible range.

Keywords Poly(para-phenylene)s - Ladder polymers - Photoluminescence -
Electroluminescence - Light-emitting diodes

Abbreviations

Ac acetyl

AIBN azabis(isobutyronitrile)

Boc tert-butoxycarbonyl

Bu butyl

sec-Bu sec-butyl

'Bu tert-butyl

Cp cyclopentadienyl

DMSO dimethyl sulfoxide

ECL effective conjugation length

EL electroluminescence

eV electron volt

HOMO highest occupied molecular orbital
IR infrared

ITO indium tin oxide

LB Langmuir-Blodgett

LEC light-emitting electrochemical cell
LED light-emitting diode

LPPP ladder-type poly(para-phenylene)
LUMO lowest unoccupied molecular orbital

MALDI-TOF matrix assisted laser desorption ionisation-time of flight mass spectrome-
try
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Me methyl

Me-LPPP methyl-substituted LPPP

M, number-averaged molecular weight
My, weight-averaged molecular weight
NMR nuclear magnetic resonance spectroscopy
PANI polyaniline

PDAF poly(dialkylfluorene)

PEDOT poly(3,4-ethylenedioxythiophene)
PEO poly(ethylene oxide)

PF polyfluorene

Ph phenyl

Ph-LPPP phenyl-substituted LPPP

PIF polyindenofluorene

PMMA poly(methyl methacrylate)

PPP poly(para-phenylene)

PPV poly(para-phenylene vinylene)

PS polystyrene

PSS poly(styrene sulfonate)

PVK poly(N-vinyl carbazole)

TGA thermal gravimetric analysis
UV-VIS ultraviolet-visible

1

Introduction

Polyphenylenes are one of the most important classes of conjugated polymers
and have been the subject of extensive research, particularly as active materi-
als for use in light-emitting diodes (LEDs) [1, 2] and polymer lasers [3]. These
materials have been of particular interest as potential blue emitters in such
devices. The discovery of stable blue-light-emitting materials is a major goal
of research into luminescent polymers [4]. In this chapter we review the syn-
thesis of polyphenylene-based materials for light-emitting applications, with
a particular emphasis on how the properties of the materials may be tuned
by synthetic design. The classes of material that will be covered in this review
(Scheme 1) are polyphenylenes including poly(para-phenylene) (PPP, 1) and
soluble PPPs (2), in which there is only a single bond between each adjacent
pair of phenylene units, ladder-type PPPs (LPPPs, 3), in which all the pheny-
lene units are tied together in a coplanar fashion by methine bridges, and
so-called ‘stepladder’ polymers such as polyfluorenes (PFs, 4) and polyinde-
nofluorenes (PIFs, 5), in which only some of the phenylenes are linked by
methine bridges. In this introduction we present an overview of the import-
ant properties of these materials that need to be controlled in order to obtain
efficient LEDs, of the general principles of how these properties may be con-
trolled by synthetic or other methods, and of the general synthetic methods
available for the preparation of these polymers. We will then present a more
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R. R
{QF} <
n
R
1R=H 4R = alkyl
2 R =alkyl, alkoxy
R_ R
R R
3 R4,R;y = alkyl, Rz = H, alkyl 5R = alkyl

Scheme 1 Typical polyphenylene-based conjugated polymers

detailed discussion of the synthesis and optimisation of polymer properties
for each class of material.

There are several properties of luminescent materials that need to be con-
trolled in order to make efficient LEDs and lasers. The first is the colour of
the emission, which is primarily determined by the energy difference (band
gap) between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), but in the solid state is also affected
by interactions between the molecules or polymer chains which can lead to
red shifts in the emission due to formation of aggregates. This can be con-
trolled by manipulating both the polymer backbone and the substituents.
Polyphenylenes are intrinsically blue-emitting materials with large HOMO-
LUMO gaps but, as we will show, by copolymerisation with other materials
it is possible to tune the emission colour across the entire visible spectrum.
Even without incorporation of comonomers it is possible to tune the emis-
sion colour over a substantial range by controlling the conjugation length
through restriction of the torsion of adjacent phenylene rings. Thus substi-
tution of PPP (1) with solubilising groups to give soluble PPPs (2) causes
a blue shift in the emission as the steric interactions between the side chains
induce increased out-of-plane twisting of the phenylene units, while the en-
forced coplanarity produced by the methine bridges in LPPP (3) results in
a marked red shift in the emission. The ‘stepladder’ polymers such as PFs (4)
and PIFs (5) show emission colours intermediate between those of 2 and 3.
As already mentioned, solid-state interactions between polymer chains can
cause red shifts in the emission from these materials, which can be sup-
pressed by suitable choice of substituents. This can however adversely affect
the charge-transporting properties of the material (see below).

The second critical property to be tuned is the efficiency of charge injec-
tion, which is determined by the energy barrier between the HOMO and the
anode (for hole injection) and between the LUMO and the cathode (for elec-
tron injection), and of charge transport which is controlled by intermolecular
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or interchain interactions. Polyphenylenes are materials with intrinsically
low-lying HOMOs (typically 5.8-6.0 €V), which creates a large barrier to hole
injection from the most widely used anode material, indium tin oxide (ITO),
which has a work function of 4.8-5.0 V. The LUMO values are typically
around 2.2-2.5 eV, which makes electron injection from air-stable metals like
aluminium (work function 4.3 V) difficult, thus requiring the use of more
electropositive metals such as calcium (work function 2.9 eV) as cathodes.
Obviously, one can improve the charge injection by raising the HOMO and/or
lowering the LUMO energy of the polymer, but in doing so one reduces the
size of the energy gap and so red shifts the emission colour. As a result, ob-
taining efficient blue emission is a particular problem.

The efficiency of devices can be increased by the incorporation of layers
of charge-injecting (or level-matching) materials which have energy levels in-
termediate between that of the emissive layer and the work function of the
electrode, but the use of such layers has the disadvantage of increasing the
device thickness which increases the driving voltage, and also complicates de-
vice fabrication as successive layers have to be deposited in ways such that
the lower layers are not disturbed by deposition of the upper ones. Blend-
ing charge- transporting materials into the emissive layer leads to problems
with phase separation giving unstable device performance. Incorporation of
charge-accepting units into the polymer backbone or onto the side chains
avoids both these problems. This approach has been used to successfully
improve both the hole- and the electron-accepting properties of phenylene-
based polymers. Good charge transport in the solid state requires close
packing of polymer chains permitting rapid and efficient hopping of charges
between chains. As mentioned above, strong interchain interactions can cause
undesirable red shifts in the emission spectrum, so that it is sometimes neces-
sary to compromise the charge-transport properties of the material to obtain
the desired emission colour.

Other desirable properties are the ability to form defect-free films, prefer-
ably by solution-processing techniques, a high solid-state photoluminescence
(PL) quantum efficiency, and good stability towards oxygen and light. For
some applications the ability to obtain polarised light is also desirable. All
of these properties are to some extent controllable by design of the struc-
ture and the synthetic pathway. The formation of a thick, uniform defect-free
film by spin coating or similar solution-processing methods is dependent
upon many factors. The first is the molecular mass of the compound, as
low molar mass materials tend to be crystalline and so do not form high-
quality amorphous films, while very high molar mass polymers are difficult
to dissolve. The second is the solubility. To obtain a good film, the mate-
rial must be reasonably soluble as too dilute solutions give too thin films,
and must not form aggregates in solution as these will tend to lower the
film quality (uneven morphology) and may produce red shifts in the emis-
sion. The exact PL efficiency of a given material is as yet not predictable,
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but the removal of fluorescence quenching defects, such as halide atoms or
carbonyl groups, and the suppression of interchain interactions leading to
non-radiative decay pathways, are known to assist in improving solid-state
quantum efficiency of materials. The stability of a polymer towards photo-
oxidation can be improved by avoiding susceptible functional groups, e.g.
benzyl protons. Polarised emission is obtained by alignment of the poly-
mer chains, which seems to be easiest for polymers which possess a liquid-
crystalline mesophase [5]. Circularly polarised emission has been obtained by
using chiral side chains.

The synthesis of polyphenylenes has been reviewed most recently by
Kaeriyama [6] and Scherf [7]. There exist three general methods for the syn-
thesis of polyphenylene-based materials: (a) aromatisation of poly(cyclohexa-
1,3-diene) precursor polymers, which is used only to make poly(para-
phenylene (PPP, 1) and rod-coil copolymers containing PPP rods; (b) ox-
idative coupling of monomers, which is of strictly limited synthetic utility
as only low molecular mass materials are obtained from such methods;
and (c) transition-mediated polycondensations of substituted aromatic com-
pounds and/or aryl organometallic compounds. This last is the main method
for preparing phenylene-based polymers. The two main polycondensation
methods used are the Suzuki polycondensation of aryl halides with aryl-
boronic acids [8] and the Yamamoto polymerisation of aryl dihalides using
nickel(0) reagents [9]. Generally speaking, the Suzuki method gives higher
molecular masses than the Yamamoto procedure, but is synthetically more
demanding. A more detailed comparison of the relative merits of the two
methods will be given in the discussion of the synthesis of soluble PPPs
(Sect. 2.2, below). Other coupling reactions, e.g. Stille coupling of aryl halides
and aryl tin reagents [10] or Kumada coupling of aryl halides with aryl
Grignard reagents [11], have also been used to make polyphenylenes, but gen-
erally give lower molecular masses than the Suzuki or Yamamoto methods.

2
Poly(para-phenylene)s

2.1
Poly(para-phenylene) (PPP)

2.1.1
PPP by Coupling of Benzene Rings

Unsubstituted PPP (1) is insoluble, and so direct synthesis by oxidation
of benzene by the Kovacic method [12] or by nickel(0) coupling of 1,4-
dihalobenzenes [9] (Scheme 2) gives insoluble and intractable powders with
degrees of polymerisation of about 20 as determined by IR absorption meas-
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Scheme 2 Direct routes to PPP

urements [13]. The material obtained by the Kovacic method contains a large
amount of defects due to 1,2-coupling and/or formation of condensed poly-
aromatic units, while the Yamamoto method gives only 1,4-coupling.

Films of oligophenylenes with an average of about nine benzene rings (1,
n=9) can be prepared from these powders by vacuum deposition [13, 14].
Due to the difficulty of obtaining pure oligomers of PPP with more than
six benzene rings, the effective conjugation lengths (ECLs) for absorption
and emission of PPP (i.e. the lengths beyond which increasing the length of
the polymer chain produces no further red shift in absorption or emission)
have not been determined. A study of oligomers with solubilising substituents
(2, n=3-17) determined the ECLs for such compounds to be 11 phenyl
rings for absorption and seven rings for emission [15]. As substituted PPPs
(2) have shorter conjugation lengths than PPP (1) due to the steric interac-
tions between the substituents leading to greater out-of-plane twisting of the
conjugated backbone, the ECLs for 1 can be expected to be longer. Related
polymers such as ladder-type PPPs (3, Sect. 3.1), polyfluorenes (4, Sect. 4.1),
and polyindenofluorenes (5, Sect. 4.2) in which the torsion angles between
adjacent units are similar to or smaller than in PPP all show ECLs for emis-
sion of between 11 and 15 phenyl rings. The EL emission maximum from
devices using vacuum-deposited films of PPP oligomers (n ~ 9) occurs at
446 nm [16-18]. Comparison of the EL maxima from these devices and those
using high molecular weight PPP made by a precursor route (see below) sug-
gests that the ECL for emission from 1 is greater than 10 benzene rings. Inser-
tion of a poly(N-vinylcarbazole) (PVK) charge-transporting layer improves
the efficiency tenfold, but at low voltages there is considerable emission
(Amax = 550 nm) from an excimer between PVK and the oligophenylenes [18].
As the voltage increases this decreases as the recombination zone shifts into
the bulk of the oligophenylene layer, thus giving voltage-tunable EL. Leis-
ing and coworkers have used well-defined films of a hexaphenyl oligomer
(1, n = 6, sexiphenyl) to make blue-emitting devices, with an emission max-
imum at 425 nm [19-26]. Comparison of the EL spectra of sexiphenyl films
with the orientation of the oligomers variously parallel or perpendicular to
the substrate shows that the latter gives brighter emission with a narrower
spectrum [27]. Polarised emission has been reported from oriented films of
sexiphenyl [28, 29]. The Leising group have made red- and green-emitting de-
vices using thin films of sexiphenyl covered with appropriate dyes to convert
its blue emission [23,30-35]. White emission is obtainable by appropriate
colour mixing [35].



8 A.C. Grimsdale - K. Miillen

2.1.2
Precursor Routes to PPP

Films of PPP have to be prepared via precursor routes (previously reviewed
by Gin and Conticello [36]). The route most often used to prepare films of
PPP (1) is one developed at ICI (Scheme 3) [37,38]. This starts with a mi-
crobial oxidation of benzene to cyclohexadienediol 6. Radical-initiated poly-
merisation of the diacetate 7 gives the precursor polymer 8, which is then
thermally converted to 1. However, the material is not stereoregular as it con-
tains about 10-15% of 1,2-linkages. This material has been used by Leising
et al. to prepare blue-emitting LEDs (Apax = 459 nm) with efficiencies of up
to 0.05% [39-41].

A number of other diesters of 6 have been polymerised by the same
method (again with 10-15% of 1,2-linkages in the polymer) and thermally
converted to PPP, with the highest molecular weights being obtained with
dimethyl carbonate and dipivaloyl esters [42]. Copolymers with blue-shifted
PL spectra can be prepared by copolymerisation of 7 and 10 mol % of vinyl-
biphenyl or N-vinylcarbazole [43, 44]. The blue shift is due to interruption of
the conjugation by the non-aromatic units.

Totally stereoregular PPP (i.e. with all 1,4-linkages) has been prepared by
Grubbs and coworkers (Scheme 4) by a stereospecific nickel-catalysed poly-
merisation of a cyclohexadienediol disilylether 9, followed by conversion of
the resulting polymer 10 to 1 via the acetoxy-precursor 8 [45-48]. However,

@ PPutlda Q ACZO py. Q AIBN g E 310 340 °C :::

HO OH AcO OAc
Scheme 3 ICI route to PPP

Me3SiCl, py Ni(CF3C0,),(n>-allyl) 1. BugNF
—_— > e
n  2.Ac0 n

HO OH Me3SiO OSiMe; Me3SiO OSiMe3 AcO OAc
6 9 10 8

Scheme 4 Grubbs route to regioregular PPP
CO,Me CO,Me CO,H

O e {0} e {0 2O,

Scheme 5 Kaeriyama precursor route to PPP



Polyphenylene-type Emissive Materials 9

to assist processing they used an acid catalyst in the final step, which badly
contaminated their product, making it unsuitable for use in LEDs.

Another method for preparing all 1,4-linked PPP is that of Kaeriyama
and coworkers (Scheme 5) [49,50]. Yamamoto polycondensation of methyl
2,5-bromobenzoate 11 produced a soluble all-para polymer 12, which was hy-
drolysed to the polyacid 13 and then decarboxylated to give PPP. However, the
decarboxylation cannot be satisfactorily performed in the solid state, so this
method is unsuitable for preparing high-quality films.

PPP films can also be prepared by electropolymerisation under either re-
ductive or oxidative conditions, but the EL properties have been found to be
highly dependent on the polymerisation conditions [51]. A study of the PL ef-
ficiency of PPP thin films of varying chain length concluded that for highly
ordered PPP films a chain length of 25-30 units was optimal [52]. Oriented
films of PPP have been prepared by a friction deposition method and found
to show highly polarised fluorescence [53].

2.2
Poly(para-phenylene)s with Solubilising Substituents

2.2.1
Synthetic Routes to Substituted PPPs

Yamamoto and coworkers prepared a PPP derivative 14 by treatment of
1 (prepared by the Yamamoto method [54]) with perfluorpropylperoxide
(Scheme 6). From NMR and other analysis they estimated that the average
chain length was 13 benzene units with an average of two perfluorpropyl units
per molecule. This material showed blue PL (Apax = 450 nm), and was used
to construct a device whose emission colour was found to shift from green to
blue with increasing applied voltage [55].

More generally, PPP derivatives 15 with solubilising side chains, most com-
monly alkyl or alkyoxy groups, are prepared by transition metal catalysed
polycondensations [56]. The main methods used are the Suzuki and Ya-
mamoto polycondensations. Two variations of the Suzuki polycondensation
can be used. The simpler, so-called ‘AB coupling’ (Scheme 7), involves con-
version of a dibromobenzene 16 into a bromoarylboronic acid 17, which is
then homocoupled to give 15. Random copolymers can be made by using
a mixture of monomers.

CsF7
KO e w W,
m CFCI,CFCly
1 14

Scheme 6 Perfluorpropylation of PPP
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Scheme 7 Soluble PPPs by AB-type Suzuki polycondensation

In the other ‘AA-BB coupling’ method (Scheme 8) a phenylbisboronic acid
18 is coupled with a dihalobenzene 16. This method has the advantage of per-
mitting the preparation of alternating copolymers 19, but there can be experi-
mental difficulties as exactly equimolar amounts of 16 and 18 are required for
optimal polymerisation. In particular, boronic acids are hygroscopic, may be
contaminated with significant amounts of the anhydrides, and are often diffi-
cult to purify. As a result boronic esters are frequently preferred as reagents,
even though their preparation involves an extra step, as they are usually easier
to purify and handle.

Considerable work in optimising the Suzuki polycondensation methods
for making polyphenylenes has been done, particularly by the Wegner and
Schliiter groups [57-64]. For a fuller description of the scope and problems
of Suzuki polycondensation, the reader is referred to the recent review by
Schliiter [8].

The Yamamoto method of condensing dihalobenzenes 16 with nickel(0)
(Scheme 9) has the advantage of experimental simplicity, but is limited to
preparation of homopolymers and random copolymers, and requires stoi-
chiometric amounts of expensive nickel(0) reagents. These can be generated
in situ by the reduction of nickel(II) salts in the presence of suitable ligands,

R R R R
BrAQ*Br + (HO)QBAQB(OH)Z Pd(©
R R, Rq R n

16 18 19 R, Ry = alkyl, alkoxy

Scheme 8 Soluble PPPs by AA-BB-type Suzuki polycondensation

R = alkyl, alkoxy

Scheme 9 Soluble PPPs by Yamamoto polycondensation
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but the results from such polymerisations tend to be inferior than from the
use of commercially available nickel(0) reagents. For a more comprehensive
discussion of the reagents and conditions for this method, the reader is re-
ferred to the review by Yamamoto [9].

Percec and coworkers have developed a variation of this method in which
hydroquinone bistriflates 20 [65-67] or bismesylates 21 [68,69] are coupled
to give alkyl, aryl, or ester functionalised PPPs 22 (Scheme 10). An advantage
of this method is that the monomers are easily prepared from hydroquinone.

Poly(2,5-dialkoxy-1,4-phenylene)s can also be made by oxidation of para-
dialkoxybenzenes (Scheme 11). Thus, 1,4-dimethoxybenzene (23) can be
polymerised with aluminium chloride and copper(II) chloride or iron(III)
chloride. The polymer 24 is only soluble in sulfuric acid, however, and so
not usable in LEDs [7]. Oxidation of 1,4-dibutoxybenzene (25) with iron(III)
chloride by contrast gives a polymer 26 which is soluble in organic sol-
vents [70, 71].

Of these methods it is reported that the Suzuki method gives the highest
degrees of polymerisation in alkyl or alkoxy PPPs [72]. In addition to alkyl
and alkoxy groups, a wide range of other substituents have been used to sol-
ubilise PPPs. In polymers where the rings have two identical substituents,
the question of polymer regioregularity does not arise, but in other cases
there is the possibility of the units coupling in either a ‘head-to-head’ or
‘head-to-tail’ fashion (Scheme 12). The different steric interactions between
the substituents on adjacent units may cause different degrees of out-of-plane
twisting in the two cases, which will affect the conjugation length, while the
differences in the interactions between the chains may cause differences in
chain packing, which influences the morphology of the polymer film and
the rates of charge-carrier and exciton migration between chains. To date

Z z
Ni(0)
RO OR — Z = alkyl, phenyl, CO,Me

n

20R = CF3SOZ 22
21R= CH3SOZ

Scheme 10 Percec route to soluble PPPs
CUC|2 OC4H9 OC4H9
or FeCI3 FeCI3
AICI3
C4H90 C4H90

Scheme 11 Alkoxy-substituted PPPs by oxidative polymerisation
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Scheme 12 Regioisomerism in substituted PPPs

the only report of the synthetic control of the regioregularity of a substi-
tuted PPP influencing the properties comes from the synthesis of poly(2-
benzoyl-1,4-phenylene) (27) by Yamamoto polycondensation [73]. When the
polycondensation was performed with 2,2-bipyridyl as a ligand, the resulting
polymer was found to have a sharply red-shifted UV absorption maximum
(Amax = 352 nm versus 328 nm) indicating a much longer conjugation length,
which was attributed to the material being much more head-to-tail regioreg-
ular.

2.2.2
Luminescent Properties of Soluble PPPs

These polymers show blue PL emission and many of them have been used
by various groups to make LEDs (Scheme 13) [71,74-89]. The EL spectra are
often red shifted compared to the PL spectra and, due to formation of aggre-
gates which show longer-wavelength, usually yellow, emission the overall EL
emission colour is not always blue, but may be green or even white, particu-
larly after operation of the device for some time. Efficiencies from single-layer
devices are about 0.05% with aluminium cathodes (work function 4.3 €V),
and up to 1.8% with more electropositive calcium cathodes (work function
2.9 eV), due to the smaller energy barrier between the LUMO (~ 2.2-2.5¢€V)
and the electrode. By using a hole-injecting layer of PVK (work function
5.5 €V), efficiencies of up to 3% have been obtained using calcium cathodes,
and of up to 0.8% using other, more air-stable metal cathodes. This sug-
gests that the main limiting factor for emission efficiency in these materials is

SO;3Na OC1oHa1

@%j@%@%@%@%

Scheme 13 Typical substituted PPPs used in blue-emitting devices
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hole injection due to their very low HOMO energy levels (~ 6.0 €V) creating
a large barrier to charge injection from ITO (work function 4.8-5.0 €V). No
systematic study has been done on the effects of the substituents upon the EL
efficiency, but Neher and coworkers reported that single-layer devices using
the sulfonium-substituted polymer 28 gave efficiencies of 0.5-0.8% with an
aluminium cathode, which is an order of magnitude higher than for the
dialkoxysubstituted polymer 29 in identical devices [80]. Heeger and cowor-
kers [77] have compared the PL and EL efficiencies of the mono-substituted
polymers 30-32. They showed identical PL efficiencies in solution (85%), but
in the solid state the polymers 31 and 32 with branched side chains showed
higher efficiencies (40% and 46%, respectively) than the polymer 30, which
has straight alkyl chains (35%). This may reflect less efficient polymer chain
packing in the former, due to the bulkier substituents, leading to less exciton
migration and non-radiative decay. Conversely, the EL efficiency of double-
layer devices using 30 (3.0%) was higher than for 31 (2.0%) or 32 (1.4%).

Use of sulfonium or other ionic substituents also gives solubility in very
polar solvents including water [90-93]. Though water is not a desirable sol-
vent for processing materials for use in electronic devices due to the danger
of corrosion of the electrodes, the ability to process from highly polar sol-
vents such as ethanol can be advantageous in constructing multi-layer devices
as many organic electronic materials have very limited solubility in such sol-
vents, thus allowing an ethanol-soluble material to be deposited from solution
on top of such a material. Use of a polyaniline (PANI) anode or blending
of the PPP derivative with a hole-transporting material lowers the operating
voltage [77,78].

Polarised EL emission has been obtained from a device using polymer 29
deposited as a Langmuir-Blodgett (LB) film [79, 81]. In contrast to the blue
emission obtained from spin-coated films, the emission from the LB films is
mainly yellow due to the formation of aggregates, with the emission paral-
lel to the dipping direction (Amax = 536 nm) slightly red shifted compared to
the perpendicular emission (Amax = 524 nm). Polarised EL emission has also
been obtained by rubbing alignment of a film of 33 (Scheme 14) [94]. Another
way to induce alignment is to incorporate mesogenic units in the side chains.
Thus, polarised PL has been obtained from films of polymer 34 containing
liquid-crystalline cyanobiphenyl group substituents [95-97].

OC;Hss 00206H1200N

C7H450 n n
33 34

Scheme 14 PPPs from which polarised emission has been obtained
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Circularly polarised emission is possible from polymers containing chiral
groups. Scherf and coworkers have prepared a cyclophane-substituted PPP by
the Suzuki route using the dibromocyclophane 35 and the corresponding bis-
boronic acid 36 (Scheme 15) [98, 99]. If racemic monomers were used the re-
sulting polymer 37 was not chiral with the cyclophanes randomly distributed
on either face of the polymer (atactic). If resolved enantio-pure monomers
were used, then the stereoregular isotactic 38 or syndiotactic 39 polymers
could be obtained depending upon which enantiomer of each monomer was
used. The isotactic polymer is chiral and both enantiomers have been pre-
pared.

Not all the substituents need to be chiral to achieve overall chirality in the
polymer. Thus, the copolymer 40 (Scheme 16) containing only 5% chiral units
shows a Cotton effect in the circular dichroism spectrum [100]. Circularly po-
larised PL has been obtained from a copolymer 41 containing both mesogenic
and chiral side chains [101].

Complexation of a PPP 42 having carboxylate substituents (Scheme 17)
with cyclodextrin gives a fluorescent polyrotaxane which shows a PL

ENFEEPE

35X =Br 37
36 X = B(OH),
o o o) 0 o) oﬁ o) o)
- = = 7] N\ S
~OHOHCO~- (OO« I
o o o o o o N9 ©
38 39

Scheme 15 Stereoisomeric cyclophane-substituted PPPs

>
OCsH 1 002C2H4O@ @

CsH110 0.95n_¢ 0.05n
C02C6H1ZOCN
40 41

Scheme 16 Other PPPs producing circularly polarised emission
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Scheme 17 Polycarboxylate used to make fluorescent polyrotaxane

OH OM
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Scheme 18 Complexation of polyphenols with metal ions

maximum at Amax = 410nm compared to 430 nm for the uncomplexed
chain [102]. The EL for the rotaxane is reported to be slightly red shifted
compared with the PL [103].

A red shift in the PL emission from the polyphenols 43-45 has been
observed upon complexation with metal ions (Scheme 18) [104]. The uncom-
plexed polymers show violet PL (Apax = 402 nm) in THF solution. Treatment
with one equivalent of sodium hydroxide solution produces a marked red
shift to give blue-green emission, together with a large drop in the PL in-
tensity. The degree of red shifting depends upon the chain length of the
alkoxy substituents, with the red shifts observed for 43 (Amax = 474 nm) and
44 (Amax = 479 nm) being much larger than for 45 (Apax = 461 nm). Similar
effects are seen upon addition of methanolic solutions of metal ions to so-
lutions of the polymers in THE. Thus, complexation of 43 with cobalt(II) or
copper(II) shifts the PL maximum into the blue (Amax = 436 nm), while the
iron(III) complex emits in the green (Amax = 509 nm). Here the length of the
side chain has an even bigger effect on the size of the red shift, as complex-
ation of 44 with copper produces blue-green (Amax =471 nm) PL, with the
cobalt and iron complexes emitting in the green (Apmax =471 nm) and the yel-
low (Amax = 551 nm) regions of the spectrum, respectively. Polymer 45 shows
smaller red shifts than 44 upon complexation with copper (Amax = 499 nm)
or iron (Amax = 519 nm), but a greater shift with cobalt (Apax = 489 nm). Pre-
sumably these effects reflect either changes in the planarity of the polymer
chain or emission from aggregates brought about by the complexation. There
is no report of whether similar effects are seen in the solid-state spectra of
these materials, but this approach is an excellent example of how control-
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Scheme 19 Soluble PPPs with very short conjugation lengths

ling interchain interactions can profoundly influence the optical properties of
a conjugated polymer.

A major feature of these materials is that steric interactions between the
solubilising substituents lead to an increased phenylene-phenylene torsion
from 23° in PPP to around 60-80° in polymers with substituents in the 2- and
5- positions [105]. As a result, the conjugation along the backbone is much re-
duced, so that their absorption and emission are blue shifted compared with
PPP. Their PL emission is thus largely in the violet with a maximum typically
between 400 and 420 nm. As mentioned in Sect. 2.1 above, the effective con-
jugation lengths for the poly(dialkoxyphenylene) 29 have been determined to
be 11 phenyl rings for absorption and seven rings for emission, which are
somewhat lower than for other polyphenylene-based materials [15].

An exception is the bisimide 46 (Scheme 19), which shows green PL
(Amax = 553 nm) that is similar to that of the monomer, suggesting that the
emission comes from isolated monomer units [106]. A soluble poly(meta-
phenylene) 47, made by Reddinger and Reynolds by the Yamamoto method,
which has an even shorter conjugation length, emits mainly in the ultravi-
olet (Amax = 346 nm) [107]. Other meta-linked polymers 48, however, show
violet-green PL (Amax = 445-532 nm) as the emission comes from the sub-
stituents [108].

2,23
Copolymers with Partial Substitution

One way to red shift the emission is to make copolymers with only par-
tial substitution. Holmes and coworkers prepared the random copolymer
49 with 33% of unsubstituted phenylene units (m:n =2:1) by copolymeri-
sation of the substituted and unsubstituted bromobenzene boronic acids
(Scheme 20) [75]. The PL emission was blue (Amax ~ 420 nm), but the EL was
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Scheme 20 Partially substituted PPP random copolymers by Suzuki polycondensation
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Scheme 21 PPPs with varying degrees of substitution by Grignard coupling
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Scheme 22 Partially substituted PPP alternating copolymers by other routes

white with the emission maximum being red shifted by about 70 nm, and
a broad featureless tail up to 800 nm being seen, which was attributed to emis-
sion from excimers.

Fu has prepared the homopolymer 50 and the copolymers 51-52 by Grig-
nard coupling (Scheme 21) [88]. While 50 shows violet emission (Amax =
415 nm), the PL from 51 and 52 is blue-green (Amax = 450, 500 nm).

Copolymers 53 with alternating substituted and unsubstituted phenylenes
have also been made by Stille [109, 110] or Suzuki coupling (Scheme 22) [72,
111, 112]. These copolymers show violet to blue (Amax = 370-425 nm) fluores-
cence. The emission from the dialkoxy-substituted polymers is red shifted by
~ 50 nm compared with their dialkyl analogues [89, 109-111]. These copoly-
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Scheme 23 Zirconocene-precursor route to substituted PPPs

mers also show less red-shifted emission due to aggregates than the corres-
ponding homopolymers [89].

The triphenylene monomer for polymer 54 is made via a zirconcene pre-
cursor 55 (Scheme 23). This is a versatile intermediate as the zirconium can
be displaced by a variety of reagents, thus permitting the synthesis of a range
of monomers. The polymer shows blue emission in THF solution with a max-
imum in the violet at 376 nm, suggesting that there is particularly large
torsion between the substituted and unsubstituted rings, and a long tail into
the green, perhaps due to aggregates [113].

224
Blends of PPPs with Other Polymers

Blending also provides a method for tuning the emission from substituted
PPPs. Thus, Salaneck and coworkers found that blending the violet-blue-
emitting copolymer 56 (Amax = 389, 443 nm) with the blue-green emitter 57
(Amax = 479 nm) (Scheme 24) gave rise to blue EL (Apax = 460 nm) with an
optimal efficiency of 1.9% for a blend containing 10 wt % of 57 [114-116].
Edwards et al. reported that blending 27 (Scheme 12) with PVK produced
a red shift in the EL with the maximum moving from Amax =433 nm to
446 nm [117]. A similar red shift in the EL emission (Amax = 448 nm) has also
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Scheme 24 Phenylene-based polymers used in blends in LEDs

been obtained from a blend of 15 with PVK [118]. The cause of these red
shifts is not clear, but may be due to formation of an exciplex. White emis-
sion is reported from an exciplex of the dodecyloxy-PPP 58 and PVK formed
when the layer of 58 is spin coated onto a layer of PVK from toluene solution
due to partial dissolution of the lower layer and consequent mixing of the two
polymers at the interface [85]. The spectrum is broad and covers the range
from 400 to 700 nm, with maxima at Apax = 495 and 533 nm. If the PPP layer
is deposited instead from hexane, in which PVK is insoluble, the EL emission
is blue (Amax = 412 nm).

Whereas the above examples show a red shift in the emission by blend-
ing with a lower-band-gap material, a blue shift from Apax =430 nm to
Amax =400 nm has been obtained in the EL emission of 29 (Scheme 13) by
blending it with poly(methylphenylsilane)s, whose PL emission is in the near
ultraviolet [89]. This is because the polysilanes prevent aggregation of the
emitting polymer chains, and so suppress the long-wavelength emission seen
from films of pure 29. The emission colour is also stabler with none of the
red shifting seen for the pristine polymer during device operation. A second
effect of this better confinement of the excitons is that the EL efficiency is
increased by up to 30 times due to suppression of the non-radiative decay
pathways.

3
Ladder-type Poly(para-phenylene)s

An obvious approach to overcoming the problem of phenylene-phenylene
torsion in substituted PPPs is to tether adjacent rings together with short
alkyl bridges to make a ladder-type polymer. Ladder-type polymers are of
considerable scientific interest as they are intermediate between linear and
three-dimensional materials [119]. They can be prepared in two ways: (a) by
iterative multi-centre condensation or addition (e.g. Diels-Alder cycloaddi-
tion) reactions; (b) by polymer-analogous conversion of suitably function-
alised single-stranded precursors. A major feature of the second method is
that the polymer-analogous reactions must proceed quantitatively to avoid
formation of defects in the final polymer. Though ribbon-like polyacenes can
be prepared by polycycloaddition methods [119], linear ladder-type PPPs are
only accessible through the conversion of single-stranded PPPs. If methine
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Scheme 25 Bridges and associated torsion angles in ladder polymers

or ethene bridges are used the phenylene backbone is forced to be coplanar,
but use of ethane or longer alkyne bridges allows some torsion between ad-
jacent phenylene rings (Scheme 25). For an ethane bridge the torsion angle is
predicted to be about 20° [120]. Thus, some degree of control over the opti-
cal properties can be achieved by varying the type of bridge(s) used, as the
more coplanar the polymer the greater the expected degree of conjugation,
and thus the longer the wavelengths of the absorption and emission maxima.
The methine and ethene bridges also impart greater rigidity to the struc-
ture and thus reduce the Stokes shift between the absorption and emission
maxima.

3.1
Ladder-type PPPs with Methine Bridges

Scherf and Miillen prepared (Scheme 26) the ladder-type polyphenylene
(LPPP, 3) with methine bridges [121-124], via a poly(diacylphenylene-co-
phenylene) precursor copolymer 59 obtained by an AA-BB-type Suzuki poly-
condensation. The key step is the polymer-analogous Friedel-Crafts ring-
closing reaction on the polyalcohol 60, obtained by the reduction of 59. This
was found to proceed quickly and smoothly upon addition of boron triflu-
oride to a solution of 60 in dichloromethane. The reaction appeared to be
complete by both NMR and MALDI-TOF analysis, indicating the presence of
less than 1% of defects due to incomplete ring closure. LPPPs with number-
average molecular weights (M,) of up to 50000 g/mol have been obtained
corresponding to about 150 phenylene rings.

A chiral LPPP 61 (Scheme 27) containing cyclophane units has been pre-
pared by using the resolved cyclophane bisboronic acid 36 (Scheme 15) [98,
99, 125]. This is a potential candidate for obtaining circularly polarised EL.

In order to determine the effective conjugation length of 3, oligomers with
between three (62) and seven (63) benzene rings (Scheme 28) were prepared
by adding a suitable amount of a monofunctional end-capping reagent to
the Suzuki polycondensation shown in Scheme 26, separating the resulting
oligophenylene precursors, and then performing the reduction and ring clos-
ing on them [126]. By extrapolation of a plot of their UV-VIS absorption
maxima (in V) against the reciprocal number of benzene rings, the effect-
ive conjugation length for absorption in LPPPs was estimated to be about
11 phenyl rings [120].
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By comparison, the effective conjugation length for absorption in poly-
(tetrahydropyrene)s 64 (see Sect. 4.3, below), which have an estimated 20°
torsion angle between adjacent phenylene rings, was found to be about
19 phenyl rings. Thus, contrary to expectation it has been found that in-
creased planarisation of the aromatic 7-system leads to a decrease and not
an increase in the effective conjugation length for absorption in PPP deriva-
tives [120].
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An oligomer 65 with 11 benzene rings has been prepared [127], and its
emission spectrum was found to be only slightly blue shifted compared with
Me-LPPP (66, Scheme 29). Single molecule spectroscopy studies of 65 and 66
showed that the emission from the former at 451 nm matched that from the
smallest emissive chromophores observed in the latter, but that the emission
maximum from the polymer at around 460 nm comes from longer segments
containing probably 14-15 benzene rings. The effective conjugation length
for emission in LPPPs is thus similar to the values seen for polyfluorenes and
polyindenofluorenes (see 4.1 and 4.2, below).

The planarisation of the PPP backbone in LPPP (3) has been found to
lead to better vibrational resolution in both absorption and emission spec-
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tra and to a much smaller Stokes shift [19]. The absorption maximum is
at 440-450 nm, which is considerably bathochromically shifted with regard
to single-stranded PPP. The absorption band also shows an unusually sharp
absorption edge. The PL of 3 is an intense blue colour in solution with a max-
imum at 450-460 nm. The Stokes shift is thus only about 150 cm™. Such
a small value is a clear indication of how the rigidity of the polymer hin-
ders deformation in going from the ground to the excited state. A further
result of this rigidity is that the PL quantum efficiencies in solution of LPPPs
are very high (up to 90%), as non-radiative decay pathways are seriously re-
duced [128].

While the PL from solutions of LPPP is blue, in thin films the emission is
dominated by a broad, featureless band in the yellow (Apax = 600 nm) [20, 40,
129,130]. The relative intensity ratio of the blue and yellow bands is strongly
dependent upon the method used to prepare the films and varies with sol-
vent and film thickness. The blue band disappears completely upon annealing
a film of 3 at 150 °C. As a result, LEDs using 3 show yellow EL [131]. The
efficiencies from single-layer devices are 0.4% with calcium cathodes and
0.02% with aluminium cathodes. Double-layer devices using PPV as a hole-
transporting layer show 0.6% and 0.04% efficiencies with calcium and alu-
minium cathodes, respectively. Blue emission (Amax = 450-460 nm) has been
observed from LEDs using 3 but has been found to be unstable, with the
yellow band rapidly appearing [129].

Originally this yellow emission band was attributed to excimers from ag-
gregates formed by m-stacking of the polymer chains. Evidence supporting
this came from photophysical experiments, including site-selective excitation
experiments [132], time-resolved PL measurements [132], and photovoltaic
experiments [133]. Also consistent with this hypothesis is the obtaining of
pure blue EL from blends of 3 (1 wt%) in PVK [131]. The efficiency was
0.15% with a calcium cathode. The emission was found to turn white after
only a few tens of minutes of device operation, which was attributed to for-
mation of excimers due to the Joule heat produced by passing of electricity
through the device. The EL efficiency of devices using such blends can be
improved 2-5 times by use of an oxadiazole electron-transporting layer [134].

The stability of emission from LPPPs can be substantially enhanced by re-
placement of the hydrogen at the methine bridges with a methyl group to
give Me-LPPP (66) (Scheme 29) [135]. This is achieved by treating the precur-
sor polymer 59 with methyl lithium, followed by ring closure of the resulting
polyalcohol 67 with boron trifluoride as in the preparation of 3.

The emission from 66 is slightly red shifted compared with 3, with an emis-
sion maximum at Apayx = 461 nm and a secondary peak at Amax =491 nm, so
that the emission colour is blue-green. Unlike 3, Me-LPPP shows almost iden-
tical emission from films and solutions, with PL quantum efficiencies of over
90% in solution and up to 60% in the solid state. There is a broad emission
band centred at 560 nm, which has been attributed to emission from aggre-
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gates [136]. This band is much weaker than the yellow band from LPPP (3),
and the emission does not change upon annealing. LEDs using 66 produce
blue-green emission with EL efficiencies of up to 4% [21, 23,24, 137,138].
These high emission efficiencies make Me-LPPP a particularly promising ma-
terial for use in organic solid-state lasers [3]. Optically pumped lasing has
been observed from films of 66 in both waveguide and ‘distributed feedback’
configurations by the groups of Leising and Lemmer [33, 35, 139-141].

3.2
Blends of LPPPs with Other Polymers

Blends of Me-LPPP, poly(ethylene oxide) (PEO), and lithium triflate have
been used as the emissive layer in a light-emitting electrochemical cell
(LEC) [142]. The emission efficiency with an aluminium cathode was 0.3%,
which is somewhat lower than for the corresponding LED (1%), but the on-
set voltage was only 2.7V compared with 12V for an LED. The emission
colour changed rapidly from blue to green due to an increase in the inten-
sity of peaks at 530 and 560 nm. The change in the emission was slower in
devices with very low or very high amounts of PEO, which is attributed to the
decrease in interaction between 65 and PEO in such blends.

Blends of Me-LPPP (66) and the red-emitting polymer 68 (Scheme 30)
show predominant emission from the latter even at concentrations of only
0.2% 68. The emission is orange at 0.2% 68 with an EL efficiency of 1.6%
(cf. 1% for 66 and 0.01% for 68), but drops rapidly at higher concentra-
tions of 68. The PL efficiency is optimal (41% versus 30-60% for 66 and
11% for 68) with 0.7% 68 and again drops as the concentration of 68 in-
creases [35,143,144]. A blend with 0.05% 68 shows high (0.8%) efficiency
white EL emission due to emission from both polymers [33, 35, 144]. Blending
the polymers with poly (methyl methacrylate) (PMMA) leads to separation of
the emissive polymer chains and less efficient energy transfer so that 0.08% of
68 is required for obtaining white emission, but the EL efficiency is increased
to 1.2% [35, 145].

68

Scheme 30 Perylene-based polymer used in blends with Me-LPPP
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3.3
Defect Emission from LPPPs

Lupton [146] has reported that the broad emission feature centred at 560 nm
could be detected in the delayed fluorescence from both films and dilute
solutions of Me-LPPP. This is not consistent with the suggestion that the
long-wavelength emission from ladder-type PPPs comes from aggregates, as
dilute solutions should not contain any aggregates. He therefore proposed
that the long wavelength emission band originates from defects on the poly-
mer chains.

Convincing evidence has been produced that long-wavelength emission
from polyfluorenes is due to fluorenone (69) units (see Sect. 4.1, below), so
a probable structure for the defects in LPPPs is a ketone as in 70 (Scheme 31).
As the ketone in 70 has more extended conjugation than in fluorenone (69)
one would expect the emission from it to be bathochromically shifted, which
is consistent with the long-wavelength emission from LPPPs occurring at
560-600 nm, and that from polyfluorenes at about 530 nm. This is supported
by comparison of experimental measurements of 3 and 66 with theoretical
calculations of the properties of potential defect structures [147].

The ketone 70 presumably arises from oxidation of the methine bridge by
oxygen from the air. The difference between the emission spectra in solution
and the solid state would then reflect the more efficient energy transfer to the
defect sites in the latter due to the increased intermolecular interactions. The
much lower intensity of the defect band and the greater emission stability of
Me-LPPP over LPPP can be explained as being due to the greater difficulty
in oxidising the methyl-substituted methine bridge, producing a much lower
level of defect sites. It is reported that when 9,9-dialkylfluorene bisboronates
are substituted for benzene bisboronates in Scheme 28, the resulting poly-
mers display blue-green emission (maxima at 460 nm), which is much stabler
than that from 3 [148]. It is suggested that this is because fewer bridges are
being formed in the final polymer-analogous reaction, and thus there is less
chance of a defect arising from incomplete ring closure.

70 R{,R, = alkyl, X = H, CHg

Scheme 31 Proposed emissive defects in polyfluorenes and ladder-type PPPs
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71 R(,R, = alkyl

Scheme 32 Synthesis of Ph-LPPP

That even low levels of defects can produce strong emission is exemplified
by the case of Ph-LPPP (71). The synthesis (Scheme 32) is similar to that of
Me-LPPP (66), except that complete ring closure of the polyalcohol 71 could
not be obtained using boron trifluoride [119]. As a result, other reagents had
to be tested and it was found that complete ring closure could be obtained by
using aluminium chloride [149].

The PL emission from 71 is very similar to that from 66 with maxima at 460
and 490 nm. However, the EL spectrum shows an additional long-wavelength
band. This is not a broad featureless band as seen for the defect emission
from 3 or 66, but one with well-resolved maxima at 600 and 650 nm. Pho-
tophysical investigation of this emission showed the feature at 600 nm to be
emission from a triplet exciton (phosphorescence) with a vibronic shoulder
at 650 nm [150]. Elemental analysis of the polymer showed that it contained
80 ppm of palladium (cf. <2 ppm in 66). It was therefore proposed that
residues of the palladium catalyst used to make the precursor polymer 59 re-
acted with the phenyl lithium and the polymer to introduce covalently bound
palladium centres onto the polymer chain. These then act as sites for phos-
phorescent emission.

34
Ladder-type PPPs with Two-atom Bridges

The polymers discussed above have methine bridges. A ladder polymer
73 with dihydroxyethane bridges has been made by Forster and Scherf
(Scheme 33) [151]. Yamamoto polycondensation of a dibromodibenzoylben-
zene 74 gave the poly(diacylphenylene) 75, which was coupled with samar-
ium(II) iodide coupling to give 73. This polymer shows strong blue-green
fluorescence in solution (Amax = 459 nm) and the solid state (Apax = 482 nm).
The red shift in the solid-state PL indicates that 73 is less rigid than the LPPPs
with methine bridges, but still shows only weak geometrical changes in going
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74 75 73

R= 4@@0*"21

Scheme 33 Synthesis of a ladder-type polyphenylene with dihydroxyethane bridges

75R = OC10H21 7TR= OC10H21
76 R = QOCGHQ) 78R = 4Q*OC6H13

OCGH13 OCGH13

Scheme 34 Synthesis of ladder-type polyphenylene with ethene bridges

from the ground to the excited state. No long wavelength emission band is
seen in the PL spectrum of 73.

Treatment of the poly(dibenzoylphenylene)s 75 and 76 with boron sulfide
gives polymers 77 and 78 with ethene bridges (Scheme 34) [152, 153]. These
also show blue-green emission (Amax =478 nm and 484 nm, respectively) with
some long-wavelength emission in the solid state which has been attributed to
aggregates. Their EL efficiency is reported to be very low (< 0.1%) [154].

A similar polymer 79 was prepared by Goldfinger and Swager by an
acid-catalysed cyclisation of a PPP precursor 80 with alkyne side chains
(Scheme 35) [155]. There is no report of the emission from this material, but
the absorption edge was reported to be at 478 nm, suggesting it should be
a blue-green or green emitter.

Tour and Lambda [156,157] have prepared the aza-ladder polymers 81
from the alternating copolymers 82 (Scheme 36) by treatment with acid to re-
move the Boc protecting groups and induce imine formation. Unfortunately
these materials are only soluble in strongly protic solvents, and there is no
report of their luminescent properties. The absorption maxima in protic sol-
vents are around 400 nm, with secondary bands between 510 and 550 nm,
while in the solid state maxima between 460 and 490 nm were seen, indicating
that protonation has a major effect on the conjugation length.
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RO RO 80 R =CqHys5

CF5S03H l OR

79 R = CyoHps

Scheme 35 Ladder-type polyphenylene by alkyne cyclisation route

Boc, R
NH (0]
" Pd(0)
(HO),B B(OH), Br Br ———>»
HN, O
Boc R

lCFscozH
R

81 R = alkyl or alkylphenyl

Scheme 36 Synthesis of an aza-bridged ladder polymer
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3.5
Copolymers of LPPP and PPP - ‘Stepladder’ Copolymers

Incorporation of a dialkyldibromo comonomer into the Suzuki copolymerisa-
tion used to make the LPPP precursor 59 (Scheme 26), followed by reduction
and ring closure, gives statistical copolymers 83 called ‘stepladder’ copoly-
mers (Scheme 37). These contain oligo-LPPP units connected via twisted
phenylene spacers. Copolymers with 40-70% of unbridged phenylene con-
tent have been been prepared [129]. The emission from these copolymers
83 is blue shifted with respect to LPPP (3) due to the shorter length of the
LPPP segments and/or to out-of-plane twisting of the phenylene rings [40,
158]. Films of the copolymers with higher unbridged phenylene content
(m =50%+) remain blue emitting even after annealing [129]. Blue-emitting
LEDs with efficiencies of nearly 1% have been made using these materi-
als [159]. This difference in behaviour from LPPP cannot be due to any
greater resistance of the copolymers towards oxidation to form defects, but
must reflect less efficient exciton diffusion to defect sites due to less close
packing of the polymer chains brought about by the introduction of the ran-
dom twisted phenylene groups.

CioH21
CeH13 0 CeH13
n+m (HO),B B(OH), + n Br O Br + m Br Br

CeH13 (e} CgHy3

CioH21
1. Pd(0)
2. LiAIH,
3. BF3.E,0

CioH21

Scheme 37 Synthesis of random stepladder-type polyphenylenes
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Scheme 38 A stepladder copolymer incorporating charge-transport moieties

A copolymer 84 (Scheme 38) containing dialkyl PPP, ladder-type PPP, and
electron-transporting diaryloxadiazole segments (m:n:p=4:3:3) has been
prepared by a similar copolymerisation with 2,5-bis(4-bromophenyl)-1,3,4-
oxadiazole added as a comonomer [160]. It emits blue light (Amax = 410,
480 nm) with an efficiency of 0.4% when aluminium cathodes are used [161].
This is twice the efficiency obtained for similar devices using the copolymers
83 without the oxadiazole units.

4
Stepladder-type Poly(para-phenylene)s

In addition to the random stepladder polymers described in Sect. 3 above, in
which the bridged and unbridged phenylene units are statistically distributed
along the polymer chain, there exist regular stepladder-type polyphenylenes.
Such polymers are intermediate in structure between PPP and LPPP with
a defined number of bridged phenyl rings connected by single-bond link-
ages. Such materials have been looked at as blue-emitting materials, with the
aim of achieving a balance between the excellent photophysical properties of
LPPP (small Stokes shift and well-resolved vibronic structure in the emission
spectrum) and synthetic accessibility.

4.1
Polyfluorenes

Polyfluorenes (PFs), the simplest regular stepladder-type polyphenylenes, in
which only every second ring is bridged, have been much studied in re-
cent years due to their large PL quantum efficiencies and excellent chemical
and thermal stability, as evidenced by the number of recent reviews [162-
164]. A further attractive feature of poly(9,9-dialkylfluorene)s (PDAFs) is the
synthetic accessibility of the monomers, as alkylation and halogenation of
fluorene proceed smoothly and in high yields.
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411
Synthetic Routes to Polyfluorenes

Polyfluorenes can be made by oxidative coupling of the monomer with
iron(III) chloride. Poly(9,9-dihexyl-2,7-fluorene) (85) with a molecular
mass of 5000 (n ~ 20) was made in this way by Yoshino and cowor-
kers (Scheme 39) [165,166], and used to make low-efficiency blue-emitting
(Amax = 470 nm) devices [167-169]. These were the first blue-emitting LEDs
reported using a phenylene-based polymer.

The disadvantages of this method are that the degree of polymerisation
is low, and the high level of defects produced due to coupling other than
at the 2- and 7-positions. As a result this method is generally not used
to make PFs. A recent exception is the synthesis of the polymer 86 with
a cyanoalkyl substituent (Scheme 39) [170]. Here, transition-metal-mediated
coupling methods such as Suzuki or Yamamoto polycondensation could not
be used as the nitrile deactivates the metal catalysts by binding to the metal.

Advincula et al. oxidised the polyionene 87 with iron(III) chloride to obtain
an insoluble polyfluorene network 88 (Scheme 40) [171]. This shows violet PL
(Amax ~ 410 nm), suggesting that the polyfluorene segments are rather short.
Due to its insolubility this material cannot be used to make good-quality films
for use in LEDs, but the incorporation of a conjugated backbone within a net-
work is one possible way to obtain isolated chains and so avoid the problems
associated with interchain interactions, e.g. excimer formation.

Most syntheses of PFs use Suzuki polycondensations or Yamamoto Ni(0)
couplings of dibromomonomers. A group at Dow [172-177] have developed
a Suzuki cross-coupling route leading to high molecular weight PDAFs
(Scheme 41), e.g. poly(9,9-dioctylfluorene)