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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
tBu 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
Mn number-averaged molecular weight
Mw 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



4 A.C. Grimsdale · K. Müllen

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 eV), 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 eV. 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 eV) 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
(λmax = 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].
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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 (λmax = 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,

Scheme 3 ICI route to PPP

Scheme 4 Grubbs route to regioregular PPP

Scheme 5 Kaeriyama precursor route to PPP
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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 (λmax = 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.

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
Schlüter groups [57–64]. For a fuller description of the scope and problems
of Suzuki polycondensation, the reader is referred to the recent review by
Schlüter [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,

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

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

Scheme 10 Percec route to soluble PPPs

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
(λmax = 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 eV),
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 eV)
and the electrode. By using a hole-injecting layer of PVK (work function
5.5 eV), 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

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 eV) creating
a large barrier to charge injection from ITO (work function 4.8–5.0 eV). 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 (λmax = 536 nm) slightly red shifted compared to
the perpendicular emission (λmax = 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].

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

Scheme 15 Stereoisomeric cyclophane-substituted PPPs

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

Scheme 18 Complexation of polyphenols with metal ions

maximum at λmax = 410 nm 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 (λmax = 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 (λmax = 474 nm) and
44 (λmax = 479 nm) being much larger than for 45 (λmax = 461 nm). Similar
effects are seen upon addition of methanolic solutions of metal ions to so-
lutions of the polymers in THF. Thus, complexation of 43 with cobalt(II) or
copper(II) shifts the PL maximum into the blue (λmax = 436 nm), while the
iron(III) complex emits in the green (λmax = 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 (λmax = 471 nm) PL, with the
cobalt and iron complexes emitting in the green (λmax = 471 nm) and the yel-
low (λmax = 551 nm) regions of the spectrum, respectively. Polymer 45 shows
smaller red shifts than 44 upon complexation with copper (λmax = 499 nm)
or iron (λmax = 519 nm), but a greater shift with cobalt (λmax = 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
(λmax = 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 (λmax = 346 nm) [107]. Other meta-linked polymers 48, however, show
violet-green PL (λmax = 445–532 nm) as the emission comes from the sub-
stituents [108].

2.2.3
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 (λmax ∼ 420 nm), but the EL was
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Scheme 20 Partially substituted PPP random copolymers by Suzuki polycondensation

Scheme 21 PPPs with varying degrees of substitution by Grignard coupling

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 (λmax =
415 nm), the PL from 51 and 52 is blue-green (λmax = 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 (λmax = 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].

2.2.4
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 (λmax = 389, 443 nm) with the blue-green emitter 57
(λmax = 479 nm) (Scheme 24) gave rise to blue EL (λmax = 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 λmax = 433 nm to
446 nm [117]. A similar red shift in the EL emission (λmax = 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 λmax = 495 and 533 nm. If the PPP layer
is deposited instead from hexane, in which PVK is insoluble, the EL emission
is blue (λmax = 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 λmax = 430 nm to
λmax = 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 Müllen 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 (Mn) of up to 50 000 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 eV) 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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Scheme 26 Synthesis of ladder-type PPP

Scheme 27 Chiral ladder-type PPP

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 π-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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Scheme 28 Oligomers of LPPP used to determine the effective conjugation length

Scheme 29 Synthesis of Me-LPPP

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–1. 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 (λmax = 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 (λmax = 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 π-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 λmax = 461 nm and a secondary peak at λmax = 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 2.7 V compared with 12 V 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].

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.

Scheme 31 Proposed emissive defects in polyfluorenes and ladder-type PPPs
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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.

3.4
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 (λmax = 459 nm) and the solid state (λmax = 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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Scheme 33 Synthesis of a ladder-type polyphenylene with dihydroxyethane bridges

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 (λmax = 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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Scheme 35 Ladder-type polyphenylene by alkyne cyclisation route

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.

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 (λmax = 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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4.1.1
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
(λmax = 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
(λmax ∼ 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) (89) with Mn > 100 000 g/mol was
obtained after less than 24-h reaction time. Bradley and coworkers [178] used
89 made by this method to make a blue (λmax = 436 nm) LED with relatively
high (0.2%) efficiency being obtained when a hole-transporting layer was used.

Scheme 39 Synthesis of polyfluorenes by oxidative polymerisation
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Scheme 40 Synthesis of a polyfluorene network by oxidative coupling

Scheme 41 Dow route to high molecular weight polyfluorenes

Scheme 42 PDAFS by Yamamoto polycondensation

Yamamoto-style polycondensations have also been used to make high mo-
lecular weight PFs. For example, Scherf and coworkers prepared poly[9,9-
bis(2-ethylhexyl)fluorene] (90) with Mn of over 100 000 g/mol by coupling
the dibromofluorene monomer with bis(cycloocta-1,7-dienyl)nickel(0) and
bipyridine (Scheme 42) [179].

4.1.2
Optical Properties of PDAFs

The emission from PDAFs is violet-blue with a primary emission max-
imum at about 425 nm, and a secondary peak at about 445 nm. Well-defined
oligomers of 85 have been prepared, and as a result the effective conjuga-
tion length for PDAFs has been determined to be about 12 units (24 phenyl
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rings) for absorption and six units for emission [180–182], indicating that the
geometries of the ground and excited states are different.

PDAFs with unbranched alkyl substituents, e.g. 85 and 89, show two ther-
motropic nematic liquid crystalline phases [183, 184]. Longer alkyl chains
lower the transition temperatures, so that whereas for 85 the phases occur
at 162–213 ◦C and 222–246 ◦C, with isotropisation occurring at 290–300 ◦C,
for 89 the nematic phases are between 80–103 ◦C and 108–157 ◦C with
isotropisation at 278–283 ◦C, and for the dodecyl-substituted polymer 91
(Scheme 43) they are observed at 62–77 ◦C and 83–116 ◦C with isotropisation
at 116–118 ◦C [184]. Annealing films of the polymers at a temperature just
above the second liquid crystalline transition followed by rapid cooling pre-
serves the liquid-crystalline order [183, 184]. Deposition of such a film of 89
upon a rubbing-aligned polyimide alignment layer has been used to obtain
polarised PL and EL [5, 185]. A rubbing-aligned layer of PPV has also been
used as an alignment layer to obtain polarised EL from films of 89, but the
emission spectrum is slightly red shifted due to some absorption by the PPV
layer in the region of the main emission peak at 433 nm [186–188].

By contrast, the polymer 90 with branched alkyl chains shows only one ne-
matic phase. Thus, 90 shows a phase transition at 167 ◦C upon heating with
the reverse transition upon cooling being seen at 132 ◦C. Annealing of a film
of 90 at 185 ◦C upon a rubbing-aligned polyimide layer followed by rapid
cooling produced a film which showed polarised EL with a dichroic ratio of
up to 20 [179, 185, 189, 190].

Circularly polarised PL and EL emission has been obtained from poly-
mers, e.g. 92 and 93 (Scheme 43), bearing chiral side chains [191–194].

Scheme 43 Polyfluorenes with linear and branched alkyl chains
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The copolymer 94 also showed circularly polarised emission, but the degree
of dissymmetry was much reduced [191–193]. This was attributed to the
dioctylfluorene units preferring a planar conformation of the backbone while
the chiral-substituted units adopt a helical structure. A combination of a he-
lical backbone conformation and liquid crystallinity is thought essential for
obtaining a high degree of circular polarisation.

4.1.3
PFs with Substituted Alkyl Side Chains

PDAFs are highly soluble in non-polar solvents, e.g. toluene, but insoluble
in highly polar solvents, e.g. ethanol. Solubility in such solvents can be ob-
tained by introduction of charged groups onto the side chain. The polycation
95 made by reduction of the polyamide 96 (prepared by Yamamoto poly-
condensation of the dibromomonomer) and quaternisation of the resulting
polyamine 97 (Scheme 44) is soluble in ethanol, methanol, and water, but in-
soluble in non-polar solvents such as THF [195].

Hydrolysis of the polyester 98 with potassium tert-butoxide and potassium
hydroxide in THF to make the polyacid 99 (Scheme 45) gave a material which
was insoluble in water, even at high pH, but soluble in pyridine. 1H NMR per-
formed in d5-pyridine showed that complete hydrolysis had occurred [195].

Scheme 44 Synthesis of a water-soluble polyfluorene

Scheme 45 Preparation of a fluorene-based polyacid
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Scheme 46 Polyfluorenes with ethylene oxide side chains

Polymers 100 [196] and 101 [197] (Scheme 46) with ethylene oxide side
chains have been prepared by Ni(0) coupling. The oxygenated side chains
enable them to bind with metal ions, making them suitable as emissive
materials for blue-emitting LECs as well as LEDs. Their emission in both
LED and LEC devices rapidly changes from blue (λmax = 430 nm) to blue-
green due to the appearance of long-wavelength emission centred at 530 nm.
When 100 is blended with PEO in a LEC, phase separation occurs, result-
ing in highly efficient (2.4%) white emission with an emission maximum at
λmax = 550 nm [198]. By use of colour filters, pure red, green, or blue emission
can be obtained.

4.1.4
Defect Emission from PDAFs

As with LPPP the blue emission from PDAFs is unstable, with the appearance
of a strong emission band around 530 nm after annealing or upon running
an EL device [163, 164, 199, 200]. Initially this long wavelength emission band
was believed to be due to emission from excimers [201, 202]. In support of
this, absorption and PL studies of 85, 89, and 91 showed that annealing re-
sulted in a red shift in the absorption edge, which was greatest for 91, which
was attributed to the formation of a more planar extended ground state con-
formation [184].

However, it was also noted that polymers end-capped with fluorenone
units showed a similar emission band at around 530 nm to that seen from an-
nealed films of PDAFs [201], suggesting that emission from fluorenone defect
sites 69 was an alternative explanation for this emission. Consistent with this,
the emission from the fluorenone-containing polymer 102 (Scheme 47) made
by Bunz and coworkers is blue (λmax = 428, 447 nm) in solution, but in the
solid state is orange (λmax = 533 nm), with all the emission coming from the
fluorenone units [203]. Furthermore, it has been observed that when fluorene
groups were used as end-capping groups for PFs, they were readily oxidised to
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Scheme 47 The solid-state emission from the fluorenone-containing copolymer 102
matches the long-wavelength emission from polyfluorenes attributed to an emissive de-
fect 69

Scheme 48 Mono- and dialkylated polyfluorenes used to test ketone-defect hypothesis

fluorenones during annealing in air. This suggested that the appearance of the
yellow emission band might be at least partially due to oxidation of fluorene
units in the polymer to fluorenone [201].

Scherf and coworkers [204] prepared the polymer 103 (Scheme 48) with
only one alkyl substituent at the 9-position by the Yamamoto method, and
found that even pristine material contained fluorenone units as shown by
a carbonyl stretching band at 1721 cm–1 in the IR absorption spectrum, and
that the solid-state PL and EL spectra of 103 were dominated by a low-energy
emission band centred at 533 nm due to fluorenone emission. A band at
exactly the same position was seen from the corresponding dialkylfluorene
polymer 104 after photooxidation in air or 30-min continuous operation of
an LED. They accordingly suggested that the long wavelength emission band
in PDAFs is due to energy transfer to ketone defect sites. The greater con-
tribution of this band to the EL than the PL spectrum they attributed to the
fluorenone units acting as electron-trapping sites, thus favouring recombina-
tion at the defect sites. Further support for this view came from time-delayed
PL measurements of polymer 93 in solution by Lupton et al. [205].

To account for the formation of the defect sites in pristine 103, they
proposed that, during the polymerisation, some of the alkylfluorene units
were reduced by the nickel(0) to monoalkylfluorenyl anions 105, which
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Scheme 49 Proposed mechanism for formation of ketone defects 69

were then oxidised by atmospheric oxygen to the ketones 69 during the
workup (Scheme 49). The oxidation of the 2-bromofluorenyl anion by atmo-
spheric oxygen has been used to prepare 2-bromofluorenone in high yield,
thus demonstrating the susceptibility of fluorenyl anions to attack by oxida-
tion [206].

The defect hypothesis was challenged by Zeng et al., who reported that
a pronounced emission band at 520 nm appeared upon annealing 85 under
a nitrogen atmosphere, which they suggested ruled out oxidation [207]. How-
ever, in this experiment they did not use totally anaerobic (glove box) con-
ditions. List and coworkers have found that heating a film of 104 at 200 ◦C
in a dynamic vacuum (< 10–4 mbar) produced no long wavelength emission
band, even when the sample was simultaneously illuminated, while heating
in air produced a strong band at 530 nm [208]. This demonstrates conclu-
sively that the emission band at 530 nm from PFs is due to the formation of
ketone defects by oxidation during synthesis and/or handling. This does not
mean that the demonstrated interchain interactions produced during anneal-
ing of PDAFs play no part in the appearance of the long-wavelength emission,
as increased interchain interactions (aggregation) would enhance exciton mi-
gration to the defect sites.

Considerable effort has gone into developing stable blue emission from
PDAFs. Fractionation of 89 to remove low molecular mass material has been
reported to reduce the long-wavelength emission [209]. This is at first sight
a somewhat surprising result, as the probability of a polymer chain contain-
ing a defect increases with increasing chain length. However, it is possible that
the oligomers in the low molecular mass fraction assist in interchain charge
and energy migration, and so removing them would reduce exciton migra-
tion to defect sites. Meijer and coworkers have shown that if a dialkylfluorene
monomer is treated with base to remove residual monoalkylfluorenes before
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polymerisation then the resulting polymers display much stabler blue emis-
sion [210]. Since the materials were pure by all standard analytical methods
before this extra purification, the amount of the monoalkylated impurities
must have been less than 1 mol %.

Stable blue emission has been obtained by Neher and coworkers from
blends of the copolymer 106 with hole-transporting molecules, e.g. 107
(Scheme 50) [211]. This was attributed to the dopants acting as hole traps,
thus reducing the amount of charge trapping at the defect sites, and thus the
emission therefrom.

A group at IBM prepared (Scheme 51) polymers 108 end-capped with
vinyl groups by addition of bromostyrene as an end-capping reagent to a Ya-
mamoto polycondensation [212]. These polymers can be thermally cross-
linked at 150–200 ◦C to produce insoluble materials which show stable blue
emission [212]. This is attributed to a reduction in chain mobility, due to the
cross-linking, which hinders exciton migration to the defect sites.

Scheme 50 Polyfluorene and typical hole-transporting material blended with it to obtain
stable blue emission

Scheme 51 Preparation of a polyfluorene end-capped with a cross-linkable group

Scheme 52 Other cross-linkable polyfluorenes
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By contrast, cross-linking of polymers 109 with styryl groups as side
chains (Scheme 52) [212] does not produce efficient suppression of the long-
wavelength emission. This suggests that reducing chain-end mobility is im-
portant in reducing interchain interactions. No suppression in defect emis-
sion is observed in thermally cross-linked polymers 110 end-capped with
cyclobutene groups [213]. It is not clear why this is so, but it may be that more
oxidation occurs at the higher conversion temperature (250 ◦C) used in this
process or that the cross-linking is less efficient.

Other approaches that have been found to improve the stability of blue
emission from PDAFs are to attach bulky substituents such as cyclohexyl
groups [214] or polyhedral siloxanes [215–217] to the ends of the alkyl
chains. These presumably work by reducing exciton migration to defect sites.

4.1.5
Colour Control by Copolymerisation

Miller and coworkers have prepared copolymers 111 (Scheme 53) of di-
hexylfluorene with anthracene by the Yamamoto method. These show stable
blue emission (λmax = 455 nm) even after prolonged annealing [182, 218]. As
the ratio of anthracene (15%) to fluorene (85%) units was too low to pro-
duce significant steric repulsion between the polymer chains, they attributed
the absence of long-wavelength emission to trapping of the exciton at the an-
thracene sites and subsequent emission therefrom [218, 219]. Similar copoly-
mers 112 with dioctylfluorene are reported to show PL and EL maxima at
respectively 446 nm and 435 nm [220]. The reason for this difference is not
apparent.

Scheme 53 Copolymers of fluorene with acenes
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Copolymers 113 and 114 containing tetracene and pentacene units show
emission from the acene units to give green (λmax = 520 nm) and red (λmax =
623 nm) PL and EL, respectively [220]. However, due to rapid degradation
of the acenes by oxidation their emission rapidly turns blue and the emis-
sion efficiency drops markedly. The pentacene copolymer 114 shows a lower
turn-on voltage and higher efficiency with 1 mol % as opposed to 10 mol % of
pentacene.

Similar exciton trapping has also been observed in copolymers containing
perylene 115 (an equal mixture of 3,9- and 3,10-linked units) or cyanos-
tilbene 116 units (Scheme 54) made by Yamamoto copolymerisation [219,
221]. Thus, the perylene copolymer 115 (m = 15%) showed green emission
(λmax = 540 nm), while by altering the amount of stilbene the emission from
116 could be tuned between λmax = 466 nm (m = 5%) and λmax = 510 nm
(m = 50%).

Such exciton trapping has been exploited by Müllen and coworkers,
who prepared copolymers of dioctylfluorene- and perylene-based dyes (1–
5 mol %) by Yamamoto copolymerisation (Scheme 55) [222–224]. These ma-
terials were designed so that by efficient Förster energy transfer from the
fluorene to the dye units, efficient emission across the whole visible spec-
trum could be obtained. Perylene dyes were chosen as the chromophores due
to their high solid-state PL quantum yields, and their excellent thermal and
photochemical stability.

Four different dyes were used, with emission maxima in the green (λmax =
525 nm), yellow (λmax = 540 nm), orange (λmax = 584 nm), and red (λmax =
626 nm), respectively. In the copolymers with the green-emitting 117 and
yellow-emitting 118 dyes, the conjugation is maintained between the fluo-
renes and the chromophore. It should be noted that these dyes are inseparable
1 : 1 mixtures of 3,9- and 3,10-dibromo compounds, but there is no reason
to believe that this has any adverse effect upon their optical or electronic
properties. By contrast, in the copolymers with the orange-emitting 119 and
red-emitting 120 dyes, the imide groups interrupt the conjugation.

Since the efficiency of energy transfer between the fluorene and the dye is
dependent upon the overlap of the fluorene emission spectrum and the ab-
sorption spectrum of the dye, it was anticipated that energy transfer to the

Scheme 54 Copolymers of fluorene with green- and red-emitting chromophores



Polyphenylene-type Emissive Materials 41

Scheme 55 Synthesis of copolymers of fluorene- and perylene-based dyes

orange and red dyes would be less efficient than to the green and yellow ones.
Calculations based upon the spectral overlap indicated that the rate constant
for energy transfer to the red dye was an order of magnitude smaller than for
transfer to the green dye. Accordingly, a copolymer 121 was made containing
both green (3 mol %) and red (3 mol %) emitting chromophores in order to
determine if sequential energy transfer might be more efficient. The molecu-
lar weights of the copolymers were a little lower than for the homopolymer
89 (32 000–75 000 versus 85 000 g/mol), and their polydispersities were higher
(3.6–4.9 versus 2.8).

The PL spectra of these materials in solution showed emission from both
components roughly proportional to their relative mole ratios, but in films
energy transfer occurred so that the PL spectrum was dominated by emis-
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sion from the dyes. The PL quantum efficiencies of the copolymers 117–120
were only slightly lower (33–51%) than for 89 (55%), but that for 121 was
very low (7%). This must be due to aggregation or some other fluorescence-
quenching process. In the EL spectra only emission from the dyes was seen,
which is due to a combination of energy transfer from the fluorene and the
dyes acting as charge traps. The EL spectra closely resembled the PL emission
from the dyes except for the copolymer 119 with the orange-emitting dye,
where the EL spectrum was broader and red shifted compared with the PL
spectrum. External efficiencies of 0.2–0.6% were obtained from these devices,
which are comparable with other polyfluorene-based devices. The emission
colours are stable, unlike devices using a blend of dye and 89, where phase
separation results in a loss of half the luminescence intensity within a few
minutes, accompanied by a change in emission colour as the emission from
the host polymer 89 reappears as the energy transfer becomes less efficient.
As all the copolymers contain at least 95 mol % of dioctylfluorene units their
blends with each other and with 89 should be stable, thus enabling stable
emission of practically any colour desired, including white, to be obtainable.

Efficient energy transfer was also obtained from a copolymer 122 in which
the perylene was attached as an end-capping group (Scheme 56) [224]. By
using a ratio of fluorene to monobromo dye of 18 : 1 in a Yamamoto poly-

Scheme 56 Polyfluorene end-capped with a perylene dye

Scheme 57 Polyfluorene with dyes as side chains
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condensation, a polymer with Mn = 21 000 and a polydispersity of 2.1 was
obtained, corresponding to a degree of polymerisation of about 40. As with
the random copolymers 117–121, no energy transfer was seen in solution,
but in the solid state the emission was almost entirely from the dye moieties
(λmax = 613 nm). A problem with using the dye as an end-capping group is
that due to a competing debromination reaction, complete end-capping in Ya-
mamoto reactions is usually not obtained. In this case it was estimated that
only 40 mol % of the polymer chains contained two dye units.

Due to the low mole ratio of dye units present, the above copolymers, with
perylene dyes in the main chain or as end groups, show energy transfer only
in the solid state. If the dyes are attached on the side chain, then copoly-
mers containing much higher mole ratios of chromophore are accessible. The
copolymer 123 (Scheme 57) in which 33% of the fluorene units have dyes at-
tached (m : n = 2 : 1) showed energy transfer in solution as well as in a thin
film [224]. The emission colour differed slightly between the two states, with
the emission maximum appearing at λmax = 561 nm in solution with a shoul-
der at 599 nm, and at λmax = 599 nm in the solid state. This is probably due to
interaction of the chromophores in the solid phase.

4.1.6
Dendronised Polyfluorenes – Towards Stable Blue Emission

In order to suppress long interchain interactions without losing solubility,
bulky substituents can be attached. The IBM group prepared PDAFs end-
capped with Fréchet-type dendrons of generations one (124, Scheme 58) to
four [225]. By using a fluorene to end-capper ratio of 9 : 1 they obtained poly-
mers with about 80 fluorene units. They found that the polymers with third-
or fourth-generation dendrimer end groups showed no long-wavelength
emission, even after annealing at 200 ◦C.

They have also prepared polymers with Fréchet-type dendrons of gener-
ations one to three as side chains by Yamamoto polycondensation (Scheme 59)
[226]. A molecular weight of 51 000 was obtained for the homopoly-
mer 125 with a first-generation dendrimer attached, but only oligomers
(Mn < 10 000 g/mol) were obtained from polymerisation of the fluorenes

Scheme 58 Polyfluorene end-capped with a Fréchet-type dendron
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Scheme 59 Polyfluorenes with Fréchet dendrons as side chains

with higher-generation dendrimers attached. Random copolymers with
ethylhexylfluorene, e.g. 126, were made by the same method and showed
much higher molecular weights (Mn = 26 000–68 000 g/mol), but the rela-
tive amount of dendrimer incorporated decreased with increasing generation
from m : n = 1 : 1.5 for the first-generation dendrimer to 1 : 0.07 for the third-
generation dendrimer. This shows that, as might be expected, the bulkier
monomers are much less reactive under Yamamaoto conditions. Alternating
copolymers, e.g. 127, were made by Suzuki coupling. The molecular weights
were lower (Mn = 4000–16 000 g/mol) with a degree of polymerisation for
the monomers with first- and third-generation dendrimers of only three (six
fluorene units). The second-generation dendrimer monomer was more reac-
tive, showing a degree of polymerisation of eight. The PL and EL spectra of
the polymers with second- or third-generation dendrimer side chains showed
no long-wavelength emission, but the lifetime of the LEDs was short, as only
very thin films could be deposited by spin coating. The highest PL efficiencies
were obtained from the polymers and copolymers with second-generation
dendrimer substituents. Pure blue PL (λmax = 423, 447 nm) has also been re-
ported from the polymer 128 with a single second-generation dendrimer side
chain [227].

Müllen and coworkers have prepared a polymer 129 with a first-generation
polyphenylene dendron on the side chain (Scheme 60) [228]. Unlike Fréchet
dendrimers, such dendrimers are rigid and shape-persistent. Interestingly,
the bulky side chains produced no blue shift in the absorption or emission
of the polymer compared with PDAFs such as 89, indicating that there is no
increased steric repulsion between adjacent fluorene units. LEDs using this
polymer display device characteristics (turn-on voltage, emission efficiency,
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Scheme 60 Synthesis of a polyfluorene with a polyphenylene dendron on the side chain

and brightness) comparable to those for the PDAFs such as 89, but with no
long-wavelength emission being seen at driving voltages below 12 V.

Though the emission stability of 129 is much better than for PDAFs,
long-wavelength emission is seen with time, possibly due to the suscep-
tibility of the benzyl linkages to oxidation. Accordingly, a new class of
polyfluorenes with aryl substituents at the 9-position has been developed
(Scheme 61) [228]. Aryl substituents are much less susceptible to oxidation to
fluorenone than alkyl groups and their bulk reduces interchain interactions,
and hence exciton diffusion to any defect sites that may be formed.

As aryl groups, unlike alkyl groups, generally cannot be directly sub-
stituted onto the 9-position of fluorenes, the monomers were prepared by
addition of aryl lithium reagents to the biphenyl-2-carboxylic acid methyl
ester 130, followed by ring closure of the resulting carbinols in hot acetic
acid, using a small amount of concentrated sulfuric acid. This produced
a dark-blue or lilac colour due to the formation of the cation, followed by the
appearance of a white precipitate of the desired 9,9-diarylfluorenes 131. These
were then polymerised using nickel(0).

The diphenylfluorene polymer 132 (Scheme 62) was virtually totally in-
soluble. Characterisation by MALDI-TOF of a soluble fraction, obtained by
prolonged Soxhlet extraction with toluene, suggested that it consisted mainly of
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oligomers up to the hexamer (n = 6), though chains of up to 15 fluorene units
were detected [229]. The insoluble fraction contained chains with degrees of
polymerisation of up to 25, which suggests that some chain addition occurred
even after the material was no longer soluble in the reaction medium.

By contrast, the materials 133 with di-tert-butylphenyl and 134 with first-
generation dendron side chains were processable from toluene [228]. The
degrees of polymerisation for these polymers were rather low, with the den-
dronised polymer 134 having Mn of only 10 000 g/mol (n = 10), probably due
to the bulkiness of the substituents. Polymer 134 was also found to be ex-
ceptionally thermally stable, with no significant mass loss being observed in
thermal gravimetric analysis (TGA) until 570 ◦C (cf. 463 ◦C for 89 [224]). Sub-
stituted first-generation and unsubstituted second-generation dendrimers
have been attached to fluorene by a modification of the above route in which
an ethynyl-substituted benzene is attached to the fluorene 9-position and the
dendrimers then built up from it [230]. The degree of polymerisation of 134
can be increased (Mn = 32 000 g/mol, n = 32) by using a dichloro instead of
a dibromo monomer in the Yamamoto polymerisation [231].

Stable blue PL emission has been obtained from films of both 133 and 134,
with no sign of an emission band at 530 nm even after annealing for 24 h in

Scheme 61 Synthetic route to poly(9,9-diarylfluorene)s

Scheme 62 Poly(9,9-diarylfluorene)s
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air at 100 ◦C. This shows that aryl substituents are much stabler towards oxi-
dation than alkyl groups, as annealing of 89 under these conditions produces
a strong defect emission band. Drop-cast films of 133 showed a slight red shift
in the PL spectrum upon annealing, which may be attributed to changes in
the chain packing, as no such change was seen from spin-cast films, which
illustrates the importance of processing conditions in determining the prop-
erties of films of conjugated materials. Stable blue emission has also been
obtained from the polymer 135 bearing 4-octyloxyphenyl substituents [232].
This was prepared by addition of phenol to dibromofluorenone, followed by
alkylation and polymerisation (cf. Scheme 70, below).

Both 133 and 134 show blue EL with no significant defect emission even
after several minutes operation [223, 233]. When devices using 134 were run
continuously at 8 V for 30 min, a slight increase in long-wavelength emission
was observed [233]. This partially disappeared upon reversing the bias, which
was attributed to a shift in the recombination zone within the device. By
subtracting the original spectrum from that of the aged device it was found
that the extra emission corresponded to the defect emission band at 530 nm,
which suggests that some oxidation of 134 was occurring, possibly due to
incomplete encapsulation of the device. When the device was run in pulsed
mode, however, stable blue blue EL with a luminance of 191 cd/m2 was ob-
tained with no sign of degradation even over prolonged periods [233].

Comparative photophysical studies of 90 and 129 suggest that in dendro-
nised polyfluorenes the bulkiness of the substituents hinders exciton migra-
tion due to increased chain separation [234]. Delayed PL studies [235] of 90
and 134 found that both polymers display a defect emission band at 530 nm,
and a band at 480 nm previously attributed to interchain aggregates [205].
This is an interesting result as interchain aggregates had previously been
assumed to arise from π-stacking of the polymer chains. Calculations of

Scheme 63 Possible conformations of polyfluorene chains
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oligomers of 89 and 90 show that by adopting a planar conformation the
dioctylfluorene units in 89 can π-stack with a separation of 5 Å, while the
fluorenes with the ethylhexyl substituents in 90 cannot approach within 7 Å
of each other, which precludes π-stacking [236]. The separation of dendro-
nised fluorene units can be expected to be even greater than for the units in
90. Thus interchain interactions in these polymers must arise not from co-
facial π-stacking, but at point defects on the chains. These defects can arise
because fluorene is not linear, but is bent, with an angle between the bonds to
the 2- and 7- positions of about 20◦. Normally in polyfluorene chains the flu-
orene units align with successive units having their substituents pointing in
opposite directions so as to give overall a linear chain. However, ‘kink’ defects
can form where the chain bends due to successive fluorene units aligning with
the 9-substituents on the same side (Scheme 63). A bent conformation has
been detected for an end-capped fluorene trimer in a polymer matrix [237].
In theory the chain can even loop back on itself. At such points two chains
might be able to interact without interference from the side chains.

4.1.7
Polyfluorenes with Improved Charge Injection

A second problem with PDAFs is that of charge injection. The energy levels of
the HOMO and LUMO orbitals of 89 have been determined to be 5.8 eV and
2.12 eV by cyclic voltammetry [238]. This means that there are large barriers
to charge injection from electrodes such as calcium (work function 2.9 eV)
and ITO (4.7–5.0 eV). The value for the HOMO-LUMO gap of 3.7 eV deter-
mined by electrochemistry is much larger than the optical band gap of 2.95 eV
calculated from the onset of absorption, which suggests that one or both
of the electrochemically derived orbital energy levels are inaccurate. As the
efficiency of devices using calcium electrodes seems to be limited by hole in-
jection [239], most probably it is the LUMO value which is at fault (too high).

A number of approaches have been adopted to overcome the problem
of obtaining efficient charge injection. Satisfactory electron injection seems
to be obtained by use of calcium as cathode, and a composite LiF/Ca/Al
cathode is reported to give better electron injection than a simple calcium
cathode [240], but there usually remains a large barrier to hole injection
due to the difference between the HOMO and ITO energy levels. As a re-
sult, hole-injecting layers are used in PDAF devices in order to obtain good
efficiency (Scheme 64) [241]. Poly(3,4-ethylenedioxythiophene) (136) doped
with poly(styrene sulfonate) (PEDOT : PSS) [178] is most commonly used,
but recently poly(4,4′-dimethoxybithiophene) (137) has been reported to be
a superior hole-injection material [239]. Scott and coworkers at IBM found
that the efficiency of devices using emissive layers of cross-linked polymer
108 could be increased by factors of 400 and 800 respectively by use of
electron- and hole-injecting layers, though the latter device also showed some
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Scheme 64 Materials used to improve hole injection or transport in polyfluorenes

red-orange emission from the triarylamine hole-transporting layer [242].
A triple-layer device with both hole- and electron-injecting layers was even
more efficient, with efficiencies of over 1% being obtained, although again
some weak emission from the hole-transporting layer was observed.

A second method is to blend charge-transporting materials into the emis-
sive polymer, though this raises the problems of phase separation. Neher
and coworkers have examined blends of the copolymer 106 (Scheme 50)
with hole-transporting small molecules [211]. Not only did this increase
the efficiency and luminance of the devices, but as mentioned above it also
suppressed the green emission from the ketone defects. The highest effi-
ciency (0.87 cd/A) and luminance (800 cd/m2) (cf. 0.04 cd/A and 70 cd/m2

for undoped 106) were obtained by incorporation of 3 wt % of the oligomeric
triarylamine 138 (Scheme 64). No phase separation leading to device degra-
dation was observed by them during the characterisation of their devices, but
the long-term stability of such blends is uncertain.

Another approach is to incorporate charge-transporting groups into the
polymer, either as end groups, as units in the polymer chain or as side
chains. The IBM group [243] have compared the efficiency, using both cal-
cium and aluminium cathodes, of triblock polymers (Scheme 65) contain-
ing an anthracene–dialkylfluorene copolymer as the emissive block with
hole-transporting poly(vinyl triphenylamine) (139) or electron-transporting
poly(vinyl oxadiazole) (140) blocks at each end with the simple copolymer
111 (Scheme 53).

In single-layer devices with calcium cathodes the EL efficiency of the hole-
transporting triblock 139 was nearly double that of 111 (0.35% versus 0.02%),
but that of the electron-transporting triblock 140 was slightly lower (0.014%).
This shows that with calcium electrodes, hole injection is the limiting factor
for efficiency. With aluminium electrodes, electron injection by contrast be-
came the limiting factor so that the highest efficiency (0.01%) was obtained
with 140, although the efficiency of 139 (0.008%) was still much higher than
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Scheme 65 Triblock copolymers containing both emissive and charge-transporting blocks

of 111 (0.001%). The triblock 139 showed a strong orange-red-emission band
due to emission from the triphenylamine units in the EL, but not in the PL
spectrum. The highest efficiency (0.54%) was obtained from a double-layer
device of 139 with a hole-transporting layer and a calcium cathode. Again
some emission from the triphenylamine units was seen, though it was much
weaker than in the single-layer device.

Scherf, Neher and coworkers prepared liquid-crystalline polyfluorenes,
141 and 142 (Scheme 66), by adding bromo-substituted triarylamines as
end-capping reagents to a Yamamoto polymerisation [244]. By varying the
amount of end-capper they were able to control the molecular weight and
polydispersity of the polymer, so that for 141 2 mol % of end-capper gave
a polymer with Mn = 102 000 and Mw/Mn = 1.4, while 9 mol % of end-capper
produced a polymer with Mn = 12 000 and Mw/Mn = 2.6. NMR analysis
showed that the end-capping was incomplete so that 2 mol % of end-capper
produced 1.8% of triarylamine end groups and 9 mol % resulted in 8.3%
incorporation of the end groups. Films of these polymers deposited on an
aligned polyimide layer showed polarised emission with better efficiencies
(up to 0.75 cd/A) than for the homopolymer 90. Even better efficiencies (up
to 2.7 cd/A) have been obtained from devices using an emissive layer of 141
(2 mol % end-capper) and a series of three cross-linked hole-transporting
layers of varying work function [245].



Polyphenylene-type Emissive Materials 51

Scheme 66 Polyfluorenes end-capped with hole-transporting groups

Scheme 67 Copolymers of fluorene with hole-transporting triarylamines

Scheme 68 Synthesis of a fluorene–carbazole copolymer

The Dow group have prepared alternating copolymers of dialkylfluorene
with hole-transporting triphenylamines (Scheme 67), e.g. 143, by Suzuki
coupling of fluorene bisboronic acids with dibromotriarslamines [174–177,
241]. Blue emission has been reported from some of these polymers, e.g.
144 [246] (λmax = 486 nm) and 145 [174] (λmax = 481 nm). It would appear,
however, that these materials are primarily intended to be used as hole-
transporting rather than emissive materials.

Xia and Advincula have prepared copolymers 146 containing hole-
transporting carbazole units by Yamamoto copolymerisation (Scheme 68)
[247]. Cyclic voltammetry showed that the HOMO energy level increased
from 5.8 eV to 5.6 eV with 10 mol % carbazole and to 5.5 eV with 30 mol % car-
bazole. They also found that films of these copolymers showed stabler blue
PL than the homopolymer 89 with the green ketone emission band appearing
only slowly upon annealing at 200 ◦C.

The IBM group have investigated the incorporation of charge-transporting
groups into the copolymer 110 [182]. Introduction of hole-transporting
triphenylamine units produced a slight red shift (λmax = 462 nm) in the EL
spectrum, while electron-accepting diphenylsulfone units caused a small blue
shift (λmax = 445–449 nm) in the emission, in both cases with a decrease
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Scheme 69 Copolymer of fluorene with both hole- and electron-transporting units

Scheme 70 Synthesis of polyfluorene with triphenylamine substituents

in the EL efficiency. By contrast, the copolymer 147 (Scheme 69) containing
10 mol % of both groups showed stable blue EL (λmax = 460 nm) with nearly
twice the efficiency of 110.

Müllen and coworkers have recently prepared the polymer 148 in which
hole-transporting triphenylamine units are attached at the 9-position
(Scheme 70) [248]. The triphenylamine substituents are introduced by
Friedel–Crafts alkylation of triphenylamine with 9-fluorenyl cations pro-
duced from dibromofluorenone under the reaction conditions. The degree
of polymerisation is not very high (n = 14) due to the limited solubilising
power of the substituents. The HOMO of 148 has been determined by cyclic
voltammetry to be at 5.5 eV, so the barrier to hole injection from ITO is much
smaller than for PDAFs. Polymer 148 shows stable blue EL (λmax = 428 nm),
but the overall EL efficiency is lower than for PDAFs despite the better hole-
accepting properties, probably because of the lower PL efficiency of 148 (22%
versus 55% for 89 [178]). The use of a PVK hole-injecting layer does not im-
prove the efficiency as it does with PDAFs, indicating that hole injection into
148 is superior.

Müllen and coworkers have also prepared the blue-emitting (λmax =
450 nm) polyketal 149, films of which can be converted by exposure to
dichloroacetic acid vapour to the orange-emitting (λmax = 580 nm) polyflu-
orenone 150 (Scheme 71) [249]. The carbonyl groups enhance the electron-
accepting properties of 150, and this polymer shows useful electron-
transporting properties, though the acidic residues from the conversion are
a potential source of problems for electronic applications [250].
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Scheme 71 Precursor route to polyfluorenone

Scheme 72 Fluorene copolymers with electron-accepting units

Scheme 73 Synthesis of a fluorene with oxadiazole substituents

Copolymers 151 (Scheme 72) containing fluorenone units have been used
as green EL materials (λmax = 535 nm) with the optimal efficiency of 0.19%
being obtained for the copolymer with 3 mol % of fluorenone [251].

Recently, Shu, Jen and coworkers [252] prepared a fluorene 152 with
two electron-accepting oxadiazole substituents by nucleophilic substitution
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of 4-fluorobenzonitrile with the fluorenyl anion, and subsequent conversion
of the nitriles to oxadiazoles via tetrazole intermediates (Scheme 73). The
alternating copolymer with dioctylfluorene 594 (Scheme 72) showed better
colour stability and higher efficiency in a single-layer device (0.52%) than
poly(dioctylfluorene) (560b) (0.2%) due to its improved charge-accepting
ability. The copolymer 595 (m : n = 1 : 1) with both hole- and electron-
accepting substituents displayed even better efficiency (1.21%) [253].

4.1.8
Alternating Copolymers of Fluorenes and Other Arylenes

Copolymers with alternating fluorene and phenylene units (Scheme 74) can
be readily prepared by Suzuki cross-coupling. The biphenylene copolymers
155 show violet-blue EL (λmax = 416 nm) [254, 255], while the phenylene
copolymers 156 are blue emitting (λmax = 420 nm) [254–260]. Substitution
of the phenylene ring with alkyl groups as in 157 produces a marked blue
shift in the PL emission (λmax = 404–409 nm) [207, 259], presumably due
to increased torsion of the phenylene units. By contrast, the alkoxy sub-
stituents as in 158 produce almost no effect on the PL and EL maxima
(λmax = 420–425 nm) [207, 261, 262]. The reported EL spectrum of 158 shows
no long wavelength emission band, and annealing of a film produces much less
green emission than for PDAFs [207], suggesting that this material is stabler.

Scheme 74 Alternating copolymers of fluorene and other arylenes

Scheme 75 Preparation of a water-soluble fluorene copolymer
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Quaternisation of the amino side chains on the copolymer 159 (Scheme 75)
with ethyl bromide causes a complete inversion in the solubility, with the 80%
quaternised polymer 160 being soluble in DMSO, methanol, and water, but
insoluble in chloroform and THF [263]. The emission shows some solvent
dependence, with the maximum appearing at λmax = 409 nm in water and
methanol, and at λmax = 419 nm in DMSO. A further effect of the quaternisa-
tion is that the PL quantum efficiency drops. The efficiency is much higher in
methanol than in water (86% versus 25%), which was attributed to aggrega-
tion in aqueous solution.

A similar water-soluble copolymer 161 (Scheme 76) has been made by
Bazan and coworkers [264] and used in a novel biosensor application [265,
266], in which energy transfer between 161 and a fluorescent dye attached
to a strand of probe DNA occurs only in the presence of a DNA sequence
complementary to that of the probe.

The carboxylate substituents on the phenylene in 162 (Scheme 77) pro-
duce a red shift in the PL (λmax = 443 nm) but a drop in PL efficiency
(20% versus 78–81% for 156) [259]. Jen and coworkers have prepared the
copolymers 163 (λmax = 447 nm) and 164 (λmax = 477 nm) with electron-
accepting dicyanobenzene units by Suzuki polycondensations [267]. The al-
ternating copolymer 163 shows only marginally higher EL efficiency than the
PDAF homopolymer 85 (0.057% versus 0.044%), but the other copolymer
164 with only 25% of dicyanobenzene units (m = n) shows an EL efficiency
over 10 times higher (0.50%) in double-layer devices with a PEDOT hole-
transporting layer and calcium cathodes [267].

Scheme 76 Water-soluble polyfluorene for biosensor applications

Scheme 77 Alternating fluorene–arylene copolymers with electron-accepting substituents
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Scheme 78 Fluorophenyl–fluorene copolymers

Scheme 79 Copolymer of fluorene and binaphthyl

A Japanese group have prepared the copolymers 165–167 (Scheme 78) [260].
The bulky fluorine substituents produce a blue shift in the PL emission due
to increased steric repulsion, so that the PL maxima in solution shift from
λmax = 400 nm for 165 to λmax = 398 nm and 382 nm for 166 and 167. This
blue shift is accompanied by a drop in the PL efficiencies (measured in solu-
tion) from 34% for 165 and 166 to 29% for 167 (cf. 78–81% for 156).

Jen and coworkers have prepared a copolymer 168 (n : m = 3 : 1) of
dihexylfluorene and binaphthyl by Suzuki copolymerisation (Scheme 79),
which showed two EL maxima at λmax = 420 and 446 nm in two-layer de-
vices, whose relative intensity depended upon the device structure [268, 269].
External efficiencies of up to 0.79% were obtained.

An industrial group have reported obtaining efficient red, green, and
blue emission from polyfluorene-based alternating copolymers prepared by
Suzuki polycondensation, but without publishing their structures [270, 271].

4.1.9
Polymers Containing Spirobifluorene Units

Spirobifluorenes have been investigated by Salbeck [272] and found to be
promising materials for use in blue LEDs, and so some effort has been made
to incorporate these units into polymers (Scheme 80). Blue (λmax ∼ 425 nm)
EL emission has been obtained from poly(spirobifluorene oligophenylene)
copolymers 169 (m = 0–2) prepared by Suzuki cross-coupling [273]. These
materials have somewhat limited solubility and so have not been fully char-
acterised. By contrast, the polymer 170 bearing solubilising alkoxy groups is
soluble in organic solvents [274]. No green PL emission was observed from
a film of 170 that had been annealed in air at 200 ◦C for 3 h.
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An alternating fluorene–spirobifluorene copolymer 171 has been prepared
by Huang and coworkers by Suzuki coupling and found to show stabler blue
emission than PDAFs with long-wavelength emission only being detected
after the polymer film was heated to 150 ◦C [207, 275]. Blue emission with
efficiencies of 0.12% and 0.54% was obtained from single- and double-layer
(with a copper phthalocyanine hole-transporting layer) devices [275].

Meerholz and coworkers [276] have used Suzuki cross-coupling of a spirob-
ifluorene bisboronate with various dibromo-comonomers to prepare cross-
linkable copolymers 172–174 (Scheme 81) which respectively produced blue
(λmax = 457 nm), green (λmax = 507 nm), and red (λmax = 650 nm) EL. Illu-
mination of films of these materials with ultraviolet light in the presence of
a photoacid induced cationic polymerisation of the oxetane rings to cross-
link the materials. Comparison of the EL properties of cross-linked 172 with
a similar non-cross-linkable polymer showed that the cross-linking had no
significant effect upon the luminescence of the materials. They used these
materials to make a pixelated red, green, blue display in which each of the
materials was patterned by irradiation through a mask.

Scheme 80 Polymers containing spirobifluorene units

Scheme 81 Cross-linkable copolymers containing spirobifluorenes
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Scheme 82 Polymers containing spiro-functionalised fluorenes

Spiro-functionalisation with groups at C9 has also been examined as
a means to stabilise blue emission from polyfluorenes. While polymers with
spirocycloalkyl groups, e.g. 175 (Scheme 82), display green emission upon an-
nealing [277], the polymer 176 with aryl groups at C9 produces stable blue PL
and EL emission even after annealing [278].

4.2
Poly(indenofluorene)s

Poly(tetraalkylindenofluorene)s (PIFs, Scheme 83), which are intermediate in
structure between PDAFs and LPPP, have been prepared by Müllen and co-
workers by Yamamoto coupling [279]. In solution they showed strong blue
PL with maxima around 430 nm, which made them attractive candidates for
use in blue LEDs. By extrapolating the absorption and emission maxima of
oligomers the effective conjugation lengths were determined to be n = 5–6
(15–18 benzene rings) for emission and n = 6–7 for absorption. Unfortu-
nately, as with PDAFs, obtaining stable blue emission in the solid state has
presented difficulties. The tetraoctylpolymer 177 is a green emitter in the
solid state, with the PL and EL spectra being dominated by a broad emission
band at 560 nm [280]. By contrast, films of the polymer 178 with ethylhexyl
substituents show blue PL (λmax = 429, 450 nm). The EL from 178 is initially
blue, but rapidly red shifts, with a simultaneous loss of emission intensity,
so that the devices have a half-life (time for the intensity to drop to half of
its initial value) of less than 1 h. By contrast, the green emission from 177 is

Scheme 83 Alkylindenofluorene-based polymers
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stable, with an estimated half-life of 5000 h. Copolymers 179 and 180 show
intermediate behaviour.

The source of this green emission might be either excimers or defects. The
amount of green emission in the solid-state spectra has been shown to corre-
late well with the presence of long ordered structures due to π-stacking in the
film morphology revealed by atomic force microscopy studies [280]. These re-
sults are consistent with the green emission arising from aggregates. Certainly
the greater solid-state PL efficiency for 178 (36%) and the copolymers 179
(40%) and 180 (50%) compared with 177 (24%) is consistent with the bulkier
branched side chains reducing interchain interactions and so reducing the
possibility of non-radiative decay. An alternative explanation would be that
the emission arises from ketone defects 181 (Scheme 84), which would be ex-
pected to show green emission intermediate between the defects 69 (530 nm)
and 70 (565 nm) proposed for PDAFs and LPPPs, respectively. The above EL
results would then be explicable in terms of the relative ability of excitons to
diffuse to defect sites in the polymer films. To resolve this, the ketone 182 has
been prepared as a model compound for such defects. The emission proper-
ties of 182 match those of defects detected by time-resolved PL measurements
of 177–178 [281].

The phase behaviour of PIFs 177 and 178 resembles that of the corres-
ponding PDAFs 89 and 90, but with higher phase-transition temperatures.
Thus, the octyl polymer 177 shows two nematic phases with transition tem-
peratures at 250 and 290 ◦C (reverse transitions at 270 and 140 ◦C), while the
ethylhexyl polymer 178 has only a single nematic phase with a transition at
290 ◦C (220 ◦C for the reverse transition) [279].

Scheme 84 Proposed emissive defect in polyindenofluorenes

Scheme 85 Indenofluorene–anthracene copolymer which produces stable blue emission
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As with PDAFs, copolymers with anthracene 183 (Scheme 85, n : m =
85 : 15) show stable blue EL (λmax = 445 nm), probably due to exciton confine-
ment [282].

Since aryl substituents have been shown to greatly enhance the stability of
blue emission from PDAFs, the effect of such substituents in PIFs has also
been investigated. The synthesis of the tetraarylmonomers (Scheme 86) fol-
lows a route similar to that used for the diarylfluorenes 131 (see Sect. 4.1,
above). Suzuki coupling of a dibromoterephthalate [157] with commercially
available 4-trimethylsilylbenzeneboronic acid gives the terphenyl 184 in high
(92%) yield. Treatment of this with four equivalents of an aryl lithium fol-
lowed by electrophilic displacement of the silyl group with bromine and then
ring closure produces tetraarylindenofluorene monomers 185 in good (70%)
yield. These were then polymerised with nickel(0) [230].

Due to the limited solubilising power of the substituents, only oligomers
(n = 2–6) of the tert-butylphenyl polymer 186 (Scheme 87) were obtained.
The octylphenyl groups in 187 provided much better solubility, so that this
polymer was obtained with Mn = 66 400 g/mol, Mw/Mn = 3.86 (measured
against a polyphenylene standard), corresponding to a degree of polymerisa-
tion of about n = 66 (∼ 200 phenylene rings).

The PL emission from 187 is blue both in solution (λmax = 428 nm) and
in thin films (λmax = 434 nm), with no sign of the green-emission band seen
for 177. Some unoptimised LEDs have been constructed using 187, which
have rather high operating voltages (16 V) due to problems with preparing
good-quality films. The EL spectrum has its maximum at 434 nm in the blue
but with a long tail extending into the red region of the spectrum, so the
emission is blue-white in colour. The emission is much stabler than from 177–
179 above with only a slight increase in the long-wavelength emission being
seen after several minutes operation of a device at 16 V. This suggests that
improved devices with lower operating voltages might show stable blue EL

Scheme 86 Route to poly(tetraarylindenofluorene)s
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Scheme 87 Poly[tetra(4-alkylphenyl)indenofluorene]s

emission. Blending 0.3 wt % of the ketone 182 into 187 has been found to
totally suppress the blue emission [281], thus demonstrating that even very
low levels of emissive defects can profoundly affect the emission properties of
conjugated polymers.

4.3
Poly(ladder-type pentaphenylene)s

A modification of the synthesis of the tetrarylindenofluorenes 186 shown in
Scheme 86 has been used to prepare ladder-type pentaphenylenes (Scheme 88)
[283]. The dibromoterephthalate was coupled with two equivalents of a flu-
orene boronate instead of a benzene boronic acid to give a pentaphenylene
188. Reaction with an aryl lithium, followed by ring closure with boron triflu-
oride, gave the ladder-type pentamers 189, which were brominated to prepare
dibromomonomers that were then polymerised using nickel(0).

The polymer 190 produces blue PL and EL with an emission maximum at
445 nm and a very small Stokes’ shift, and so closes the gap in emission colour
between PIFs and LPPPs. The optical properties are very similar to those of

Scheme 88 Synthesis of poly(ladder-type pentaphenylene)s
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LPPP 3, but the blue emission is much more stable. Polymer 190 also has a re-
markably large persistence length of 25 nm [284], indicating a highly rigid
structure.

4.4
Other ‘Stepladder’-type Polyphenylenes

PFs, PIFs, and poly(ladder-type pentaphenylene)s have methine bridges, and
so are structurally related to LPPP 3. Stepladder polymers have also been
prepared with other types of bridges.

4.4.1
Poly(tetrahydropyrene)s

Poly(tetrahydropyrene)s 65 (Scheme 28), like polyfluorenes, have a bridged
biphenyl unit, but with two ethane bridges the angle between the two pheny-
lene rings is about 20◦. Poly(2,7-dioctyl-4,5,9,10-tetrahydropyrene) (191) has
been synthesised by Müllen and coworkers (Scheme 89) [285] by Yamamoto
coupling of the dibromomonomer 192. The monomer was prepared by a pho-
tocyclisation of a 2,2′-bis(1′′-alkenyl)biphenyl 193, followed by bromination.
The molecular mass of the polymer (Mn = 20 000 g/mol) corresponds to
about 46 monomer units (92 phenylene rings).

The emission from 191 is blue in solution (λmax = 425 nm) and in thin
films (λmax = 457 nm) [285] and 191 has been used to make a blue-green-
emitting LED (λmax = 457 nm) with an efficiency of 0.10–0.15% [7, 286]. The
large red shift between the solution and solid-state emission may be due
to aggregation. Interestingly, the effective conjugation length for absorption
in 191 is about 20 benzene rings [120], which is longer than for LPPP (3)
(11 rings), but comparable with the values for PDAFs (24 rings) and PIFs
(18–21 rings).

The monomer 192 is a mixture of cis- and trans-diastereomers, which can
be separated, thus making stereoregular polymers accessible. Such polymers
might show different properties, due to different stacking of the polymer
chains.

Scheme 89 Synthesis of poly(2,7-dioctyl-4,5,9,10-tetrahydropyrene)
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4.4.2
Polycarbazoles

Carbazole is isoelectronic with fluorene, but the nitrogen bridge significantly
alters the chemical behaviour. Whereas electrophilic substitution of fluorene
occurs preferentially at the 2- and 7-positions, the strong electronic effect of
the nitrogen directs substitution to the 3- and 6-positions of carbazole. As
a result 3,6-carbazole polymers are much more synthetically accessible than
2,7-carbazole polymers. The chemistry and applications of carbazole-based
polymers have been the subject of two major recent reviews to which the
reader is referred [287, 288].

Poly(N-alkyl-3,6-carbazole)s 194 are readily obtained by condensation of
N-alkyl-3,6-dibromocarbazoles with electrogenerated nickel(0) (Scheme 90)
[289–291]. These polymers show blue (λmax = 470 nm) PL [291] and EL [292].

Poly(N-alkyl-2,7-carbazole)s are harder to prepare than the 3,6-polymers
194 as the 2,7-halocarbazole monomers cannot be obtained by halogena-
tion of carbazole. Morin and Leclerc have developed a short efficient
route to 2,7-dichlorocarbazole 195 (Scheme 91) [293]. Suzuki condensa-
tion of 4-chlorobenzeneboronic acid with 2-bromo-5-chloronitrobenzene
occurs preferentially with the more reactive bromide to give 4,4′dichloro-2-
nitrobiphenyl, which is then reductively ring closed with triethyl phosphite
to give 195 in 55% overall yield. They also prepared 2,7-iodocarbazole
196 by a longer and much less efficient route in which the ring closure
was achieved by heating a 2-azidobiphenyl. Müllen and coworkers have
synthesised 2,7-dibromocarbazole 197 in 51% overall yield by nitration of
4,4′-dibromobiphenyl followed by ring closure with triethyl phosphate [294].

Scheme 90 Poly(N-alkyl-3,6-carbazole)s by electropolymerisation

Scheme 91 Synthesis of 2,7-dichlorocarbazole
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Poly(N-alkyl-2,7-carbazole)s (198) have then been made by alkylation of
195–197, followed by polymerisation with Ni(0) (Scheme 92) [293, 295] or
magnesium [296]. A ditosylate monomer 199 has also been used [297]. Due
to the lower number of solubilising groups the polymers 198 are less solu-
ble than the corresponding PDAFs, so that to obtain high molecular weight
materials large branched chain solubilising groups are needed [296, 298].

Polymers 198 produce blue PL in both solution (λmax = 417 nm) and as
a thin film (λmax = 437, 453 nm) [293, 295]. Unlike the structurally very simi-
lar PDAFs (Sect. 4.1) these polymers show no long-wavelength emission in
the solid state. This is further evidence that the green-emission band seen in
PDAFs does not arise from an aggregate, as chains of 198 should be able to
π-stack at least as well as those of poly(dioctylfluorene) (89). The copolymer
200 with dioctylfluorene was made by Suzuki coupling of a diiodocarbazole
and a dioctylfluorene-2,7-bisboronate (Scheme 93) [293]. This copolymer
also shows stable blue PL in the solid state (λmax = 450 nm). Suzuki coupling
has also been used to prepare other copolymers containing dialkoxypheny-
lene (201), binaphthyl (202), and alkylpyridine (203) units, which produce
stable blue emission [295, 299].

Blue-emitting LEDs have been prepared using 198 with octyl and ethyl-
hexyl substituents, but with only modest efficiencies [300]. Electrochemical

Scheme 92 Synthesis of poly(N-alkyl-2,7-carbazole)s

Scheme 93 Blue-emitting alternating copolymer of carbazole with other arylenes
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Scheme 94 Carbazole-based ladder polymers

measurements suggest that these materials are unstable under electrolytic
conditions, probably due to the high electron densities at the unsubstituted
carbazole 3- and 6-positions promoting coupling reactions, which implies
that devices using them are likely to have short lifetimes [296]. This prob-
lem might be overcome by incorporating carbazoles into ladder structures
in which the carbazoles are bridged via the 3- and 6-positions (Scheme 94).
Scherf and coworkers have prepared the ladder-type polymer 204 by a mod-
ification of the synthesis of Me-LPPP using a carbazole bisboronate in place
of a benzene bisboronate [301]. This polymer displays blue-green PL with
a maximum at 470 nm, which is very slightly red shifted compared to Me-
LPPP. Müllen and coworkers have prepared the ladder-type polycarbazoles
205 and 206, which are also blue-green emitters in dilute solution, with emis-
sion maxima at 471 nm and 467 nm, respectively [302]. At higher concentra-
tions polymer 205 shows broad, red-shifted emission due to aggregation.

5
Polyphenylene-based Block Copolymers

Polyphenylene-based block copolymers come in two varieties: rod–coil
copolymers with a rigid rod-like PPP segment attached to a (usually non-
luminescent) flexible coil or coils, and rod–rod copolymers in which the PPP
rod(s) are attached to another conjugated block. To date most polyphenylene-
based block copolymers reported have been rod–coil copolymers. Here the
coils may contain charge-transporting units, for example the triblock copoly-
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mers 138 and 139, or may act as solubilising or phase-forming units. Phase
separation between the rod and coil units in rod–coil copolymers has been
shown to produce ordered nanostructures, which may have profound effects
upon the film morphology and the electronic properties of these materi-
als [303].

5.1
Rod–Coil Block Copolymers

There exist two approaches to the synthesis of rod–coil block copoly-
mers: first, the ‘grafting from’ approach where one component is used as
a macroinitiator for the preparation of the other, and, secondly, the ‘grafting
onto’ method where the second component is covalently attached to a suitably
end-functionalised first component. The first approach was used to prepare
block copolymers of polystyrene (PS) with PPP 207 (Scheme 95) by François
and coworkers [304–308] and by Advincula and coworkers [309]. In this syn-
thesis, cyclohexadiene was added to ‘living’ polystyrene to give a precursor
polymer 208, which was then aromatised to 207 using chloranil in refluxing
xylene.

The ultraviolet absorption spectrum of 207 reveals that the PPP units
are at most 11–12 benzene rings long, which is shorter than the length
of the poly(cyclohexadiene) block in the precursor 208, indicating that
PPP blocks contain defects [304–306]. As in the synthesis of PPP via
a poly(cyclohexadiene), 1,2- as well as 1,4-linkages are formed during the
polymerisation of the cyclohexadiene. Light-scattering experiments showed
that the copolymer forms micelle-like structures with aggregates of PPP
blocks surrounded by a shell of polystyrene coils [304, 307]. As a result, films
of 207 show an unusual honeycomb-like morphology [308, 310]. As a result
of the aggregation of the PPP units, 207 exhibits different optical properties

Scheme 95 Synthesis of PPP-PS block copolymers by ‘grafting from’ method
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to PPP (1) and the blue EL emission width is much narrower than the PL
emission [311, 312].

In the above case, the coil was used as the macroinitiator for the syn-
thesis of the rod. The reverse case has been used by Müllen and coworkers
to make the PDAF-PEO copolymer 209 (Scheme 96) [313]. Here addition
of bromobenzene to the Suzuki polycondensation of a 2-bromofluorene-7-
boronic acid 210 partially end-capped the growing chain at one terminus with
a phenyl group, with the remaining chains bearing a terminal hydrogen at
this position, while the other terminus completely retained its bromine sub-
stituent. The incomplete end-capping is due to the well-known tendency for
aryl boronates to fall off under the coupling conditions. Suzuki coupling of
this monobromo-PDAF with 4-formylbenzeneboronic acid produced a PDAF
211 end-capped completely at one chain terminus with an aldehyde func-
tionality. This had a molecular weight by GPC and NMR analysis of about
3500 g/mol corresponding to a degree of polymerisation of 8. Reduction of
211 with borohydride, followed by titration with potassium naphthalide, gave
the alkoxide 212 which acted as the macroinitiator for the anionic polymeri-
sation of ethylene oxide to give the desired copolymer 209. NMR analysis
suggested that the length of the PEO coil was about 5–6 units, while GPC
suggested that it was about 10 units.

Müllen and coworkers have also used the alternative ‘grafting onto’ ap-
proach to make a number of rod–coil copolymers, by making end-capped
conjugated rods and attaching non-conjugated coils (Scheme 97). Thus, they
produced an end-capped PPP 213 by the same methodology as above [314].
The degree of polymerisation in 194 was also low (n ∼ 10). Addition of a ‘liv-
ing’ polystyrene chain to 213 gave the PPP-PS copolymer 214, while conden-
sation of 213 with a commercially available amino-terminated poly(ethylene
oxide) produced a PPP-PEO copolymer 215.

Scheme 96 Synthesis of polyfluorene–poly(ethylene oxide) rod–coil copolymer
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The doubly end-capped polyfluorenes 216 and 217, with phenol or car-
boxylic acid functional groups at the chain termini, have been made by
addition of 13 mol % of suitable end-capping reagents to the Yamamoto poly-
merisation of a dibromofluorene followed by conversion of the protected
functionalities (Scheme 98) [315]. The materials appeared to be totally end-
capped by 1H NMR analysis.

Polystyrene chains have been grafted onto the bisacid 217 (Mn = 7140 g/

mol, Mw/Mn = 236, n = 18) by activation with N,N′-carbonyldiimidazole, fol-
lowed by reaction with a hydroxy-terminated polystyrene (Mn = 9300 g/mol,
Mw/Mn = 1.07, m = 87) to give the coil–rod–coil triblock copolymer 218
(Mn = 26 400 g/mol, Mw/Mn = 2.39) (Scheme 99) [315].

The addition of an acid-terminated PEO chain (Mn = 5860 g/mol, Mw/

Mn = 1.06, m = 112) to the bisphenol 216 (Mn = 11 300 g/mol, Mw/Mn = 1.79,
n = 29) under the same conditions was found to give a mixture of the diblock
219 (Mn = 17 230 g/mol, Mw/Mn = 2.10) and triblock 220 (Mn = 23 170 g/mol,
Mw/Mn = 2.37) copolymers, which were separable owing to their differential
solubility in methanol (Scheme 100) [315].

Scheme 97 PPP-based rod–coil copolymers by ‘grafting onto’ method

Scheme 98 Synthesis of doubly end-capped polyfluorenes as units for rod–coil copolymers
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Scheme 99 Synthesis of polyfluorene–polystyrene coil–rod–coil triblock copolymers

Scheme 100 Synthesis of polyfluorene–poly(ethylene oxide) di- and triblock copolymers

Scherf and coworkers have prepared di- and triblock copolymers of
polyfluorene and polyaniline (Scheme 101) by attaching suitable end groups
in both Suzuki and Yamamoto polymerisations. Addition of 10 mol % of
4-nitrobromobenzene as an end-capping reagent to an AA-BB Suzuki poly-
condensation of a fluorene bisboronate and a dibromofluorene (Scheme 41),
followed by reduction with hydrogen, gave a mixture of 221 and 223 (Mn =
7700 g/mol, Mw/Mn = 2.9, n ∼ 19). MALDI-TOF analysis of the nitro-end-
capped material showed that some of the mono-end-capped chains had
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Scheme 101 Polyfluorene–polyaniline block copolymers and precursors

a bromine while others had a hydrogen at the other terminus but a quanti-
tative analysis was not possible. These compounds were oxidatively coupled
with 2-undecanylaniline to give a mixture of the PF-PANI diblock 223 and
triblock 224 copolymers (Mn = 14 400, Mw/Mn = 4.3) [316]. NMR analy-
sis of the end-capped polyfluorenes suggested that the end-capping intro-
duced about 1–1.2 end groups per polymer chain, so that the final prod-
uct was largely the diblock copolymer 223. From the UV-VIS spectrum,
the PANI blocks appeared to be about 6–7 units long. By contrast, add-
ition of 15 mol % of 4-bromoaniline to a Yamamoto polycondensation of
a dibromofluorene (Scheme 42) produced complete end-capping to give only
222 (Mn = 10 400 g/mol, Mw/Mn = 3.58, n ∼ 25) [317]. Oxidative coupling
of this with undecanylaniline then gave the triblock copolymer 224 (Mn =
36 900 g/mol, Mw/Mn = 1.55). Elemental analysis suggested that the PANI
blocks were about 7–8 units long.

The optical properties of the PPP copolymers 214 and 215 do not differ
from the homopolymer, but the PDAF copolymers 213 and 218–220 show
slight differences in their solid-state PL spectra from the homopolymer 89,
which suggests that there is a higher degree of order in the films [313–
315]. Studies of the morphology of some of these rod–coil copolymers have
shown that they form extended one-dimensional fibrillar structures due to
π-stacking of the rods [236, 318]. The ratio of the block sizes in PDAF-PEO
copolymers has been shown to strongly influence the packing behaviour,
with fibrillar structures being observed only for copolymers with an aver-
age volume ratio of PEO of 0.3 or below [319]. However, no study of the
effects of the coils on the luminescence properties of these polymers has been
reported yet.
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Though their synthesis has not been published, it is probable that the tri-
block copolymers 138 and 139 [243] were prepared by a similar grafting onto
procedure.

There also exist syntheses of rod–coil copolymers which do not fit neatly
into either of the above categories. Miller and coworkers have prepared coil–
rod–coil triblock copolymers in a one-pot method by using end-capping
agents in the Yamamoto polymerisation of dibromodihexylfluorene, which
also act as initiators for the formation of the coils [320]. This method can
be thought of as a combination of the two approaches. Thus, nickel(0) poly-
merisation of dibromodihexylfluorene and living radical polymerisation of
styrene in the presence of the end-capper/initiator 225 proceeded together
in the same pot to produce 226 (Mn = 36 000 g/mol, Mw/Mn = 1.52), which
by NMR analysis incorporated the styrene and fluorene monomers in a mole
ratio of 7 : 3 (Scheme 102).

Similarly, nickel(0) polymerisation of the fluorene and ring-opening poly-
merisation of caprolactone in the presence of 227 proceeded to give 228
(Scheme 103). By increasing the mole ratio of caprolactone to fluorene
monomer in the reaction mixture from 8 : 1 to 25 : 1, the molecular mass
of the polymer could be increased from Mn = 17 000 g/mol to 36 000 g/mol,
with an accompanying drop in the polydispersity from Mw/Mn = 2.39 to 1.65.
NMR analysis showed that the relative amount of the fluorene in the polymer
was only about 65–75% of the mole fraction of the fluorene monomer in the
reaction mixture.

The copolymer with PMMA 229 (Scheme 104), however, had to be made
in a step-wise ‘grafting onto’ procedure, as the initiator for the atom transfer
radical polymerisation (ATRP) of methyl methacrylate was not stable under
Yamamoto reaction conditions.

Scheme 102 One-pot synthesis of polyfluorene–polystyrene triblock copolymers
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Scheme 103 One-pot copolymerisation of dioctylfluorene and caprolactone

Scheme 104 Polyfluorene–PMMA triblock copolymer made by two-step process

5.2
Rod–Rod Block Copolymers

The only example of rod–rod copolymers with polyphenylene-based rods are
the polymers 230 and 231, in which two polyfluorene blocks are separated by
a short arylene vinylene unit (Scheme 105). These were prepared by Suzuki
polycondensation of a fluorene monoboronic acid 232 in the presence of the
bromo-substituted oligo(arylene vinylene) units 233 and 234 [321]. From the
molecular masses of the polymers, the total number of fluorene units in both
230 and 231 is about 18.

The PL in solution comes from the fluorene blocks (λmax = 425 nm), but in
the solid state energy transfer to the arylene vinylene units produces emission
only from them (λmax ∼ 525 nm and ∼ 490 nm for 230 and 231, respectively).
As the polymers are surely contaminated with the fluorene homopolymer,
inter- as well intrachain energy transfer must be occurring. These polymers
are promising candidates for polymer lasers [322].



Polyphenylene-type Emissive Materials 73

Scheme 105 Fluorene–(arylene vinylene) block copolymers

6
Conclusion

As shown in this review, the properties of polyphenylene-based materials, so
as to maximise their potential as active materials in LEDs or polymer lasers,
can be controlled by deliberate synthetic design. By incorporating bridges
between some or all of the phenylene units to make ladder or stepladder
polymers the effective conjugation length of the polymer may be controlled,
while the interactions between the chains and the injection of charges may
be regulated by careful selection of substituents. By these means it is pos-
sible to minimise interchain interactions, which lead to loss of luminescence
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efficiency and/or undesirable red shifts in the emission spectrum. The goal
of obtaining stable blue emission now appears to be attainable if steps are
taken to minimise the formation of emissive defects in the polymers and
the diffusion of excitons to them. The emission colour can also be tuned
efficiently over the whole visible spectrum by incorporation of suitable chro-
mophores. With ongoing interdisciplinary research efforts, the fabrication
of polyphenylene-based high-efficiency full-colour LED-based displays with
long lifetimes may soon be possible. The prospects for polyphenylene-based
lasers also appear good, though much work remains to be done in this field.
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