ADVANCED
MATERIALS

Semiconducting Polyfluorenes — Towards
Reliable Structure—Property Relationships™*
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Alkylsubstituted polyfluorenes have emerged as a very attractive class of conju- n
! ! ea a : ; R, Ry

gated polymers, especially for display applications, owing to their pure blue and

efficient electroluminescence coupled with a high charge-carrier mobility and good processability. The availability
of specific and highly regioselective coupling reactions provides a rich variety of tailored polyfluorene-type poly-
mers and copolymers. The focus of this review, therefore, is on reliable structure—property relationships regarding
(i) the interplay of substitution pattern, solid state morphology, and optical/electronic properties, and (ii) the key
role of degradation-induced keto defect sites in fluorene-type polymers, and strategies for obtaining defect-free

By Ullrich Scherf* and Emil J. W. List*

polyfluorenes.

1. Introduction

The electronic properties of many conjugated polymers sen-
sitively depend on their molecular and supramolecular struc-
ture. The molecular aspects are often related to the substitu-
tion pattern at the conjugated main chain, which determines
the conformation of the macromolecule, or to the presence of
structural defects. For a maximum s-conjugation along the
main chain, the substituents that guarantee the solution pro-
cessing of the materials should not cause an unwanted distor-
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tion of the aromatic building blocks. Regarding this point the
9,9-substituted fluorene moiety represents a very favorable
building block for obtaining processable, conjugated poly-
mers, in this case, of the poly(para-phenylene)-type (PPP).
The unique molecular structure and a couple of other attrac-
tive properties (e.g., excellent optical and electronic proper-
ties) have brought semiconducting polyfluorenes in the focus
of scientific and industrial interest. Moreover, many polyfluo-
renes show a particular solid-state behavior (regular supramo-
lecular packing, cooperative phenomena such as liquid crys-
tallinity).

The aim of this review is to demonstrate the sensitive inter-
play between molecular and supramolecular structure as well
as the strong influence of the supramolecular structure on the
electronic properties within this important class of wt-conjugat-
ed materials.

2. Polyfluorene Synthesis

First attempts to synthesize soluble, processable poly(2,7-
fluorene)s (PFs) via an attachment of solubilizing substituents
in 9-position of the fluorene core were published in 1989 by
Yoshino and co-workers. They coupled 9,9-dihexylfluorene
oxidatively with FeCl;!"! and obtained low molecular weight
poly(9,9-dihexylfluorene) (PF6, M, up to 5000, P, 9-13). This
oxidative coupling is not strictly regioselective, as structural
defects are created besides “regular” 2,7-linkages.

The enormous progress in the availability of efficient and
strictly regioselective transition metal-catalyzed aryl-aryl-
couplings has paved the way for the synthesis of high molecu-
lar weight, structurally well-defined PF derivatives. Especially
reductive aryl-aryl-couplings of dihaloaryls according to Ya-
mamoto, aryl-aryl cross-couplings of aryldiboronic acids (es-
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ters) and dihaloaryls according to Suzuki, or of distannylaryls
and dihaloaryls according to Stille have been successfully ap-
plied.

The first transition-metal catalyzed coupling of 2,7-dibro-
mo-9,9-dialkylfluorenes with Ni" salt/zinc was described by
Pei and Yang (Uniax Corp.) in 1996.2 Later on, a research
group at DOW Chemical Corp. (Inbasekaran, Woo, and co-
workers)®! as well as Leclerc and co-workers!* published the
synthesis of 9,9-dialkyl-PFs following the Suzuki-type cross-
coupling of 9,9-dialkylfluorene-2,7-bisboronic acid or ester
and 2,7-dibromo-9,9-dialkylfluorene monomers.

Since the Suzuki-type coupling provides PFs with a maxi-
mum M, of several 10000, the Yamamoto-type coupling can
lead to very high molecular PFs with a M, of up to 200000
(Py: up to 500).°1 The main prerequisite for reaching such
high molecular weights is, however, the use of carefully puri-
fied monomers and the application of optimized reaction con-
ditions. On the lab scale (up to 10 g batches), the application
of Ni(COD), as reductive transition metal-based coupling
agent is very favorable (Scheme 1).

9,9-Dialkyl-PFs with alkyl side-chains containing more than
6 carbons are highly soluble in various organic solvents. They
do not precipitate during the coupling reaction. The length
and structure of the alkyl substituents do not significantly vary

Ni(COD);
o e T )
R. Ry R R, n

Scheme 1. Synthesis of 9,9-dialkyl-PF according to Yamamoto (R;: -alkyl).

lasers).

materials).
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the optical and electronic properties of the PFs in dilute solu-
tion (see Sec. 5), which indicates a negligible influence of the
alkyl side-chains on the electronic interaction between adja-
cent fluorene units. This is a consequence of the very favorable
9-position of alkyl-substitution in 9,9-dialkyl-PFs, which is far
away from the aryl-aryl-coupled 2- and 7-positions. However,
the structure of the alkyl side-chains strongly influences the
solid-state packing of the polymers; especially n-alkyl deriva-
tives display a unique aggregation behavior in the condensed
phase (S-phase formation; see Sec. 3 and 5.1). This special sol-
id-state packing can be suppressed in branched alkyl chain-
substituted PF derivatives, i.e., their solid-state properties do
not differ significantly from their single molecule (solution)
properties. Increasing the alkyl chain length, the T,-value is
reduced gradually, poly[(9,9-bis(3,7,11-trimethyldodecyl)-
fluorene)-2,7-diyl], for example, is very soft at ambient condi-
tions and shows a T, below room temperature.®

Routine size exclusion chromatography (SEC) measure-
ments of PFs (polystyrene, PS, calibration) display overesti-
mated numbers of M,, and M, due to the rigid-rod or, better,
semirigid-rod nature of the polymers. Dynamic light scattering
experiments on narrowly distributed poly[(9,9-bis(2-ethylhex-
yDfluorene)-2,7-diyl] (PF2/6) fractions, which have been
prepared by preparative SEC fractionation, have displayed re-
duced absolute M,, values (50-70 %) in relation to the PS-cali-
brated SEC results.”) Based on small-angle-neutron scattering
and translational diffusion measurements in dilute solutions,
the polymer chains can be described as wormlike chains with a
relatively low persistence length L of ca. 7 nm. This reflects the
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semirigid nature of the chains, a result of the kinked and dis-
torted arrangement of the fluorene structural units.

The structure of the PF homopolymers can be varied by co-
condensation with suitable comonomers. The use of mono-
functional comonomers leads to an attachment of defined
end-groups (so-called end-cappers, Scheme 2). In this way, ad-
ditional chemically, chromophorically, or electronically active

Ni(COD),

Scheme 2. Synthesis of terminally end-functionalized 9,9-dialkyl-PF (R;: -alkyl,
X: -CH=CH,, -NPh,, -NH,, ...).

functional groups can be introduced into the terminal posi-
tions of the PF backbones. Examples for this strategy are sty-
ryl-end-capped, crosslinkable PFs,®! triarylamine-(e.g., triphe-
nylamine TPA)-end-capped derivatives with improved hole-
transporting properties for use in organic light-emitting
diodes (OLEDs),””! PFs with terminal dendronic units,'" or
aniline-end-capped PFs as intermediates for the design of
novel conjugated/conjugated block copolymers.""! The use of
difunctional comonomers opens the way for several fluorene-
based copolymers. Following the Yamamoto-type coupling,
statistical copolymers are accessible, which contain, e.g., an-
thracene, perylene, carbazole, cyclopentadithiophene, or
other arylene building blocks (Scheme 3).l"l Applying the
cross-coupling methods according to Suzuki or Stille a bundle
of alternating copolymers can be synthesized, e.g., alternating
fluorene/thiophene, fluorene/bithiophene, fluorene/triphenyl-
amine copolymers (Scheme 4).1 A couple of these copoly-
mer structures is listed in the patents held by DOW Chemical
Corp.[3]

Scheme 3. Synthesis of statistical PF/polyarylene copolymers (R;: -alkyl, Ar:
9,10-anthrylene, (4,4-dialkyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2,6-diyl,
N-alkylcarbazole-3,6-diyl, etc.; X: -B(OH),, -B(OR),, -SnR3).

O
o
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Scheme 4. Synthesis of alternating fluorene-2,7-diyl/arylene copolymers (R;:
-alkyl, Ar: N,N,N-bis(phenyl-4-yl)-(4-methylphenyl)amine, 2,5-thienylene, 2,2’-
bithienyl, etc.).
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As mentioned before, PFs containing aniline end-functions
can be used for the preparation of novel polyaniline/polyfluo-
rene/polyaniline ABA-type triblock copolymers as described
by Scherf and co-workers (Scheme 5).""! The PAni/PF/PAni
block copolymers contain two electronically active conjugated
blocks of rather different redox properties, which are, in com-
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Scheme 5. Synthesis of conjugated PAni/PF/PAni triblock copolymers (R;, Ry:
-alkyl).

bination with the observed nanoscale phase-separation, attrac-
tive for the design of organic solar cells. An AFM image of such
a PAni/PF/PAni block copolymer (Fig. 1) illustrates the forma-
tion of phase-separated morphologies on the nanoscale.

Fig. 1. AFM image of a PAni/PF/PAni triblock copolymer (ABA-type) spin-
coated film on an untreated glass substrate.

An important point concerning the application of PF-based
materials in electronic devices (LEDs, solid-state lasers, solar
cells) is related to the presence (or absence!) of defect states. A
study of List, Scherf, and co-workers has outlined possible ways
of defect state generation in PFsl® (see Sec. 5.2). One crucial
point for avoiding defects is the use of completely 9,9-difunc-
tionalized fluorene monomers. The presence of small amounts
of non-alkylated or only monofunctionalized monomers (9-al-
kylfluorene derivatives) yields preferred centers for oxidative/
photooxidative degradation. Such centers can be already oxi-
dized during the coupling reaction/atmospheric work-up under
formation of fluorenone structural units. They can act as
quenching sites for optical excitations or charges (energy or
charge traps). The complete absence of benzylic hydrogens in
the 9-position of the fluorene moiety seems to be a key prereq-
uisite for obtaining oxidatively stable, defect-poor PFs. Besides
this, the overall purity of the difunctional monomers is crucial
for reaching high molecular weights, especially in the aryl-aryl
coupling according to Yamamoto.
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3. Solid-State Ordering and Morphology

As mentioned in the section before, the structure of the al-
kyl side-chains in the 9-position of the fluorene moieties
strongly influences the solid-state packing of the polymers.
n-Alkyl derivatives display a unique packing behavior in the
condensed phase upon thermal treatment,!'! upon exposing
the films to solvent vapors,'* or treating the polymer with sol-
vent/non-solvent mixtures of increasing non-solvent con-
tent.!"! For such samples, in addition to the regular, glassy («)
phase, a novel, so-called -phase, has been identified. Com-
pared to the glassy phase of PF, the 3-phase shows a distinct
red shift of absorption and emission peaks with a remarkably
well-resolved vibronic progression both in absorption and
emission (see Sec. 5.1). In contrast, the glassy phase of PF
only reveals a well-resolved vibronic progression in the emis-
sion spectrum. A comparison to PPP-type polymers with a
fully planarized backbone (ladder-type PPP or LPPP, see
Scheme 6) shows very similar absorption and emission char-
acteristics for -phase PF and LPPP, which leads to the con-

LPPP

Scheme 6. Structure of planarized PPP-type ladder polymers (LPPP, R;: -alkyl,
R,: -aryl, R3: -methyl, -phenyl, or -H).

clusion that the initially distorted backbone of PF is flattened
into a planarized conformation during (-phase formation.
Note that PF, in contrast to LPPP, possesses torsional freedom
between adjacent fluorene units. The resulting more extended
intrachain m-conjugation accounts for the observed batho-
chromic shift and the well-resolved vibronic progression in
the absorption and emission of S-phase-PF (as discussed in
detail in Sec. 5.1). No evidence for distinct interchain interac-
tions of the m-electron systems of the PF chains was observed
(ground state aggregate or excimer formation). Hence the
driving force for this unique packing behavior (8-phase for-
mation) has to be attributed to a solid-state packing, e.g., of
the n-alkyl side-chains (so-called side-chain crystallization),
described as “mechanical stress during S-phase formation”.!'”
This is in full agreement with the observation that this special
solid-state packing is fully suppressed in the case of branched
alkyl chain-substituted PF derivatives (especially with 2-ethyl-
hexyl, 3,7-dimethyloctyl, or most favorably, 3,7,11-trimethyl-
dodecyl side chains).[é] Then, the solid-state optical properties
of this PF derivatives do not differ significantly from their sin-
gle molecule (dilute solution) properties, besides slight batho-
chromic shifts of the solid-state absorption and emission
peaks. Such a behavior was also described for dendron-substi-
tuted PFs, at the same time and independently by Miillen and
co-workers,[”] and Carter and co-workers.!'¥)

X-ray and electron diffraction measurements support this
interpretation. For 9,9-di-n-octyl-PF (PF8, or PFO) it was
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found that the correlation length in chain direction, a measure
of the intrachain order of a polymer, is much longer (22 nm)
for the [-phase-PF relative to the glassy (a) phase (ca.
8.5 nm) according to X-ray fiber diffraction measurements.!'’!
Since the correlation length of the glassy («) phase of PF8-fi-
bers equals that in solution (and also matches the so-called
effective conjugation length) one can conclude that a more
effective (extended) conjugation occurs in the S-phase due to
the already mentioned backbone planarization. In contrast,
Lieser and co-workers have investigated thin films and fibers
of a PF with branched side-groups, poly[(9,9-bis(2-ethylhex-
yDfluorene)-2,7-diyl] (PF2/6), by X-ray and electron diffrac-
tion measurements.’) They found the complete absence of
the f-phase in PF2/6 (Fig. 2). The distorted (a-phase) PF
chains display a regular hexagonal packing. Very remarkably,

Fig. 2. Electron diffraction pattern of a highly oriented di(2-ethylhexyl)-PF-
(PF2/6) film (thickness ca. 40 nm, oriented at 200° on rubbing-aligned polyim-
ide, circular area of 2.7 um diameter with the meridian in direction SW-NE).

single PF chains show a helical conformation (5; or 5, helix).
The extended conjugation within the chains, however, rules
out a 5; helix. A 5, helix corresponds to a 36° distortion be-
tween adjacent fluorene moieties. This finding leads to the
question whether control of the helical sense is possible via in-
troduction of chiral alkyl substituents in the 9-position of the
fluorene core (a review on chiral conjugated polymers has
been published previouslym]). The successful execution of
such a strategy was presented recently.[26]

Additional insight into the solid-state arrangement of
p-phase-forming 9,9-di-n-hexyl-PF (PF6) came from NSOM
fluorescence microscopy investigations by Vanden Bout and
co-workers.?! Their results indicate that annealed (and/or
aligned) samples of 9,9-di-n-hexyl-PF possess a richer mor-
phology than previously believed. They observed highly or-
dered ribbonlike (microcrystalline) features with nanometer
dimensions (40-70 nm x 500-1000 nm).

4. Liquid Crystallinity
Many 9,9-dialkyl-PFs display a very unique phase behavior;

they can form thermotropic LC mesophases as first shown by

Adv. Mater. 2002, 14, No. 7, April 4
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Bradley and co-workers.”®! The melting into a birefringent
fluid phase—(partially) crystalline state — LC state—was
found to be in the temperature range of 100-180 °C for several
PFs with linear and branched alkyl substituents (6—15 carbon
atoms) in the 9-position of the fluorene moiety. Di-n-octyl-PF,
e.g., shows a T c phase transition at ca. 160 °C; di(2-ethyl-
hexyl)-PF (see Fig. 3, Table 1) exhibits this transition at ca.
167°C. Other branched alkyl chain-substituted PFs (e.g.,

Fosoh

PF2/6

PF2/6am2

—_—

PF2/6am4

-~

PF2/6am9

Exo ->

T T
100 200

Temperature ['C]

Fig. 3. Molecular weight control and transition-temperature tuning in TPA-end-
capped di(2-ethylhexyl)-PF (PF2/6 amX).

Table 1. Data for molecular weight control and transition-temperature tuning
in PF2/6 amX (Fig. 3).

M, My/M, End-capper Tie
g mol’l] concentration [°C]

[%] [a]
PF2/6 122000 2 0 169
PF2/6 am2 102000 1.42 1.4 163
PF2/6 am4 48400 1.55 3.0 152
P¥F2/6 am6 12000 2.57 83 135

[a] Data obtained from NMR measurements.

di(3,7-dimethyloctyl)-PF and di(3,7,11-trimethyldodecyl)-PF)
are not crystalline; according to differential scanning calorime-
try (DSC) and X-ray diffraction, their frozen LC states soften
at lower temperatures (7 at ca. 100 °C for di(3,7-dimethyloc-
tyl)-PF, or at ca. 68 °C for di(3,7,11-trimethyldodecyl)-PF).

The transition temperatures are, of course, molecular weight
dependent as shown in Figure 3 for a series of (partially crystal-
line) TPA-end-capped PF2/6amX derivatives. The transition
temperatures in alternating di-n-octylfluorene/bithiophene
copolymers, which are attractive for a potential use as semicon-
ducting layers in organic field-effect transistors (OFETS), are
increased by more then 100°C (275-285 °C) in relation to the
corresponding PF homopolymer (PF8) as a consequence of in-
corporation of the rigid, unsubstituted bithiophene moieties.*

The LC mesophases of dialkyl-PFs were characterized as
nematic.””! Higher ordered LC mesophases have been, how-
ever, observed for monoalkyl-PFs (sandinic mesophases).
Chiral alkyl chain-substituted PFs can form chiral LC meso-

Adv. Mater. 2002, 14, No. 7, April 4
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phases.”"! The clearing point (transition in the isotropic state)
is located at rather high temperatures of >250 °C, and is often
not detectable, since decomposition has already started.

Because of their unique phase behavior, PF-films are very
promising candidates for orientation experiments in order to
achieve a monodomain alignment with high dichroic ratios of
absorption, or with a highly polarized photo- (PL) or electro-
luminescence (EL). In terms of absorption and photolumines-
cence this has been first demonstrated for di-n-octyl-PF, which
was oriented on rubbed polyimide orientation layers (dichroic
ratio in absorption: 6.5; polarization of PL: 10).1***" However,
the use of branched alkyl chain-derivatives leads to an im-
proved monodomain alignment (dichroic ratio in absorption:
15; polarization of PL: 18).[28] An alternative orientation on
organic photoalignment layers (based on the isomerization of
diazo groups; so-called PAPs) is also possible.m]

The first organic light-emitting diodes (OLEDs) that emit
polarized blue light (polarization of EL up to 30) have been
described by Neher, Scherf, and co-workers.!*!

TEM images of thin, aligned PF2/6-films have, however,
shown that monodomains are not really formed. The aligned
films display a lamellar morphology and are composed of
highly oriented stripes with regions of lower orientation in be-
tween them (Fig. 4).%%

Fig. 4. TEM images of the thin, aligned PF2/6 layer from Figure 2 (dark field
image in the light of the 00.5 reflection); the light regions represent highly
oriented, lamellar PF2/6 domains (diameter: 50-300 nm), the dark regions are
domain boundaries that are filled with non-aligned material.

5. Optical and Electronic Properties

Polyfluorenes display a rich and attractive variety of optical
and electronic properties. In the following we will focus on
properties that are related to the above mentioned intrachain
order effects of the polymer backbone (3-phase formation) as
well as on those that are related to an ongoing (oxidative)
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degradation of the material. The latter is of special impor-
tance, since PFs have emerged as the most promising class of
active, emissive materials for deep-blue OLEDs.

5.1. Morphology-Related Optical Properties

Polyfluorenes in dilute solution display an unstructured
long-wavelength absorption maximum A,,x centered at
ca. 380 nm (3.25 eV), nearly independent from the substitu-
tion at the 9-position as depicted in Figure 5. In photolumi-
nescence, polyfluorenes typically display a vibronically well-

Normalized Photoluminescence
90UBQIOSqQY POZI[eWION

22 24 26 28 30 32 34 36 38
Energy (eV)

Fig. 5. a) Absorption and photoluminescence spectra of PF8 in dilute solution
(chloroform, solid lines) and after partial agglomeration (3-phase formation) in
a chloroform/methanol mixture (v/v, 75:25, dashed lines); b) Absorption and
photoluminescence spectra of the so-called 5-phase of polyfluorene (solid lines,
as derived from a numerical subtraction of the absorption and emission spectra
in chloroform and in chloroform/methanol mixture, 75:25). For comparison the
absorption and photoluminescence spectra of LPPP (R;: -hexyl, R,: -4-decyl-
phenyl, R3: -methyl) is given (dilute solution, toluene, dashed lines).

resolved emission spectrum with an energetic spacing of
ca. 180 meV (related to the stretching mode of C=C-C=C
substructures of the polymer backbone) with the 0-0 electron-
ic transition centered at ca. 2.9 eV.

As already mentioned in Section 3, n-alkyl-PFs can undergo
a conformational change during transition in the condensed
state. The formation of a second phase, the -phase, was ob-
served under certain experimental conditions (see Sec. 3). Es-
sentially, this effect was recently also observed for poly-(9,9-
dioctylfuorene) (PF8) in solvent/non-solvent mixtures
(chloroform/methanol) of increasing non-solvent content,
which gives rise to an agglomeration of individual polymer
chains (Fig. 5a)."! The agglomeration (particle formation) is
detectable, e.g., by light scattering and microfiltration. In the
case of PFS8, the agglomeration of single macromolecules is
accompanied by the occurrence of a series of novel, red-
shifted absorption peaks at ca. 2.85 eV, 3.04 eV, and 3.22 eV,
as an indication of the -phase formation (Fig. 5b). The rela-
tive intensity of the new f-phase-related bands increases for
increasing non-solvent content, and simultaneously the inten-
sity of the broad unstructured PF absorption decreases.

482
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The PL spectrum of di-n-octyl-PF (PF8) in chloroform/
methanol mixtures also dramatically changes with increasing
non-solvent content. Novel features at lower energies
(2.81 eV, 2.65 eV, and 2.49 eV) arise, in addition to the still
observed emission bands of “isolated” (molecularly dissolved)
PF chains, which are, however, diminished at higher methanol
contents.

A clearer picture can be derived from the difference spectra
of partly agglomerated (fS-phase) and “isolated” PF chains
both in absorption and emission (as shown in Fig. 5b). These
findings are very similar to results obtained for thermally
cycled PF8-films.["”)

The newly emerging red-shifted absorption and emission
features of PF8 possess, in contrast to “isolated” PF chains, a
vibronic progression both in absorption and emission, which
is characteristic for a chain geometry with an extended s-con-
jugation.

As a result of the agglomeration, the n-alkyl side-chains
force a unique packing of the polymer chains with a more
coplanar arrangement of the fluorene building blocks and
an increased m-conjugation along the polyfluorene main
chain.

When comparing the absorption and emission spectra of
B-phase-PF and fully planarized PPP-type ladder polymers
LPPP a first observation is that both materials possess nearly
identical spectral characteristics (Fig. 5b). The only difference
is a slight red-shift of ca. 100 meV for the absorption and
emission spectra of LPPP. f-Phase PF and LPPP display an
identical vibronic progression. The observed vibronic fine-
structure of S-phase PF in the absorption spectrum is fully
consistent with our interpretation of a side-chain driven pla-
narization of the PF backbone. LPPP and $-phase PF show a
similar geometrical main-chain arrangement, and, hence, simi-
lar ground- and excited-state parabola of the energy levels. In
contrast, the absence of a well-resolved vibronic structure in
the absorption of “isolated” PF chains is indicative of a dis-
tinct geometry change during transition from the ground state
to the excited state, which is documented by rather differently
shaped ground- and excited-state energy parabolas, as also
observed, e.g., for biphenyl.*"

In addition to the remarkable similarities between the ab-
sorption and emission spectra of LPPP and p-phase-PF, a
comparable similarity is found for photoinduced spectral fea-
tures, such as triplet excitons!'**! and polarons, which occur
at nearly identical energies for both S-phase-PF and LPPP (P1
@ 0.5 eV and P2 @ 1.9 eV.'"*3! (For the definition of the
triplet and polaronic states, see the inset of Fig. 6). It was also
shown that in films composed of both “regular” (a-phase) and
p-phase PF a dramatic increase in the polaron steady state
density occurs as a consequence of the increase of the ener-
getic disorder in the bulk material.®! Since a high steady state
polaron density represents a serious drawback in OLED and
solid-state laser applications, due to non-radiative quenching
of singlet excitons at trapped polarons, PF derivatives without
f-phase formation (branched alkyl side-chains in 9-position)
have to be favored.*!
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Fig. 6. Absorption (dashed line), photoluminescence (PL, dotted line), and
photoinduced absorption (PA, solid line) spectra of a PF2/6 film. The inset shows
the schematic Jablonski diagram for this PF-material; depicted are the energy
levels and optical transitions associated with singlet, triplet, and charged excita-
tions. The 1 1Ag and the 1°B, states are the ground state and lowest triplet exciton
(TE) states, respectively. The 1'B,, is the lowest allowed excited singlet exciton
(SE) state. k, and k,, are the radiative and non-radiative rate constants for the
1'B, singlet exciton (SE) decay. T1 denotes the first allowed triplet absorption
from the 1°B, to the lowest excited m’A, state as observed in photoinduced
absorption (PA), while kpy is the radiative phosphorescent decay of triplets to
the ground state. P* and P~ represent polarons created upon charge transfer
(CT), while P1 and P2 are the optical transitions within the polaronic states.

Despite the rich physics contained in the solid-state packing
of di-n-alkyl-PFs (e.g., PF8) we will now focus on the optical
and electronic properties of branched alkyl chain-substituted
PF derivatives that show a suppressed f-phase forma-
tion [6:1628]

PFs with branched alkyl chain substituents typically display
a solid-state emission spectrum that is nearly identical to the
spectra in dilute solution, only a very slight bathochromic shift
of ca. 100 meV is observed. The absorption band in the solid
state is slightly broadened as a result of small local variations
of the m-overlap due to some conformational disorder.!

As shown in Figure 6 the photoinduced absorption (PA) of
the branched alkyl chain-substituted PF derivative PF2/6
shows one dominant band peaking at 1.54 eV. This band is as-
signed to a transition from the 1°B, to a higher lying m’A,
triplet state (T1 absorption), similar to the PA of methyl-sub-
stituted ladder-type PPP (MeLPPP).F*!!

From pulsed radiolysis measurements the energetic spacing
between the ground state 11Ag and the lowest triplet exciton
state 1°Bu has been found to be 2.1 ¢V.**¥ This is in excellent
agreement with the observed phosphorescence energy of PF2/
6 at ca. 2.1 eV.¥ It is worth noting that PF2/6 exhibits excep-
tionally high solid-state PL quantum yields, which have been
found to be on the order of 50-60 %. Typical radiative PL de-
cay times were measured to be in the region of ca. 1 ns.”>3*

Remarkably, PF2/6 films do not exhibit a significant polar-
onic absorption band in steady-state PA measurements (see
Fig. 6) as a consequence of the rather low density of traps and
low energetic disorder of the bulk polymer, which are both
needed to create and stabilize polarons.*!]
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The low concentration of polaronic species and the small
overlap of the PA with the PL emission make PF2/6 and re-
lated derivatives promising candidates for organic solid-state
lasers since the absence of a PA/PL overlap is a required fea-
ture for this type of application.[35 31 The low energetic disor-
der is also reflected in the rather high charge carrier mobility
of polyfluorenes of up to 3 x 10 cm?/Vs (for holes) combined
with the observation of a non-dispersive charge carrier trans-
port from TOF measurements.*’!

5.2. Degradation-Related Optical and Electronic Properties

Aside from the above discussed morphology-induced
changes (fS-phase formation) and their impact on the materi-
als science of PF-type polymers the observation of distinct
photophysical changes due to photo- and/or electro-degrada-
tion processes is of outstanding importance for device applica-
tions. Yet, despite the remarkable improvements in terms of
stability and color purity of OLEDs based on PF-type emit-
ters, most of these OLEDs suffer from a degradation of the
device under operation, which is most visibly documented in
the formation of a low energy emission band at 2.2-2.3 eV.
This behavior turns the desired blue emission color into an
undesired blue—green emission. This band, which is also found
in photoluminescence (PL) after photooxidation of the poly-
mer, has been mostly attributed to aggregate and/or excimer
formation in the material *%]

However, as shown recently[6] the more or less intense low-
energy emission band at 2.2-2.3 eV can be identified as the
emission from exciton and/or charge trapping keto defect sites
(9-fluorenone sites), which in fact can be regarded as emission
of a guest (defect) accidentally incorporated into the st-conju-
gated PF backbone. As shown below, such keto defects, lead-
ing to the unwanted low energy emission band in polyfluo-
renes, can be formed already during synthesis (in the case of
9-monoalkylated polyfluorenes, MA-PF), or as result of a
photo- (or electro-) oxidative degradation process of almost
any PFs, now shown for a 99-dialkylated polyfluorene
(DA-PF).

The 9-monoalkylated polyfluorene MA-PF and the 9,9-di-
alkylated derivative DA-PF discussed here (alkyl = 3,7,11-tri-
methyldodecyl) can be synthesized from the corresponding
2,7-dibromofluorene monomers in a reductive aryl-aryl cou-
pling according to Yamamoto (see Sec.?2). The long and
branched (3,7,11-trimethyldodecyl)-side-groups hereby allow
a simple liquid chromatographic separation of mono- and di-
alkylated dibromofluorene monomers to be carried out, which
is more difficult for PFs bearing smaller side-chains. We found
that pristine 9-monoalkylated MA-PF already contains
9-fluorenone defect sites after polymer synthesis. An explana-
tion for the ongoing mechanism of defect-site generation is
the following (see Scheme 7): The highly active Ni’ species
used in the reductive coupling of the dibromo monomers re-
duce a certain amount of the 9-monoalkylated fluorene build-
ing blocks (I) to (aromatic) fluorenyl anions (IT) under forma-
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Scheme 7. Proposed mechanism for the generation of keto defect sites in MA-PF
(for explanations see Sec. 5.2).

tion of hydrogen. These anions can form hydroperoxide an-
ions (IIT) with atmospheric oxygen during the work-up of the
reaction mixture. The hydroperoxide anions then undergo a
final rearrangement to fluorenone moieties (IV).

The incorporation of the fluorenone defect sites in MA-PF
dramatically changes the emission properties of the polymer;
for a comparison of the PL spectra of MA-PF and defect free
9,9-dialkyl-PFs see Figures 5a, 6, and 7a.

Normalized Photoluminescence
©0UBQIOSqQY paziewiou

1 1
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Energy (eV)

Fig. 7. a) Absorption and photoluminescence emission of MA-PF in dilute solu-
tion (cyclohexane, dashed line) and in the solid state (full line). b) Absorption
and photoluminescence emission of MA-PF in different solvents: cyclohexane
(full line), toluene (dashed line), and dichloromethane (dotted line).

MA-PF in dilute solution exhibits a broad absorption peak at
3.2 eV and a PL emission spectrum showing maxima at 2.95 eV
and 2.8 eV as well as an unexpected low energy band peaking at
2.3 eV. In the solid state the absorption of MA-PF becomes
much broader and an additional weak contribution centered at
ca. 2.8 eV occurs. In contrast to the emission spectrum of
MA-PF in dilute solution (toluene), the solid-state PL spectrum
is dominated by the low-energy emission peak at ca. 2.28 eV.

Contrary to MA-PF, DA-PF exhibits very similar absorp-
tion and emission spectra both in toluene solution and in the
solid state; moreover, these spectra are almost identical to the
spectral features of PF2/6 as shown in Figure 6. Both the PL
emission spectrum of DA-PF in dilute solution and in the solid
state show a complete absence of the lower energy contribu-
tion at ca. 2.3 eV.

Comparing the energetic position of the m*—m transition at
2.9 eV and its vibronic replica in the PL spectrum of DA-PF

484 © WILEY-VCH Verlag GmbH, D-69469 Weinheim, 2002 0935-9648/02/0704-0484 $ 17.50+.50/0

with the two emission peaks of MA-PF at 2.95 eV and 2.8 eV,
these transitions are assigned to emission from the delocalized
m-electron system of regular, defect-free polyfluorene chains.
In contrast, the low-energy emission band at 2.3 eV, which is
only found in MA-PF, has a different origin that is not related
to the emission from the undisturbed, defect-free PF back-
bone. From a comparison with literature results, this emission
band is assigned to stem from keto defect sites, namely fluore-
none building blocks, which have been found to emit exactly
at this energetic position.*!

The observed solvatochromism of the low-energy emission
band at ca. 2.3 eV supports the assignment to fluorenone
building blocks and reflects the considerable permanent di-
pole moment of the >C=0 moiety (see Fig. 7b). For MA-PF
dissolved in dichloromethane the fluorenone emission band is
completely absent. The more polar solvent molecules are
more closely bound to the excited state fluorenone building
blocks, this favors non-radiative deactivation processes (“sol-
vent quenching”). It should be noted that the observed effect
is not concentration-dependent, which is an additional argu-
ment against aggregation and/or excimer formation as the ori-
gin of the emission band at 2.3 eV.

The assignment of the low-energy emission band to the
presence of yellow/orange emitting fluorenone defect sites is
in agreement with the observation of an additional IR band at
ca. 1721 em™ in pristine MA-PF samples as shown in Fig-
ure 8a. This signal is not detectable in pristine DA-PF as de-
picted in the same figure. This band has been identified as the
carbonyl stretching mode (>C=0) of the fluorenone building
block.*!] Furthermore the weak low energy tail of the MA-PF

Intensity (arb. units)

Intensity (arb. units)

(b). . 1700 1800 '
1000 1500 2000 2500 3000

Wavenumber (cm™)

Fig. 8. IR transmission spectra of MA- and DA-PF films on Si: a) MA-PF
(dashed line) and DA-PF (full line). b) “Pristine” DA-PF (full line), and this
film after photooxidation (1000 W xenon lamp under air) for 2 (dashed line), 4
(dotted line), and 6 min illumination (dash-dotted line). The insets show the
region of the >C=0 stretching mode around 1721 cm™.
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absorption in toluene solution, and more pronounced and
bathochromically shifted in the solid state at ca. 2.6-2.8 eV, is
identified as the absorbance of the fluorenone chromophores
(m—m* transition).[*”! This low-energy absorption tail/shoulder
is absent in pristine DA-PF both in dilute solution and in the
solid state.

The energetic position of the low-energy emission band at
ca. 2.3 eV in MA-PF is very similar to the low-energy emis-
sion band of the fluorenone building block in statistical di-
alkylfluorene/fluorenone copolymers.'*! It is also similar to
the emission band of photooxidized (photodegradated) fluo-
rene-endcapped poly(9,9-dihexylfluorene-2,7-diyl) (PF6) as
demonstrated by the IBM Almaden group,[42] where, termi-
nal, unsubstituted fluorene moieties were photooxidized to
fluorenone units. These findings strongly support the pre-
sented assignment of our experimental results. In this light,
the often favored interpretation that the low-energy emission
bands in PF (and also in ladder-type poly(para-phenylene)s
LPPP, in which such low-energy emission bands also occur at
a similar spectral position of ca. 2.2 eV!) are associated with
ongoing aggregate or excimer formation®>" is at the very
least questionable.

In contrast, we propose that the keto defects act as “guest”
emitters that efficiently trap singlet excitons created on the
conjugated PF backbone by a dipole-dipole induced direct
excitation energy transfer of the Forster-type!*! or an excita-
tion energy migration (EEM)-assisted Forster-type transfer
process.[44’45] This process becomes the dominating channel of
excited state depopulation in the solid state. Due to the re-
duced or inhibited interchain Forster-type (or EEM-assisted
Forster-type) energy transfer to the keto defect sites the con-
tribution of the low-energy PL band at ca. 2.3 eV in dilute so-
lutions of MA-PF is only moderate. Moreover, we have per-
formed quantum-chemical simulations to gain a deeper
insight into the nature of the electronic states involved in the
absorption and emission processes in these materials by cou-
pling the intermediate neglect of differential overlap (INDO)
Hamiltonian to a configuration interaction (CI) approach.[46]
For MA-PF containing keto defect sites, these calculations
show a localization of the emissive excited states on the fluo-
renone unit prior to recombination, while the emissive excited
state is delocalized over several fluorene segments in pristine
DA-PF free of keto defect sites. These findings indicate that
the exciton localization at the fluorenone sites additionally
enhances the emission intensity at ca. 2.3 eV.

The keto defect sites present in MA-PF are formed already
during the synthesis of the polymer. However, such keto de-
fect sites can not only be formed as side reaction during poly-
mer synthesis, as shown for MA-PF, but can also be formed as
result of a photo- or (electro-)oxidative degradation of DA-
PF. In order to demonstrate the degradation-induced creation
of keto-defects, DA-PF samples were studied in photooxida-
tion as well as in electrooxidation experiments.

Figure 9 shows the PL spectrum of a pristine DA-PF film
and the subsequently degraded layer. Photooxidation of the
sample for 6 min yields a dramatic decrease of the integral PL
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Fig. 9. Photoluminescence emission spectrum of a “pristine” DA-PF film (full
line), and after photooxidation (1000 W xenon lamp under air) for 2 (dashed
line), 4 (dotted line), and 6 min illumination (dash-dotted line).

quantum yield to approximately 10 % of the initial value. Si-
multaneously, the low-energy emission band at 2.3 eV
emerges and increases relative to the initial PF emission dur-
ing ongoing photooxidation of DA-PF. Furthermore, in the si-
multaneously measured IR spectra (depicted in Fig. 8b) one
finds the appearance of a fluorenone-related signal (>C=0
stretching mode) at 1721 cm™, which increases gradually.
These findings clearly prove the formation of emissive fluore-
none defects upon degradation.

Figure 10 depicts the electroluminescence spectrum of an
ITO/MA-PF/Al device (OLED, solid line), an ITO/DA-PF/Al
device (dashed line), and an ITO/DA-PF/Al device after

Normalized Electroluminescence

Energy (eV)

Fig. 10. Electroluminescence spectrum of an ITO/MA-PF/Al device (solid line),
an ITO/DA-PF/Al device (dashed line), and the ITO/DA-PF/AL device (dotted
line) after 30 min continuous operation under air (electrooxidative degeneration).

30 min of continuous operation at 14 V at a current density of
1 mA cm ™ under air. The EL spectrum of the MA-PF-based
device is completely dominated by the low-energy emission
band at ca. 2.25 eV, which causes a yellow—orange emission,
similar to the emission found for a OLED with poly(9-fluore-
none) as emissive layer.*’”) Remarkably, the emissive contri-
bution of the keto defect sites is more pronounced in EL
when compared to the above discussed PL experiments. The
reason for this behavior is the presence of two parallel pro-
cesses that yield the low-energy EL contribution: a) energy
transfer of singlet excitons from the PF main chain to keto de-
fect sites and b) trapping of charges at the fluorenone defect

© WILEY-VCH Verlag GmbH, D-69469 Weinheim, 2002 0935-9648/02/0704-0485 $ 17.50+.50/0 485



_ ADVANCED

U. Scherf, E. J. W. List/Semiconducting Polyfluorenes

MATERIALS

sites and their subsequent emissive recombination with oppo-
sitely charged charge carriers. The second process cannot pro-
ceed in PL experiments and increases the relative contribu-
tion of the defect-site-related low-energy EL band. Therefore,
in contrast to the PL process, in EL devices a much lower con-
centration of fluorenone defects results in a dominating low-
energy emission band (studies on related energy-transfer pro-
cesses have also been published[48‘49]).

For the DA-PF-based OLEDs, a stable and efficient blue
emission occurs at turn on voltages of ca. 8 V.2 However,
the color changes into a blue—greenish emission after more
than 30 min of continuous operation in air without special en-
capsulation of the OLED device. Note that such atmospheric
conditions are usually not applied in OLEDs for long-term
applications. The EL spectrum of the “degraded” devices ex-
hibits an additional low-energy emission band at ca. 2.3 eV,
which we now also assign to the formation of fluorenone de-
fect sites. This finding demonstrates that the formation of
fluorenone defect sites also occurs under operation of OLEDs
based on DA-PF, especially under atmospheric conditions.

Our assignment of the 2.3 eV emission band to keto defect
sites is also fully in line with very recent investigations on nov-
el fluorene-based copolymers containing a well-defined frac-
tion of 9-fluorenone units.”'! We find that the solid-state emis-
sion spectrum of these copolymers (with 0.1, 0.2, 0.5, 1.0, and
2.0 mol- % of fluorenone moieties) displays the above dis-
cussed emission band at ca. 2.3 eV of increasing intensity with
increasing fluorenone content, both in PL and EL.

Regarding this, our degradation-related results strongly in-
dicate the key role of keto defect sites as the source of the of-
ten observed low energy emission bands, most pronounced
for polyfluorenes with methylene-bridge hydrogen substitu-
ents (as MA-PF). The findings illustrate the superiority of di-
functionalization at the methylene group in all -CR,-bridged
polyphenylene and polyarylene derivatives (e.g., polyfluo-
renes PF, but also ladder-type poly(para-phenylene)s, LPPP).

As demonstrated previously, the decoration of the polyfluo-
rene backbone with arylene-type dendronic side-chains also
leads to an increased chemical stability and reduced inter-
chain energy transfer.'” The first finding may, thereby, be re-
lated to an increased photooxidative stability of 9,9-diarylated
PF derivatives.

6. Conclusion

The photo- or electrooxidative degradation processes that
lead to low-energy emission bands also in disubstituted, “hy-
drogen-free” DA-PF and LPPP derivatives (e.g., PF8, PF2/6,
and MeLPPP)**? have to be further studied. This is a very
urgent topic especially in order to improve the long-term and
color stability of polyarylene-based blue OLEDs. Preliminary
results suggest that the photo- (or electro-)oxidative degrada-
tion of DA-PFs is probably coupled to the presence of a small
(sub-percent) amount of only monoalkylated fluorene build-
ing blocks. Therefore, the use of exceptionally pure 9,9-dial-
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kylated dibromofluorene monomers seems to be of primary
importance. These findings also explain the often observed
batch-to-batch differences in the optical properties (causing a
different photooxidative stability) of one and the same PF de-
rivative.

Due to the limited space for this review, we have not dis-
cussed the enormous progress towards high-efficiency PF-
based OLED:s in the frame of the review article.”>** This
special device-related topic is e.g., outlined in a previously
published review by Neher.>! Recent activities in the fabrica-
tion of OLEDs that showed an electroluminescence of high,
linear polarization ratios and whose active layers are based on
aligned liquid-crystalline PFs have not been considered and
included here.?*>

The herein extensively discussed photophysical topics,
1) structure- and morphology-dependent conformational
changes of the PF main chain, and 2) influence of defect
sites on the optical and electronic properties, are of key im-
portance for establishing reliable structure—property rela-
tionships, and therefore for controlling and fine-tuning the
materials properties of PF-type polymers.
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