
ratios of up to 150 under ambient air conditions. This repre-
sents the highest field-effect mobility of electrons observed to
date in a conjugated polymer. The observation of about 2 or-
ders of magnitude variation in intrinsic mobility of electrons
in BBL thin films due to changes in the solution processing
methods (Table 1) suggests that future advances in the purifi-
cation and control of the morphology of thin films will result
in achievement of higher electron mobilities in this and re-
lated n-type conjugated polymers.

Experimental

BBL was synthesized as previously reported [15a]. The experimental details
of BBL thin-film processing from Lewis acid/nitromethane and MSA solutions
have been reported [11±15]. BBL thin films were spin cast onto gold patterned,
oxide coated, silicon substrates. The 90 nm thick gold electrodes were sputtered
onto a 10 nm thick Ti/W adhesive layer. The spin coated BBL thin film was
partly removed from the gold electrodes to make electrical contacts to each
FET device. Electrical characteristics of all devices were measured in ambient
air at room temperature on a Hewlett-Packard (HP) 4155A semiconductor pa-
rameter analyzer.

BBL thin films spin coated from a 0.08 wt.-% solution in MSA were im-
mersed in 10 % triethylamine solution in ethanol for at least 12 h, washed in
water, and dried in a vacuum oven at 60 �C for 12±72 h. BBL thin films spin cast
from 0.07 wt.-% solution in MSA/formic acid (5:1, v/v) were similarly treated.
However, additional drying in vacuum at a higher temperature (200 �C) for
25 min was necessary to achieve FETs with drain current saturation (Fig. 4).
BBL thin films spin coated from a 0.1 wt.-% solution in ferric chloride (FeCl3)/
nitromethane were immersed in methanol for 6 h and then water for 12 h to re-
move the ferric chloride. The resulting films were dried in vacuum at 60 �C for
6±72 h. FeCl3 was used rather than AlCl3 or GaCl3 in order to do all the solu-
tion processing in ambient air.
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The Effect of Keto Defect Sites on the Emission
Properties of Polyfluorene-Type Materials**

By Emil J. W. List,* Roland Guentner,
Patricia Scanducci de Freitas, and Ullrich Scherf

Over the last years polyfluorenes (PFs)[1] have emerged as
a promising class of conjugated polymers, which can be uti-
lized as the blue light-emitting active layers in polymer light-
emitting diodes (PLEDs),[2±4] as the host material for internal
color conversion techniques,[5,6] or for PLEDs with polarized
light emission,[7] exploiting the liquid crystalline nature of
most of the PFs.

Yet, despite the ongoing improvements in terms of stability
and color purity of PLEDs fabricated from PF type materials,
most of these PLEDs suffer from a degradation of the device
under operation documented in the formation of a low-energy
emission band at 2.2±2.3 eV, which turns the desired blue emis-
sion color into an undesired blue±green emission. This band,
which can also be found in photoluminescence (PL) emission
upon photooxidation of the polymer, has been attributed to
aggregation and/or excimer formation in the material.[8]

As presented in this paper, we have now identified this
strong low-energy emission band at 2.2±2.3 eV using ultravio-
let-visible (UV-vis) PL emission and infrared (IR) spectrosco-
py as the emission from exciton- and/or charge-trapping keto
defect sites. We show that such keto defects, leading to the un-
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Table 1. n-Channel FET characteristics of BBL.

[a] Methanesulfonic acid (MSA). [b] Formic acid (FA). [c] Nitromethane (NM).



wanted low-energy emission band in PFs, can be formed al-
ready during synthesis of a 9-monoalkylated PF (PF-a), or as
a result of photo- (or electro-)oxidative degradation process
of a 9,9-dialkylated PF (PF-b).

The presented data demonstrate that the keto defects act as
low-energy trapping sites for singlet excitons, being populated
by an excitation energy transfer from the PF main chain.
Moreover, we find a much stronger contribution from the de-
fect-related emission in electroluminescence (EL) than in PL,
which is attributed to charge carrier trapping at the keto site
in addition to trapping of singlet excitons at the keto defect
sites. Our results indicate the key role of such keto defects for
the emission properties of PF-type materials and PF-based
light-emitting devices.

The 9-monoalkylated PF-a and the 9,9-dialkylated PF-b
were synthesized from the corresponding 2,7-dibromofluo-
rene monomers in a reductive aryl±aryl coupling according to
Yamamoto. Since the coupling of the dialkyl monomer leads
to the expected high molecular weight PF with a unimodal
molecular weight distribution, the condensation of the mono-
alkylated monomer leads to lower molecular weight products
with a broader, bimodal molecular weight distribution. This
indicates the occurrence of side reactions during the reductive
coupling of the monoalkylated dibromofluorene monomer.

As depicted in Figure 1a, PF-a 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 unex-
pected low-energy band peaking at 2.35 eV. In the solid state
the absorption of PF-a becomes much broader and an addi-

tional contribution centered at ca. 2.8 eV occurs. In contrast
to the emission spectrum of PF-a in toluene solution, the
solid-state PL spectrum is dominated by the low-energy emis-
sion peak at 2.33 eV.

Contrary to PF-a, the dialkylated PF (PF-b) exhibits very
similar absorption and emission properties both in toluene
solution and in the solid state, as depicted in Figure 1b. The
absorption spectra of both solution and film are dominated by
one broad absorption feature peaking at 3.3 eV with the sol-
id-state spectrum being slightly broadened. The PL emission
spectrum of the PF-b solution shows the p*±p transition of
the conjugated PF backbone at 3.0 eV[9] with well-resolved
vibronic replica at 2.82 eV and 2.63 eV. All features of the
film display a slight bathochromic shift of ca. 50 meV.

Comparing the energetic position of the p*±p transition at
3.0 eV and its vibronic replica in the PL spectrum of PF-b
with the emission peaks in PF-a found at 2.95 eV and 2.8 eV
these transitions are assigned to the emission from the delo-
calized p-electron system of the PF main chain. On the con-
trary the low-energy emission band at 2.3 eV, which is only
found in PF-a, has a different origin that is not related to the
emission from the PF backbone. From a comparison with lit-
erature results we now assign this emission band to the pres-
ence of keto defect sites, namely fluorenone building blocks,
which have been found to emit exactly at this energetic posi-
tion.[10] As explained in detail below, the keto defect sites
present in monoalkylated PF-a are formed already during the
synthesis of the polymer. In dialkylated PF-b such keto defect
sites are not detectable after polymer synthesis but can be cre-
ated during an oxidative photo-degradation process (see be-
low). 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 cm±1 in pristine PF-a samples as shown in Figure 2a.
This signal is not detectable in pristine PF-b as depicted in the
same figure. This band has been identified as the carbonyl
stretching mode (>C=O) of the fluorenone building block.[11]

Furthermore, the weak low-energy tail of the PF-a absorption
in toluene solution at ca. 3.0 eV, and more pronounced and
bathochromically shifted in the solid state at ca. 2.8 eV, is
identified as the absorbance of the fluorenone chromophores
(p±p* transition).[10] This low-energy absorption tail/shoulder
is absent in pristine PF-b both in diluted solution and the solid
state.

The energetic position of the low-energy emission band at
ca. 2.3 eV in PF-a is very similar to the low-energy emission
band of the fluorenone building block in statistical dialkyl-
fluorene/fluorenone copolymers,[12] as well as in photooxi-
dized (photodegradated) fluorene-endcapped poly(9,9-dihex-
ylfluorene) as demonstrated by other investigators.[13] Hereby,
the terminating unsubstituted fluorene moieties are oxidized
to fluorenone units. These findings strongly support the pre-
sented assignment of our experimental results. In this light,
the often favored interpretation of 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

Adv. Mater. 2002, 14, No. 5, March 4 Ó WILEY-VCH Verlag GmbH, D-69469 Weinheim, 2002 0935-9648/02/0503-0375 $ 17.50+.50/0 375

C
O

M
M

U
N

IC
A
TIO

N
S

Fig. 1. Top: Synthesis of 9-mono- and 9,9-dialkylated PFs (PF-a and PF-b,
respectively). Bottom: a) absorbance and PL emission of PF-a in toluene solu-
tion (dashed line) and in the solid state (solid line), b) absorbance and PL emis-
sion of PF-b in toluene solution (dashed line) and in the solid state (solid line).



a similar spectral position of ca. 2.2 eV!) with an ongoing
aggregate or excimer formation[8] is at the very least question-
able.

In contrast, we propose that the keto defects act as ªguestº
emitters, which efficiently trap singlet excitons created on the
conjugated PF backbone by a dipole±dipole induced direct
excitation energy transfer of the Förster-type[14] or an excita-
tion energy migration (EEM) assisted Förster-type transfer
process.[15,16] This process becomes the dominating channel of
excited state depopulation in the solid state. Due to the re-
duced interchain Förster-type or fully inhibited EEM assisted
energy transfer to the keto defect sites for dilute solutions, the
contribution of the low-energy band at 2.3 eV in dilute solu-
tions of PF-a is only moderate. Moreover, as discussed in de-
tail elsewhere, we have performed correlated quantum-chemi-
cal simulations to gain a deeper insight into the nature of the
electronic states involved in the absorption and emission pro-
cesses in these materials.[17] We have studied the excited as
well as ground state conformations coupling the intermediate
neglect of differential overlap (INDO) Hamiltonian to a con-
figuration interaction (CI) approach. For the keto defect sites
containing PF, these calculations show a localization of the
emissive excited state on the fluorenone unit prior to recom-
bination, while the emissive excited state is delocalized over

several fluorene segments in pristine PF. These findings indi-
cate that the exciton localization effect at the fluorenone unit
enhances the emission of keto defect sites in addition to exci-
tation energy transfer processes in such materials.

The herein presented spectroscopic results prove the pres-
ence of keto trapping sites in pristine 9-monoalkylated PF-a
already after polymer synthesis. As depicted in Figure 3 the
generation of the fluorenone defect sites can be explained by

the following chemical mechanism: The highly active Ni0 spe-
cies used in the reductive coupling of the dibromo monomers
reduce a certain amount of the 9-monoalkylated fluorene
building blocks (I) to (aromatic) fluorenyl anions (II) under
formation of hydrogen. These anions can form hydroperoxide
anions (III) with atmospheric oxygen during the work-up of
the reaction mixture. The hydroperoxide anions then undergo
a final rearrangement to fluorenone moieties (IV).

The formation of a certain amount of keto defect sites dur-
ing the synthesis of 9-monoalkylated polyfluorene PF-a leads
to the previously outlined spectroscopic behavior. However,
such keto defect sites can not only be formed as side reaction
during polymer synthesis, as shown for PF-a, but can be also
formed as a result of a photo- or electrooxidative degradation
of 9,9-dialkylated polyfluorene PF-b. In order to demonstrate
the degradation-induced creation of keto-defects, PF-b sam-
ples were studied in photooxidation (depicted in Fig. 4) as
well as in electrooxidation experiments (depicted in Fig. 5).

Figure 4 shows the PL spectrum of a pristine PF-b film and
of the subsequently degraded sample. A photooxidation of
the sample for 6 min results in a dramatic decrease of the
integral PL yield to approximately 10 % of the initial value.
Simultaneously, the low-energy emission band at 2.3 eV
emerges, which increases in intensity relative to the PF emis-
sion for increasing photooxidation of PF-b. Furthermore, in
the simultaneously measured IR spectra (depicted in Fig. 2b)
one finds the appearance of the fluorenone site (>C=O
stretching mode) at 1721 cm±1, which increases for increasing
degradation of the sample. These findings clearly show that
emissive fluorenone keto-defects are introduced upon degra-
dation and yield the lower energy emission band at 2.3 eV.

Figure 5 depicts the EL spectrum of an indium tin oxide
(ITO)/PF-a/Al device (PLED) (solid line), an ITO/PF-b/Al
device (dashed line), and an ITO/PF-b/Al device after 30 min
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Fig. 2. IR transmission spectra of polymer films on Si. a) PF-a film (dashed line)
and PF-b film on Si (solid line), b) pristine PF-b film (solid line), after photooxi-
dation with a 1000 W xenon lamp under air for 2 min (dashed line), 4 min
(dotted line), and 6 min illumination (dash-dotted line). The insets in either plot
show the >C=O stretching mode at 1721 cm±1 magnified for better visibility.

Fig. 3. Proposed mechanism for the generation of keto defect sites (explanation:
see text).



of continuous operation at 14 V and a current density of
1 mA/cm2 under air. The EL spectrum of the PF-a device is
fully dominated by the low-energetic emission band at ca.
2.25 eV leading to a yellow±orange emission, similar to the
emission found for a PLED with poly(9-fluorenone) as emis-
sive layer.[18] However, the emissive contribution of keto de-
fect sites is more pronounced in EL devices when compared
to our PL experiments. The reason for this behavior is the
presence of two parallel processes that give a low-energy EL
contribution due to the presence of fluorenone defect sites:
a) energy transfer of singlet excitons from the PF main chain
to keto defect sites and b) trapping of charges at the fluore-
none defect sites and their subsequent emissive recombina-
tion. The second process cannot proceed in PL experiments
and increases the contribution of the defect-site-related low-
energy EL band. Therefore, in contrast to the PL process, in
EL devices a much lower concentration of fluorenone defects
results in a dominating low-energy emission band.[19,20]

For the PF-b-based EL devices (PLEDs), a stable and effi-
cient blue emission occurs at turn-on voltages of ca. 8 V.[21]

However, the color changes into a blue±greenish emission
after more than 30 min of continuous operation in air. The
EL spectrum then exhibits an additional low-energy emission
band at ca. 2.3 eV, which we also assign to the formation of
fluorenone defect sites. This finding demonstrates that the for-
mation of fluorenone defect sites also occurs during operation
of PLEDs based on 9,9-dialkylated PF-b, especially under at-
mospheric conditions.

Our novel results strongly indicate the key role of keto
defect sites as source of low-energy emission bands, most
pronouncedly for PFs with methylene bridged hydrogen sub-
stituents. The findings illustrate the superiority of a difunc-
tionalization at the methylene group in all ±CR2± bridged poly-
phenylene and polyarylene derivatives (e.g., PF, but also in
LPPPs). As demonstrated previously, also the shielding of the
PF backbone with dendritic side chains leads to an increased
chemical stability and reduced interchain energy transfer.[22]

However, the photo- or electrooxidative degradation pro-
cesses, which lead to similar low-energy emission bands in di-
substituted, ªhydrogen-freeº PF and LPPP derivatives (e.g.,
poly(9,9-dioctylfluorene) (PFO), MeLPPP[23,24]) have to be
studied further, especially in order to improve the long-term
and color stability of polyarylene-based blue PLEDs.

Experimental

Polymer Synthesis: All reactions were carried out in an argon atmosphere.
The solvents were used as commercial p.a. quality. 1H and 13C nuclear magnetic
resonance (NMR) data were obtained on a Bruker DPX 400 spectrometer. Gel
permeation chromatographic analysis (GPC) utilized polystyrene (PS)-columns
(three columns, 5 lm gel, pore widths 102, 103, and 105 �) connected with UV-
vis/refractive index (RI) detection. All GPC analyses were performed on solu-
tions of the polymers in chloroform at 30 �C (concentration of the polymer =
1.5 g/L). The calibration was based on PS standards with narrow molecular
weight distribution. The monomers 9,9-bis(3,7,11-trimethyldodecyl)-2,7-dibro-
mofluorene and 9-(3,7,11-trimethyldodecyl)-2,7-dibromofluorene were synthe-
sized in close analogy to the method described previously [25]. (3,7,11-Tri-
methyldodecyl = hexahydrofarnesyl).

Poly(2,7-(9,9-bis(3,7,11-trimethyldodecyl)fluorene): A solution of 2.0 mmol
9,9-bis(3,7,11-trimethyldodecyl)-2,7-dibromofluorene in 10 mL of dry toluene
was added at 80 �C to a solution of 4.6 mmol Ni(COD)2 (COD = cycloocta-
diene), 4,6 mmol 2,2¢-bipyridyl, and 2.4 mmol COD in 4 mL of dry dimethyl-
formamide/10 mL of dry toluene. The mixture was stirred for 5 days at 80 �C
and quenched with 4 M hydrochloric acid in dioxane. The polymer was precipi-
tated in a mixture of methanol/acetone/2 M hydrochloric acid and extracted
with ethyl acetate for 5 days. Finally, the polymer was redissolved in chloro-
form, the solution concentrated, the polymer reprecipitated, and dried for 48 h
in vacuum at room temperature. Yield: 60 %.

13C NMR (100 MHz, C2D2Cl4, 353 K): d [ppm] 151.5, 140.9, 140.3, 126.4,
122.0, 120.1, 55.4, 39.7, 37.7, 37.6, 37.3, 33.3, 33.2, 33.0, 31.3, 29.9, 28.1, 24.9, 24.7,
22.9, 22.8, 19.9.

1H NMR (400 MHz, C2D2Cl4, 353 K): d [ppm] 8.00±7.20 (6H), 2.35±1.90
(10H), 1.50±0.45 (52H). Mn = 80 000. Mw = 197 400. Mw/Mn = 2.5. Mp = 159 700.

Poly(2,7-(9-(3,7,11-trimethyldodecyl)fluorene)): Please see the above proce-
dure for poly(2,7-(9,9-bis(3,7,11-trimethyldodecyl)fluorene)). Yield: 29 %.

13C NMR (100 MHz, C2D2Cl4, 353 K): d [ppm] 149.0, 140.6, 140.3, 126.5,
123.4, 120.4, 39.7, 37.7, 37.6, 37.3, 33.3, 33.2, 33.0, 31.3, 29.9, 28.1, 24.9, 24.7, 22.9,
22.8, 19.9.

1H NMR (400 MHz, C2D2Cl4, 353 K): d [ppm] 8.00±7.20 (6H), 4.10 (1H),
2.35±1.90 (5H), 1.50±0.45 (26H). Mn = 23 920. Mw = 275 200. Mw/Mn = 11.5. Mp1

= 18 000. Mp2 = 61 600 (bimodal molecular weight distribution).
Materials Characterization and Devices: UV-vis transmission spectra were

measured using a Perkin-Elmer k9 spectrophotometer. PL emission and excita-
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Fig. 4. PL emission spectrum of a pristine PF-b film (solid line), and after
photooxidation with a 1000 W xenon lamp under air for 2 min (dashed line),
4 min (dotted line), and 6 min illumination (dash-dotted line).

Fig. 5. EL spectrum of an ITO/PF-a/Al device (solid line), an ITO/PF-b/Al
device (dashed line), and this ITO/PF-b/Al device after 30 min continuous
operation under air (dotted line).



tion spectra were recorded using a Shimadzu RF5301 spectrofluorometer. EL
spectra were recorded using an ORIEL spectrometer with an attached charge
coupled device (CCD) camera. A 1000 W halogen lamp provided the source
for the photooxidation measurement. The ITO covered glass substrates for the
PLEDs were thoroughly cleaned in a variety of organic solvents. The Al metal
electrodes were thermally deposited in a Baltzers MED010 vacuum coating unit
at base pressures of below 5 � 10±6 mbar.
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The Core±Shell Approach to Formation
of Ordered Nanoporous Materials**

By Jeong Ho Chang, Li-Qiong Wang, Yongsoon Shin,
Byeongmoon Jeong, Jerome C. Birnbaum, and
Gregory J. Exarhos*

This work describes an innovative approach for the prepa-
ration of ordered nanoporous ceramic materials that involves
a self-assembly process at the molecular level based upon
monomethoxy poly(ethylene glycol)-block-poly(D,L-lactide)
(MPEG-b-PDLLA) block copolymer templates. This ap-
proach is suitable for rapid self-assembly and structural reor-
ganization at room temperature. Selected MPEG-b-PDLLA
block copolymers have been synthesized with systematic vari-
ation of the chain lengths of the resident hydrophilic and hy-
drophobic blocks. The size and shape of the micelles that
spontaneously form in solution are then controlled by the
characteristics of the copolymer template. Formation of nano-
porous silica at room temperature with short preparation time
is demonstrated and silica-containing materials evolve with
uniform pore shape and wall structure. The formation mecha-
nism of these nanoporous structures obtained by controlling
the micelle size has been confirmed using both liquid- and sol-
id-state 13C and 29Si nuclear magnetic resonance (NMR) tech-
niques. This work both proposes and verifies the formation
mechanism of nanoporous structures in which the pore size
and wall thickness are closely dependent on the size of hydro-
phobic cores and hydrophilic shells of the block copolymer
templates.

Molecularly controlled synthesis of nanoporous materials is
an area of burgeoning interest and is driven by their potential
applications in next generation catalysts and photonic materi-
als.[1±6] The general route for preparation of these molecularly
ordered inorganic materials involves an organic-templating
technique based upon the electrostatic and/or sterically con-
trolled assembly of commercial amphiphilic organic surfac-
tants such as cetyltrimethylammonium bromide (CTAB) or
non-ionic polyethylene oxide surfactants.[7±9] Until now, many
studies adopted these methods and demonstrated ordered ma-
terials with high surface area and uniform pore structures.
The MCM-41 and Santa Barbara Acidic Materials (SBA) type
materials are frequently studied among these porous materi-
als because they exhibit well-ordered pore arrays that can be
modified by varying the alkane chain length of the ionic sur-
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