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ABSTRACT: A series of new polyfluorenes with dendritic functional cabazole and oxazole side chains have
been successfully designed, synthesized, and characterized. These copolymers show good thermal properties
and solubility in organic solvents, such as THF, CH,Cl,, CHCIs, toluene, etc. The photoluminescent (PL) and
electroluminescent (EL) emission color quality was improved very much due to less aggregates of main chains of
polyfluorenes (PFs) with the steric hindrance of dendritic functional carbazole and oxazole units. The
electroluminescent devices based on these copolymers as blue emitters and host materilas were fabricated
and evaluated. Balanced carriers and high efficiencies were obtained in both nonphosphorescent and
phosphorescent PLEDs. The best devices were obtained by using PFCO1 materilas with the exteral quantum
efficiencies of 1.03% for ITO/PEDOT/PFCO1/TPBI/LiF/Al and 11.63% for ITO/PEDOT/PFCOI1:(tpbi),-
Ir(acac)/Ca/Al. The results indicated that these copolymers were promising candicates for both efficient pure

blue emitters and host materials for highly efficient phosphorescent PLEDs.

Introduction

Conjugated polymers have been extensively studied for their
potential applications in large area full-color displays because of
their easy processability, low driving voltage, wide viewing angle,
and facile color tunability over the full range.! Recently, stable blue
light emitting polymers with high efficiency have received con-
siderable interest. Despite much effort on this topic, only a limited
number of polymers exhibit promising performance for light
emitting diodes.> Among them, polyfluorenes (PFs) have been
emerged as promising blue light emitting materials because of their
excellent thermal and chemical stability as well as high photo-
luminescence (PL) quantum efficiencies.® However, a major pro-
blem with PFs concerns their tendency to form long-wavelength
aggregates/excimers or keto defects in the solid state upon thermal
annealing or device operation, which leads to issues of color
instability of the light emitted from the fabricated PLEDs.* The
keto defects can be avoided by purification of monomers to a high
degree prior to their polymerization.*™> Various strategies have
also been developed to reduce the formation of aggregation in PFs,
which include the introduction of sterically hindered side chains or
dendronization, incorporation of spiro-linked or cross-linked
structures, and blending with a high glass transition temperature
polymer to limit the chain mobility.®

Dendronized polymers have been proved to be a efficient way
to suppress the formation of aggregates/excimers of PFs main
chains because of the shielding effect provided by the dendritic
side chains on the conjugated backbones. Resedrch work regard-
ing PFs modified with polyphenylene dendrons’ or Fréchet-type
dendrons® have been reported. Recently, some dendronized PFs
containing functional carbazole or oxadiazole dendrons have
been designed and attracted considerable attention, with their
focal benzyl groups directly bonded to the C-9 carbon of the
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fluorene cycles.® These conjugated polymers have specific optical
and physical properties as well as electronic properties with
enhanced stability.’

Organic phosphorescent LEDs based on transition-metal
complexes, such as Pt(IT), Os(IT), and Ir(III), have attracted great
attention because of their potential for attaining high overall
devices efficiency.'® Polymer materials are expected to be promis-
ing host candicates for the phosphorescent devices due to their
good thermal properties, excellent processability, and low price.
Because the excitation of most phosphorescent emitters is in the
blue region (400—450 nm), polyfluorene (PF) and poly(9-vinyl-
carbazole) (PVK) were usually used as host materials doped
with phosphorescent complexes by a simple solution process."
Selecting host materials is crucial in enhancing the device efficiency
during both Forster and Dexter energy transfer. In general, host
materials should be selected to ensure that they have a higher
triplet energy level than that of the phosphorescent emitters to
enhance the energy transfer from the host to the guest while
prohibiting the energy transfer of triplet excitons from the guest to
the host material.'* So there should be large overlap between the
emission peaks of the host materials and the excitation spectra of
the phosphorescent emitters, where the energy of the host materlals
after excitation can be transferred to the guest materials."® In
addition, the charge transporting properties of host materials are
also important. Combination of both hole-transport and electron-
transport units can balance carriers for the phosphorescent LEDs.
Phase separation and aggregation of phosphorescent emitters in
polymer should also be taken into account.'*

Therefore, we have embarked on the design, synthesis, and
characterization of dendronized PFs with functional carbazole
dendrons as well as oxadiazole dendrons together. Carbazole
units are well-known hole-transporting groups as a result of
the electron donating capabilities associated with its nitrogen
atom.'® Carbazole-based polymers, such as poly(vinylcarbazole)
(PVK), are also used extensively as wide bandgap hosts to
lower bandgap fluorophores. On the other hand, molecular and
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Scheme 1. Synthesis Routes for the Monomers and Dendronized
Copolymers
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polymeric 1,3,4-oxadiazole (OXD) derivatives are the most widely
studied classes of electron injection and/or hole-blocking materi-
als, mainly because of their electron deficiency, high photolumi-
nescence guantum yield, and good thermal and chemical
stabilities.'® To our knowledge, this work will be the first report
of fluorene-based conjugated polymers incorporated with both
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Table 1. Molecular Weights and Thermal Properties of the

Copolymers
yield M, PDI“ T, T,
copolymers (%) (x10%) (M| M,) (°O) (°0)
PFCOL1 82 19.6 1.82 393 101
PFCO2 80 20.2 1.96 401 98
PFCO3 77 34.1 2.03 409 86

“Molecular weights and polydispersity indices were determined by
GPC in THF using polystyrene as standards. “Onset decomposition
temperature measured by TGA under N,. “Glass transition temperature
measured by DSC under N».

carbazole and oxadiazole dendrons in the main chains for polymer
light emitting diodes. The resulting polymers are expected to be
used as high-performance light emitting materials with improved
efficiency and blue color purity. Futhermore, these copolymer
materials are anticipated to be used as host for phosphorescent
LEDs with balanced carriers and efficient energy transfer.

Results and Discussion

Synthesis and Characterization. The synthetic routes of
the monomers and the corresponding polymers are shown
in Scheme 1. The dendronized benzyl alcohol derivatives
(1 and 7) were synthesized under Williamson etherification
conditions from reaction of 3,5-dihydroxybenzyl alcohol
and the corresponding bromides in 80 and 82% yields,
respectively. Appel bromination of 1 and 7, by reacting
with CBry/PPhs in anhydrous dichloromethane or PBr; in
anhydrous THF, can easily afford the dendronized benzyl
bromides (2 and 8) with high yields of 90 and 80%, respec-
tively. The dendritic monomer 1 and monomer 2 were
prepared upon selective nucleophilic substitution reactions
(SN) of the 9,9’-position of 2,7-dibromofluorene with corre-
sponding bromide derivative in the presence of a strong
alkali of NaOH in the DMSO solution.'” The polymeriza-
tion reaction was carried out via the well-known palladium-
catalyzed Suzuki coupling reaction between 9,9-dihexyl-
fluorene-2,7-bis(trimethylene boronate) and monomers 1
and 2 in THF to yield the pale-white solid of the correspond-
ing copolymers (yield > 75%). The chemical structures of the
copolymers were confirmed by '"H NMR spectroscopy and
elemental analysis, which all supported the formation of the
resulting alternating copolymers. The molar feed ratios of
monomer 1 to monomer 2 were 80:20, 50:50, and 20:80, and
the corresponding copolymers were referred to as PFCOI,
PFCO2, and PFCO3, respectively. The carbon contents for
each copolymer, obtained from elemental analysis, were
used for the calculation of actual copolymer composition.
Thus, the values of x/y were determined to be 76:24, 42:58,
and 17:83 for PFCO1, PFCO2, and PFCO3, respectively.

All the copolymers also have good solubility in common
organic solvents, such as THF, CH,Cl,, CHCI; and toluene,
etc., resulting from the hexyl side chains attached to the
fluorene moiety and alkoxyl side chains linked to the phenyl
units. Smooth and optically transparent thin solid films on
ITO substrates were obtained by spin-coating the toluene
solutions of these copolymers (10 mg mL ") at a spin rate of
1500 rpm. The molecular weights of the resulting copolymers
were measured by gel permeation chromatography (GPC)
with reference to polystyrene standards. As listed in Table 1,
the copolymers have high weight-average molecular weights
(M) of 16 800—19 600, with polydispersity indices (M,/ M)
of 1.82—2.03. The thermal properties of the copolymers were
determined from TGA and DSC measurements. All the
copolymers exhibit good thermal stability, with onset de-
composition temperatures (74) in the range of 393—409 °C
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Table 2. Absorption and Emission Data for the Copolymers

solution A, (nm) film A . (nm) Dpy.
copolymers abs em abs em solution film optical band gap“ (eV)
PFCOI 302, 387 418, 442 301, 387 426, 450 0.66 0.46 2.94
PFCO2 299, 389 418, 443 299, 389 425, 449 0.61 0.42 2.95
PFCO3 299, 386 419, 443 298, 386 424, 449 0.58 0.40 2.96

“Optical bandgap was estimated from the wavelength of the optical absorption edge of the polymer film.

under a nitrogen atmosphere. After the temperature was
increased to above 400 °C, the weight loss increases abruptly,
indicating the decomposition of the polymer backbones.
Above 600 °C, there are only 27—40 wt % residues remain-
ing, which were produced by charring during heating. The
glass transition temperatures (7,) of the copolymers range
from 86 to 101 °C, which are higher than those of poly(9,9-
dihexylfluorene) (PHF) (~55 °C).'® Thus, the incorporation
of a carbazole and oxadiazole functional dendronized units
into the main chain has successfully increased the T, of the
polyfluorenes. The improved 7y is very important for these
copolymers to be used as emissive materials in electrolumine-
scence displays.'”

Optical Properties. The optical properties of the copoly-
mers were investigated both in solution and in the solid state.
The concentration of the THF solutions of the copolymers
was fixed at 1 x 107® M. PFCO1, PFCO2, and PFCO3
have similar UV—vis absorption spectra in THF solution
(Figure 1). The respective shorter absorption maxima (4,,ax)
at about 302, 299, and 299 nm are due to the absorption of
the carbazole and oxadiazole peripheral groups, which
increase with the content of oxadiazole pendent units. The
additional absorption peaks of PFCOI1, PFCO2, and
PFCO3 at 387, 389, and 386 nm are attributed to the &—s*
transition associated with the conjugated polymer backbone.
The absorption of these copolymers in solid films are similar
to those in THF solutions. The absorption maxima are
barely shifted in the solid thin films is observed, which
indicates that large side dendrons can efficiently suppress
the chain aggregation of fluorene-based polymers. In addition,
the absorption onset wavelengths of PFCO1, PFCO2, and
PFCO3 films were determined to be 421, 420, and 419 nm,
which gives rise to the corresponding optical band gap of 2.94,
2.95, and 2.96 eV, respectively. The main features of these
spectra are summarized in Table 2 and Figure 1.

The PL emission spectra of the copolymers in THF solutions
(under 380 nm excitation) are shown in Figure 2. The maxima
with two peaks appear at 418, 442 nm, 418, 443 nm, and 419,
443 nm for PFCOI1, PFCO2, and PFCO3, respectively. The
corresponding PL quantum yields (®y) of these polymers in
THF were 0.66, 0.61, and 0.58, when measured relative to that
of 9,10-diphenylanthrancene (®; = 0.9).%° Uniform and color-
less polymer films were prepared on quartz substrates by s
pin-coating from toluene solution of the respective polymers
(10 mg mL™") at a spinning rate of 1500 rpm. The thickness of
films was about 80 nm. Figure 2 also shows the PL spectra of
the copolymers in thin film form. The PL maxima appear at
426, 450 nm, 425, 449 nm, and 424, 449 nm, which are only
slightly red-shifted from their values in solution, suggesting that
there was little aggregation of the chromophores or polymer
main chains in the solid state. The PL quantum yields of the
PFCOI, PFCO2, and PFCO3 films were estimated to be 0.46,
0.42, and 0.40, respectively, by comparing its fluorescence
intensity to that of the polydihexylfluorene (PDHF) thin film
excited at 380 nm (®; = 0.55).>¢ The emission spectral data are
also summarized in Table 2.

The effect of annealing temperature on the color and
luminescence stability is an important parameter in the
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Figure 1. Absorption spectra of copolymers PFCO1, PFCO2, and
PFCO3 in THF and solid-state films spin-coated on quartz plates.
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Figure 2. PL spectra of copolymers PFCO1, PFCO2, and PFCO3 in
THF and solid-state films spin-coated on quartz plates.

performance of polymer light emitting devices (PLEDs).
To examine the thermal stability of these copolymers, the
spin-coated polymer films were treated at different tempera-
tures and their PL spectra were systematically evaluated. A
PDHEF film was employed as the control. Figure 3 shows the
normalized PL emission spectra of the resulting copolymers
and PDHF films before and after thermal annealing. Ther-
mal treatment of the PDHF film at 200 °C for 2 h led to an
additional long wavelength emission at about 520 nm in the
PL spectrum. The undesirable green emission that often
developsin the PL and EL spectra of PFs has been attributed
to physical (excimers or aggregates formation) and chemical
(ketonic defects) degradation processes.’*¢ However, the
resulting dendronized polymers exhibited good thermally
stability, and their PL spectra did not show any significant
red shifts after annealing at 200 °C for 2 h. Thus, with the
introduction of dendronized side chains of functional carba-
zole and oxadiazole units into polyfluorenes, the red-shift
phenomenon of PFs has been reduced markedly. Aggrega-
tion and excimer formation of the polymer chains have been
avoided, resulting in improved stability and purity of the
emission color.
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Figure 3. PL spectra (1. =380 nm) of the copolymer PFCO1, PFCO2,
PFCO3, and PFDH films before and after thermal annealing at 200 °C
for 2 h in air (PFDH = polydihexylfluorene).
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Figure 4. Cyclic voltammograms of the copolymer thin films coated
onto platinum electrodes in an acetonitrile electrolyte solution of
n-BuyNClO,4 (0.10 M), with a Ag/AgCl (0.10 M) reference electrode
at room temperature (scan rate: 50 mV s~ ).

Electrochemical Properties. The redox behavior of the
copolymer films on Pt plate electrodes was studied by cyclic
voltammetry (CV), using a three-electrode cell in an anhydrous
CH;CN solution of 0.1 M tetrabutylammonium perchlorate
(n-BugNClOy). A Pt wire was used as the counter electrode and
Ag/AgCl (0.1 M) as the reference electrode. The energy level of
the Ag/AgCl reference electrode (calibrated against the FC/
FC* redox system) was 4.49 eV below the vacuum level. The
cell was purged with pure argon prior to each scan. The scans
toward the anodic and cathodic directions were performed
separately at a scan rate of 50 mV s~ ! at room temperature. As
shown in Figure 4, all the copolymers show good reversibility in
the n-doping and p-doping processes. On anodic sweep, the
oxidation peak positions for PFCO1, PFCO2, and PFCO3 are
at 1.59,1.72V, 1.65, 1.78 V, and 1.63, 2.14 V, respectively, with
the corresponding rereduction peaks at 1.27, 1.33, and 1.56 V.
The corresponding onset potentials of the p-doping process are
determined to be 1.20, 1.19, and 1.16 V. Obviously, the increase
in oxidation potentials of these copolymers compared to poly-
fluorene can be attributed to the high electron affinity of the
oxadizazole groups incorporated into the polyfluorene main
chains. On sweeping the polymers cathodically, the onset
potentials of the n-doping process for PFCO1, PFCO2, and
PFCO3 occur at about —1.74, —1.76, and —1.80 V, respec-
tively, with the corresponding reduction potentials at —2.11,
—2.37V,—2.17,—-2.41V,and —2.39, —2.67 V and reoxidation
peaks appearing at —2.03, —2.11, and —2.23 V. From the onset
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Table 3. Electrochemical Potentials and Energy Levels of the

Copolymers
[Esmed’  [Eoe]”  LUMO®  HOMO!  E
copolymers V) V) (eV) (eV) (eV)
PFCO1 1.20 —1.74 —2.75 —5.69 2.94
PFCO2 1.19 —1.76 —2.73 —5.68 2.95
PFCO3 1.16 —1.80 —2.69 —5.65 2.96

“Onset reduction potentials measured by cyclic voltammetry. *Onset
oxidation potential measured by cyclic voltammetry. “Calculated from
the reduction potentials. “Calculated from the oxidation potentials.
“Calculated from the LUMO and HOMO energy levels.
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Figure 5. EL spectra of devices based on PFCO1, PFCO2, and PFCO3
copolymers with the configuration of ITO/PEDOT /copolymer/TPBI/
LiF/AlL

potentials of the oxidation and reduction processes, the band-
gaps (E,) of the PFCO1, PFCO2, and PFCO3 copolymers were
estimated to be about 2.94, 2.95, and 2.96 eV, respectively. The
value is quite close to those obtained by the optical method
described above. The lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO)
energy levels of the corresponding PFCOI1, PFCO2, and
PFCO3 copolymers are estimated to be —2.75, —2.73, and
—2.69 eV and —5.69, —5.68, and —5.65 eV, respectively. The
electrochemical data of the copolymers are summarized in
Table 3. It is obvious that the bipolar nature of the carbazole
and oxadiazole system can help to raise the HOMO energy level
and reduce the LUMO level of the emitting materials. There-
fore, the good electronic properties afforded by dendronized
functional carbazole and oxadiazole side chains can give rise to
efficient injection and transport of holes and electrons.

EL Properties of the PLED Devices. Standard PLED
devices with the configuration of ITO/PEDOT (60 nm)/
copolymer (80 nm)/TPBI (20 nm)/LiF (1 nm)/Al (150 nm)
were fabricated and evaluated. 1,3,5-Tris(N-phenylbenzimi-
dazol-2-yl)benzene (TPBI) was used as the hole-blocking
layer and the electrontransporting layer. The EL spectra of
these dendronized copolymers are similar to the PL spectra
of the corresponding copolymer films, which indicated that
the emission from these devices originated from the dendro-
nized copolymers. However, the shape of the EL spectra
made little difference because there is only one peak in the EL
spectra compared with their PL spectra. This is caused by the
different excitation processes involved for PL and EL. In
other words, the electron states of these materials have the
little difference between photoexcitation and electroexcita-
tion.®" As shown in Figure 5, the maxima in the EL spectra
occurred at about 437, 434, and 432 nm for the devices based
on PFCOI1, PFCO2, and PFCO3, respectively. The green
emission from the PFs were not observed in all of these
devices. The larger shielding effect of dendronized carbazole
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Figure 6. Current density—voltage (/—V') and light intensity—voltage
(L=V) curves for the ITO/PEDOT /copolymer/TPBI/LiF/Al device
configuration. Curves (a) and (d) were recorded from the device based
on PFCOL, (b) and (e) from the device based on PFCO2, and (c) and (f)
from the device based on PFCO3. Inset: quantum efficiency—current
density curves of the devices based on copolymer PFCO1, PFCO2, and
PFCO3.

and oxadiazole side chains has efficiently suppressed the
aggregates/excimers of polymer main chains to give rise to
the more pure blue emission. Obviously, increase of the
content of dendronized functional oxadiazole units will
make the maximum peak of EL spectrum blue shift. Current
density—voltage (/—V') and light intensity—voltage (L—1")
characteristics of the PLED devices indicated that the cur-
rent density and luminance increased exponentially with the
increase in forward bias voltage. The behavior was charac-
teristic of that of a diode. The turn-on voltages of these
PLEDs based on PFCO1, PFCO2, and PFCO3 were 6.8, 5.5,
and 6.5V, respectively. The maximum EL efficiencies of the
devices based on PFCO1, PFCO2, and PFCO3 were mea-
sured to be 1.03% (with a current density of 12 mA cm ),
0.74% (with a current density of 9 mA cm™?), and 0.52%
(with a current density of 10 mA cm™?), respectively. From
the performance values, the device based on PFCOI1 is the
best, which indicated the copolymer has the closest match of
the carrier injection and transport in this case. After increas-
ing the content of dendronized functional oxadiazole units,
the device performance became worse. The reason can be
attributed to the larger influence on the trapping process by
dendronized oxadiazole side chains than carbazole. These
results are described in Figure 6.

Owing to the excellent overlap of the emission bands of these
copolymers with the excitation bands of most phosphorescent
emitting materials (around 400—450 nm), they are expected to
be excellent host materials for phosphorescent emitting diodes.
To investigate the versatility of these dendronized copolymers
as host materials, triple-layer EL devices with a configuration
of ITO/PEDOT (60 nm)/copolymer:(tpbi),Ir(acac) (80 nm)/
Ca (4 nm)/Al (150 nm) were fabricated. The emissive layer
consists of the host materials of PFCO1, PFCO2, or PFCO3
doped with 4 wt % (tpbi),Ir(acac). All the devices emitted
bright green light, and there no blue emission was observed,
implying the completely efficient energy transfer from the host
copolymers to the phosphorescent emitters. The typical EL
spectra are shown in Figure 7. Compared with our previous
work, the emissions originate from the phosphorescent emitter
of (tpbi),Ir(acac).”! Figure 8 shows the current density—voltage
(J—V) and light intensity—voltage (L—V") characteristics of
these phosphorescent PLED devices. The maximum EL effi-
ciencies of the devices based on PFCO1, PFCO2, and PFCO3
were measured to be 11.63%, 7.90%, and 5.23%, respectively.
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Figure 7. EL spectra of devices used PFCO1, PFCO2, and PFCO3
copolymers as host materials with the configuration of ITO/PEDOT/
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Figure 8. Current density—voltage (/—V') and light intensity—voltage
(L—V) curves for the ITO/PEDOT /copolymer:(tpbi),Ir(acac)/Ca/Al
device configuration. Curves (a) and (d) were recorded from the device
based on PFCOI, (b) and (e) from the device based on PFCO2, and
(c)and (f) from the device based on PFCO3. Inset: quantum efficiency—
current density curves of the devices based on copolymer PFCOI,
PFCO2, and PFCO3.

All these devices have more sample configuration and more
better performance without inserting the PVK hole transport
layer and mixing the PBD electron transport materials, which
indicated that these copolymers with dendronized functional
cabazole and oxadiazole side chains are better candicates
of host materials for (tpbi),Ir(acac) emitter than poly(9.,9-
di-n-octylfluorene-2,7-diyl) (PFO).>' The best performance
was obtained for the device based on PFCOI1 doped with
(tpbi).Ir(acac). The results show that the copolymer with
80% content of dendronized cabazole side chains possesses
the optimized composition as the host materials. Increasing the
content of dendronized oxazole side chains more than 20%, the
performance of devices decreases gradually from PFCO2 to
PFCO3. From above, attaching the dendronized functional
cabazole and oxazole side chains to the backbone of polyfluor-
enes can not only decrease the aggregates of the polymer main
chains to afford better blue color purity but also balance the
carriers injection and transport for phosphorescent and non-
phosphorescent PLEDs.

Conclusions

A series of new polyfluorenes with dendronized functional
cabazole and oxazole side chains have been successfully synthe-
sized and characterized. These copolymers show good thermal
properties and solubility in organic solvents. The PL and EL
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emission color quality was improved very much due to less
aggregates of main chains of polyfluorenes with the steric
hindrance of dendronized functional units. The electrolumine-
scent devices based on these copolymers as blue emitters and host
materilas show balanced carriers injection and transport in both
nonphosphorescent and phosphorescent PLEDs. The best de-
vices were obstained by using PFCO1 materilas with the exteral
quantum efficiencies of 1.03 and 11.63%, respectively. The results
indicated that these copolymers were promising candicates to be
used as both efficient pure blue emitters and host materials for
highly efficient phosphorescent PLEDs.

Experimental Section

Instruments. '"HNMR spectra were recorded on a Bruker
ACF 400 spectrometer with d-chloroform as the solvent and
tetramethylsilane as the internal standard. Number-average
(M) and weight-average (M,,) molecular weights were deter-
mined on a HP 1100 HPLC system equipped with a HP 1047A
RI detector and Agilent PLgel MIXED-C300 x 7.5 mm (ID)
columns (packed with 5 um particles of different pore sizes).
THF was used as the eluent at a flow rate of 10 mL min~ "' at
35 °C. Polystyrene standards were used as the molecular weight
references. Cyclic voltammetry measurements were made on
an AUTOLAB potentiostat/galvanostat electrochemical work-
station at a scan rate of 50 mV/s, with a platinum wire counter
electrode and an Ag/AgCl reference electrode in an anhydrous
and nitrogen-saturated 0.1 mol/L acetonitrile (CH;CN) solu-
tion of tetrabutylammonium perchlorate (BuyNCIO,4). The
copolymers were coated on the platinum plate working electro-
des from dilute chloroform solutions. UV—vis and fluorescence
spectra were obtained on a Carry 300 spectrophotometer and a
Carry Eclipse photoluminescence spectrophotometer, respec-
tively. Thermogravimetric analyses (TGA) were conducted on a
TA Instruments TGA 2050 thermogravimetric analyzer at a heat-
ing rate of 10 °C min~ ' and under an N, flow rate of 90 mL min "
Differential scanning calorimetry (DSC) measurements were
carried out on a Mettler Toledo DSC 822¢ system under N, and
at a heating rate of 10 °C min".

Materials. 9-(6-Bromohexyl)-9H-carbazole, 3,5-bis[4-(9H-
carbazol-9-yl)hexyloxy]benzyl alcohol (1), 3,5-bis[4-(9 H-carba-
zol-9-yl)hexyloxy]benzyl bromide (2), and 9,9-dihexylfluorene-
2,7-bis(trimethylene boronates) were synthesized according to
the literature procedures.”®?* The solvents were dried using
standard procedures and purged with nitrogen. All other re-
agents were used as received from commercial sources without
further treatments.

Preparation of Monomers. Monomer 1. A mixture of 2,7-
dibromofluorene (0.154 g, 0.48 mmol) and tetrabutylam-
monium chloride (2.78 mg, 0.01 mmol) in 60 mL of DMSO
was degassed for 10 min, and then 2 mL of aqueous NaOH
solution (50%) was added and stirred vigorously for 10 min
under nitrogen. To this mixture was added the solution of 2
(0.718 g, 1 mmol) in 80 mL of degassed DMSO under nitrogen.
The mixture was stirred under nitrogen for 8 h, water was added,
and the aqueous layer was extracted with CH,Cl, (50 mL x 3).
The combined organic phases were dried over MgSO,. After
removal the solvent, the residue was purified by column chromato-
graphy with CH,Cly/petroleum ether (4:1, v/v) to give pale-yellow
solid with a yield of 80%. "H NMR (CDCls, 400 MHz, 6/ppm):
8.12(d, 8H), 7.53 (s, 2H), 7.45 (t, 8H), 7.35 (t, 8H), 7.22 (t, 8H), 7.10
(d,2H), 6.96 (d, 2H), 6.10 (s, 2H), 5.81 (s, 4H), 4.34 (t, 8H), 3.68 (t,
8H), 3.18 (s, 4H), 1.96—1.72 (m, 32H). Anal. Caled for
CooHogN4O4Br>: C, 75.95%; H, 6.18%; N, 3.58%. Found: C,
75.69%; H, 6.06%; N, 3.64%.

4-Methylbenzoic Acid N'-[4-hexyloxybenzoyl] Hydrazide
(4). To a mixture of 4-(hexyloxy)benzoic acid hydrazide (591 g,
25 mmol), 1 mL of pyridine, and 15 mL of tetrahydrofuran,
4-methylbenzoyl chloride (4.72 g, 30.5 mmol) was added quickly
under nitrogen. The reaction mixture was stirred at 60 °C for 12 h
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and then poured into water. The precipitate was filtered and
recrystallized from methanol to afford a white solid with a yield
of 85%. "H NMR (CDCls, 400 MHz, 8/ppm): 9.82 (d, 1H), 9.51
(d, 1H), 7.45 (t, 8H), 7.86 (d, 2H), 7.80 (d, 2H), 7.42 (d, 2H), 6.96
(d, 2H), 6.90 (d, 2H), 4.62 (s, 2H), 4.01 (d, 2H), 2.32 (t, 3H), 1.62—
0.86 (m, 11H). Anal. Caled for C,;H,N>O3: C, 71.16%; H, 7.39%;
N, 7.90%. Found: C, 71.12%; H, 7.36%; N, 7.96%.
2-(4-Methylphenyl )-5-[4-hexyloxyphenyl |-[ 1,3,4 Joxadiazole (5 ).
A mixture of 4 (1.77 g, 5 mmol) in 10 mL of SOCI, was refluxed for
6 h under a nitrogen atmosphere. Excess SOCI, was distilled off, and
then the residue was slowly poured into 50 mL of water to give a
precipitate. The crude produce was purified by column chromato-
graphy with CH,CL, to yield white solid with a yield of 72%. 'H
NMR (CDCls, 400 MHz, ¢/ppm): 8.10 (d, 2H), 8.02 (d, 2H), 7.36
(d, 2H), 6.88 (d, 2H), 3.90 (d, 2H), 2.42 (s, 3H), 1.67—0.88 (m, 11H).
Anal. Caled for C1Ho4N>O5: C, 74.97%; H, 7.19%; N, 8.33%.
Found: C, 74.94%; H, 7.16%:; N, 8.38%.
2-(4-Bromomethylphenyl )-5-[ 4-hexyloxyphenyl]-[ 1,3 4 Joxadia-
zole (6). To a solution of 5 (5.75 g, 17.1 mmol) and dibenzoyl
peroxide (catalytic amount) in 20 mL of CCl; was added
n-bromosuccinimide (NBS) (6.10 g, 34.3 mmol). The reactant
mixture was refluxed for 5 h under a nitrogen atmosphere. The
solvent was distilled off, and then the residue was purified by
column chromatography with CH,Cl, to yield white solid with a
yield of 65%. 'H NMR (CDCls, 400 MHz, 6/ppm): 8.16 (d, 2H),
8.05 (d, 2H), 7.56 (d, 2H), 7.02 (d, 2H), 4.63 (s, 2H), 3.93 (d, 2H),
1.68—0.89 (m, 11H). Anal. Caled for C>H»3N,O5Br: C, 60.73%;
H, 5.58%:; N, 6.75%. Found: C,60.70%; H, 5.53%; N, 6.79%.

(3,5-Bis{4-[ 5-(4-hexyloxyphenyl )-[ 1,3,4 ]oxadiazol-2-yl [ benzyl-
oxyyphenyl)methanol (7). A mixture of 6 (6.48 g, 15.6 mmol), 3,5-
dihydroxybenzyl alcohol (1.00 g, 7.1 mmol), potassium carbonate
(3.68 g, 65 mmol), and 18-crown-6 (0.38 g, 1.42 mmol) in 60 mL of
anhydrous acetone was refluxed with vigorous stirring under nitro-
gen for 60 h. The mixture was cooled to room temperature, and
the solvent was evaporated under reduced pressure. The residue
was extracted between CH,Cl, and deionized water. Afterward,
the aqueous layer was extracted with CH,Cl, (50 mL x 3). The
combined extracts were dried with anhydrous MgSO, and evapo-
rated. The crude product was purified by column chromatography
onssilica gel eluting with CH,Cl, to give 7 as a pale yellow solid with
a yield of 82%. "H NMR (CDCls, 400 MHz, 6/ppm): 8.16 (d, 4H),
8.06(d,4H),7.56 (d,4H), 7.28 (s, 1H), 7.05 (d, 4H), 6.72 (s, 2H), 6.50
(s, 1H), 5.21 (s, 4H), 4.70 (s, 2H), 3.90 (t, 4H), 1.89—1.78 (m, 22H).
Anal. Calcd for C40H5,N4O7: C, 72.75%; H, 6.48%:; N, 6.93%.
Found: C, 72.70%; H, 6.45%; N, 6.98%.

(3,5-Bis{4-[ 5-(4-hexyloxyphenyl)-[ 1,34 Joxadiazol-2-yl [benzyl-
oxy}phenyl)benzyl Bromide (8). To a mixture of 7 (0.81 g, 1 mmol)
and 15 mL of THF was added dropwise the solution of PBr3 (0.27 g,
1 mmol) in 5 mL of THF over 15 min at 0 °C. The reactant mixture
was heated to reflux for 30 min. After the solution was cooled to
room temperature, the solvent was evaporated off. The residue was
purified by column chromatography with ethyl acetate/CH,Cl,
(viv = 1:10) to afford a white solid with a yield of 80%. 'H NMR
(CDCl3, 400 MHz, 6/ppm): 8.15 (d, 4H), 8.05 (d, 4H), 7.57 (d, 4H),
7.04 (d, 4H), 6.70 (s, 2H), 6.54 (s, 1H), 5.16 (s, 4H), 4.48 (s, 2H), 3.92
(t, 4H), 1.89—1.78 (m, 22H). Anal. Caled for C49Hs;N4O¢Br: C,
67.51%; H, 5.90%; N, 6.43%. Found: C, 67.47%; H, 5.88%; N,
6.54%.

Monomer 2. A mixture of 2,7-dibromofluorene (0.154 g, 0.48 mmol)
and tetrabutylammonium chloride (2.78 mg, 0.01 mmol) in 60 mL
of DMSO was degassed for 10 min, and then 2 mL of aqueous
NaOH solution (50%) was added and stirred vigorously for 10 min
under nitrogen. To this mixture was added the solution of 8 (0.872 g,
1 mmol) in 80 mL of degassed DMSO under nitrogen. The mixture
was stirred under nitrogen for 10 h, water was added, and the
aqueous layer was extracted with CH,Cl, (50 mL x 3). The
combined organic phases were dried over MgSO,. After removal
the solution, the residue was purified by column chromatography
with ethyl acetate/CH,Cl, (v:v=1:1) to give pale-yellow solid with a
yield of 62%. 'H NMR (CDCls, 400 MHz, 6/ppm): 8.11 (d, SH),
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8.06(d, 8H), 7.56 (s, 2H), 7.46 (t,8H), 7.40 (d, 2H), 7.23 (d, 2H), 7.08
(d, 8H), 6.34 (s, 2H), 5.92 (s, 4H), 4.82 (s, 8H), 4.30 (t, 8H), 3.18
(S, 4H), 1.92-1.73 (m, 44H) Anal. Calcd for C115H103N8012Br2: C,
70.69%:; H, 5.57%; N, 5.73%. Found: C, 70.63%; H, 5.53%:; N,
5.78%.

General Synthetic Procedure for Dendronized Copolymers. To
a mixture of 9,9-dihexylfluorene-2,7-bis(trimethylene boronates),
monomer 1, monomer 2, Pd(PPh;),, and three drops of Aliquat 336
was added a mixture of THF and aqueous 2 M potassium carbo-
nate. The mixture was vigorously stirred at 90 °C for 72 h. After
the mixture was cooled to room temperature, it was poured into
500 mL of methanol and deionized water (10:1). A fibrous solid was
obtained by filtration, and the solid was washed with methanol,
water, and methanol again. After washing for 24 h in a Soxhlet
apparatus with acetone, the resulting dendronized copolymer was
obtained as a pale solid after drying under vacuum.

PFCO1. 9.9-Dihexylfluorene-2,7-bis(trimethylene boronates)
(279.5 mg, 0.56 mmol), monomer 1 (665.6 mg, 0.448 mmol),
monomer 2 (218.8 mg, 0.112 mmol), Pd(PPh3), (12 mg), Aliquat
336 (three drops), THF (25 mL), and aqueous 2 M potassium
carbonate (6 mL) were used in the reaction mixture. Yield: 82%.
"H NMR (CDCls, 400 MHz, 6/ppm): 8.06—8.00 (m, 9H), 7.85—
7.63 (m, 18H), 7.42—7.11 (m, 26H), 6.92 (d, 2H), 6.34 (s, SH), 6.08
(s,2.5H), 4.80—4.72 (t, 2H), 4.24—4.16 (t, 8H), 3.92—3.86 (d, 10H),
3.43 (br, SH), 2.04 (br, SH), 1.82—0.71 (m, 70.5H). Anal. Calcd for
(C1ssH163NO7),: C, 84.04%; H, 7.28%; N, 3.72%. Found: C,
83.73%; H, 7.12%; N, 3.89%.

PFCO2. 9,9-Dihexylfluorene-2,7-bis(trimethylene boronates)
(279.5 mg, 0.56 mmol), monomer 1 (416.0 mg, 0.28 mmol),
monomer 2 (547.1 mg, 0.28 mmol), Pd(PPh;), (12 mg), Aliquat
336 (three drops), THF (25 mL), and aqueous 2 M potassium
carbonate (6 mL) were used in the reaction mixture. Yield: 80%.
"H NMR (CDCl;, 400 MHz, 6/ppm): 8.08—8.01 (m, 24H), 7.86—
7.62 (m, 24H), 7.44—7.12 (m, 32H), 6.93 (d, 8H), 6.34 (s, 8H), 6.09
(s, 4H), 4.82—4.73 (t, 8H), 4.26—4.16 (t, 8H), 3.94—3.88 (d, 16H),
3.42 (br, 8H), 2.06 (br, 8H), 1.83—0.72 (m, 120H). Anal. Calcd for
(C260H268N12016)”I C, 8].81%; H, 7.08%; N, 4.40%. Found: C,
81.20%; H, 6.98%; N, 4.56%.

PFCO3. 9,9-Dihexylfluorene-2,7-bis(trimethylene boronates)
(279.5 mg, 0.56 mmol), monomer 1 (166.4 mg, 0.112 mmol),
monomer 2 (875.4 mg, 0.448 mmol), Pd(PPh;), (12 mg), Aliquat
336 (three drops), THF (25 mL), and aqueous 2 M potassium
carbonate (6 mL) were used in the reaction mixture. Yield: 77%.
"H NMR (CDCls, 400 MHz, 6/ppm): 8.10—8.02 (m, 21H), 7.88—
7.61 (m, 12H), 7.45—7.11 (m, 14H), 6.92 (d, 8H), 6.34 (s, SH), 6.10
(s,2.5H),4.80—4.71 (t, 8H), 4.24—4.14 (t, 2H), 3.98—3.90 (d, 10H),
3.43 (br, 5H), 2.05 (br, 5H), 1.85—0.74 (m, 79.5H). Anal. Calcd for
(C|67H|72N9013)n1 C, 79.81%; H, 6.900/0; N, 5.02%. Found: C,
79.62%; H, 6.82%; N, 5.13%.
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