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ABSTRACT: A series of poly(fluorene)s (PFs) containing different generations of poly(benzyl ether) dendritic
wedges with oxadiazole (OXD) peripheral functional groups, including copolymers bearing carbazole (CAZ)
pendent groups, were synthesized. The dendritic side-chain polymers possessed excellent solubility in common
solvents and good thermal stability with decomposition temperatures of 5% weight loss at more tif&h 370
Photophysical studies reveal that the photoluminescent (PL) properties of the dendronized polymers were greatly
affected by the size of the dendritic side chains. The G1- and G2-substituted PF derivatives greatly suppress the
aggregation PF backbones and thus to induce pure blue PL emission (with shorter wavelengths than PF). Excitation
of the peripheral functional groups leads to substantial energy transfer from the dendrons to the poly(fluorene)
backbones. In addition, the excitation of PF bearing G2 dendrons (G2-OXD) at 303 nm creates stronger fluorescence
than that at 390 nm, indicating that the intensity of the sensitized emission (by OXD absorption at 303 nm) is
even stronger than that of a direct poly(fluorene) emission (by PF backbone absorption at 390 nm). Double-layer
light-emitting diode (LED) devices with the configuration of ITO/PEDOT/polymer/LiF/Al were fabricated and
reported. The device with PF bearing GO dendrons and CAZ pendants (GO-OXDCAZ) as an emitter shows a
turn-on voltage of 4.5 V and a bright luminescence of 2446 édni2 V with a power efficiency of 0.24 cd/A

at 100 mA/cm.

Introduction stability 1° Certain poly(fluorene)s containing OXD units have

z-Conjugated materials with electronically rigid backbones P€en synthesized and reported recefftly?
have attracted considerable interest in both academic research To reduce the formation of excimers and the aggregation of
and industrial applications due to increasing potential as active emitters, dendronized polymers are a promising approach to be
components for a wide range of electronic and optoelectronic used as multifunctional light-emitting materials. The dendrons
devices! In the past decade, fluorene-based conjugated polymersnot only protect the polymer rods from both aggregation and
have emerged as a very outstanding class of blue-light emittingdegradation but also tune unbalanced carrier-transporting prop-
materials because of their high photoluminescence (PL) anderties, where proper charge-transporting functionalities are
electroluminescence (EL) quantum efficiencies, thermal stability, incorporated to the periphery of the dendréh¥ Furthermore,
good solubility, high hole mobility, and facile functionalization  the peripheral donor units can transfer excitation energy to the
at the Q-9 position of fluorenéHowever, de_vices are restricted polymer backbones and enhance fluorescent properties. Here,
by their tendency to form aggregatesxcimers; or ketone e report a family of dendronized poly(fluorene)s bearing OXD
defectS during either annealing or passage of current, leading nits on the outer surface of poly(aryl ether) dendritic wedges.

to red-shifted and less efficient emissions. To avoid this 14 getermine the minimal steric requirements for prevention

detrimental behavior, a number of approaches have been used,¢ -~ reqation. we prepared polvmers bearing OXD side chains
One approach is to introduce end-capped poly(fluorene)s (PFs) ggreg ' prep Poy 9

. - h : . with three generations of dendrons. We hope the dendronized
with bulky groups®7’ spirofluorene functionalized bifluorene polymers can take advantage of the bulky OXD pendants to
mrg'st'sesiitonfﬁ\goélféng oz(?tli)é(rzlu;reg?)%ﬁu%r:gng;sggrw;lIsfse avoid the tendency of spontaneous aggregation and crystalliza-
?ninirlriization of isolatgd fluorenor?e é/efeét?s tion normally encountered in poly(fluorene)s, so as to show

To obtain highly efficient light emitting dévices a balance specific light-antenna capacity and tunable charge-transporting

in the injection and transportation of both holes and electrons characteristics. Or) the pther hanq, the previous res@arch
into the polymer emissive layer is necesséry? However, most reported that the ionization potential of poly(fluorene) with

electroluminescent polymers inject and transport holes more penda_nt Ol)f(ID units is 5.76 eV, Whrifh Is similar :10 thag of pc_;ly-
efficiently than electrons, which result in an unbalance of (9,9-dioctylfluorene) (5.8 eV). This means that there is a

opposite carrier currents. Polymers containing electron-with- Significant energy barrier for hole injection, and it needs to be
drawing units in the main chains or side chains usually have mproved in order to further enhance the d_eV|ce performance.
large electron affinities. 2,5-Diphenyl-1,3,4-oxadiazole (OXD) tis well-known that the carbazole (CAZ) unit reduces the hole-
derivatives are the most widely studied classes of electron- injection barrier in poly(fluorene) in this manner, to facilitate
injection and/or hole-blocking materiatsby virtue of many hole injection from ITO glectrode’é.For this reason, we also
merits owned by 1,3,4-OXD moieties, such as prominent introduce hole-transporting CAZ groups to the PF backbones
electron affinity, high photoluminescence, and good thermal as pendants for a comparative investigation. The absorption,
PL emission, and EL spectra were also studied to gain insight

* Author for correspondence. Telephone: 8863-5712121 ext. 55305 into the interaction between peripheral units and poly(fluorene)
Fax: 8863-5724727. E-mail: linhc@cc.nctu.edu.tw. backbones.
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Scheme 1. Synthetic Routes of Macromonomers (MAM3) and Polymers (P1-P6)
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Experimental Section

Materials. 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9,9-dihexylfluoren& and 9,9-bis(4-carbazol-9-ylhexyl)-2,7-dibro-
mofluorene §14)2> were synthesized according to literature pro-
cedures. Synthesis and characterization of compoimr@gshown

tion).2” Chemicals and solvents were reagent grades and purchased
from Aldrich, Acros, TCI, and Lancaster Chemical Co. Dichlo-
romethane and THF were distilled to keep them anhydrous before
use. The other chemicals were used without further purification.

General Procedure for the Synthesis of Dendronized Mac-

in Scheme 1) and their intermediates are described in the Supportingomonomers. A mixture of 2,7-dibromofluorene and triethylben-
Information (as shown in Scheme 1 of the Supporting Informa- zylammonium chloride (TEBAC) in THFwas degassed three times;
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a 50 wt % aqueous KOH solution was added and stirred for 10 CysH1sNgO12: C, 78.94; H, 7.18; N, 5.11. Found: C, 78.21; H,

min under nitrogen. To this mixture, the solution bfor 2 or 3)

7.23; N, 4.61.

was added in degassed THF under nitrogen; the reaction mixture P3 (G2-OXD). Yield: 80%.H NMR (ppm, CDC}): 0.64—
was stirred under nitrogen for 10 h, water was added, and the 0.94 (m, 58H), 1.29-1.44 (m, 76H), 1.68 (m, 8H), 2.05 (br, 4H),

aqueous layer was extracted with &H,. The combined organic
phases were dried over MggQ\fter removal of the solvent, the
crude product was purified as outlined in the following text.

M1. 2,7-Dibromofluorene (0.13 g, 0.39 mmol), TEBAC (3.0 mg,
0.01 mmol), THF (140mL), aqueous KOH solution (2 mL, 50 wt
%), and compound (0.33 g, 0.82 mmol) were used. Chromatog-
raphy on silica gel eluted with Ci€l, affordedM1 as a white
solid (0.41 g, 62%)'H NMR (ppm, CDC}): 0.87-0.94 (m, 12H),
1.24-1.53 (m, 16H), 1.691.75 (m, 2H), 3.46 (s, 4H), 3.88 (d,
= 5.7 Hz, 4H), 6.76 (dJ = 8.7 Hz, 4H), 6.97 (dJ = 9.0 Hz, 4H),
7.16 (d,J = 8.1 Hz, 2H), 7.35 (ddJ = 1.5, 8.4 Hz, 2H), 7.66
7.70 (overlap, 6H), 7.97 (d,= 9.0 Hz, 4H). MS (FAB):m/z[M*]
1049.3; calcdwz [M*] 1048.94. Anal. Calcd for §3HgoBroN4Oq:

C, 67.56; H, 5.77; N, 5.34. Found: C, 67.42; H, 5.69; N, 5.26.

M2. 2,7-Dibromofluorene (0.13 g, 0.39 mmol), TEBAC (3.0 mg,
0.01 mmol), THF (140 mL), aqueous KOH solution (2 mL, 50 wt
%), and compoun@ (0.76 g, 0.82 mmol) were used. Chromatog-
raphy on silica gel eluted with EA/CiEI, (2:1) affordedM2 as a
white solid (0.51 g, 65%)*H NMR (ppm, CDC}): 0.91-0.97 (m,
24H), 1.34-1.53 (m, 32H), 1.721.78 (m, 4H), 3.19 (s, 4H), 3.92
(d,J = 5.4 Hz, 8H), 4.82 (s, 8H), 5.91 (s, 4H), 6.29 (s, 2H), 7.02
(d,J=9.0 Hz, 8H), 7.26 (dJ = 8.1 Hz, 2H), 7.41 (dJ = 8.1 Hz,
2H), 7.48 (d,J = 8.4 Hz, 8H), 7.58 (s, 2H), 8.05 (d,= 9.0 Hz,
8H), 8.11 (d,J = 8.1 Hz, 8H). MS (MALDI-TOF): m/z [M*]
2018.78; calcdmy/z [M*] 2018.11. Anal. Calcd for GdHios
BroNgO12: C, 70.82; H, 6.19; N, 5.55. Found: C, 70.88; H, 6.27;
N, 5.57.

M3. 2,7-Dibromofluorene (0.04 g, 0.1 mmol), TEBAC (0.6 mg),
THF (90 mL), agueous KOH solution (2 mL, 50 wt %), and
compound3 (0.46 g, 0.24 mmol) were used. Chromatography on
silica gel eluted with THF/CKLCI, (1:5) affordedM3 as a white
solid (0.22 g, 55%)'*H NMR (ppm, CDC}): 0.89-0.96 (m, 48H),
1.29-1.56 (m, 64H), 1.681.76 (m, 8H), 3.08 (s, 4H), 3.89 (d,
= 5.7 Hz, 16H), 4.70 (s, 8H), 5.03 (s, 16H), 5.87 (s, 4H), 6.32 (s,
2H), 6.48 (s, 4H), 6.60 (s, 8H), 6.99 (@= 8.4 Hz, 16H), 7.22 (d,
J= 7.8 Hz, 2H), 7.32 (dJ = 8.1 Hz, 2H), 7.43 (s, 2H), 7.51 (d,
J= 7.8 Hz, 16H), 8.01 (dJ = 8.4 Hz, 16H), 8.07 (dJ = 8.1 Hz,
16H). MS (MALDI-TOF): m/z [M*] 3957.87; calcdn/z [M ]
3956.46. Anal. Calcd for £dH,5BroN160280 C, 72.55; H, 6.42;
N, 5.66. Found: C, 72.65; H, 6.41; N, 5.73.

General Procedure for the Synthesis of Dendronized Poly-
mers P—P6. The synthetic route of polymers is shown in Scheme

3.40 (br, 4H), 3.82 (d, 16H), 4.80 (m, 24H), 6-36.48 (m, 18H),
6.92 (d,J = 8.1 Hz, 16H), 7.35 (dJ = 8.7 Hz, 16H), 7.64 (m,
12H), 7.92 (dJ = 9.0 Hz, 32H). Anal. Calcd for §4H284N1602s:
C, 76.79; H, 6.93; N, 5.43. Found: C, 75.73; H, 7.01; N, 4.74.

P4 (GO-OXDCAZ). Yield: 80%. 'H NMR (ppm, CDC}):
0.77-1.11 (m, 36H), 1.36-1.59 (m, 48H), 1.71 (m, 6H), 2.08 (br,
12H), 3.63 (br, 4H), 3.88 (d, 4H), 4.16 (t, 4H), 6.99 M= 9.0
Hz, 8H), 7.18 (t, 4H), 7.2#7.38 (m, 8H), 7.647.81 (m, 28H),
8.00-8.06 (m, 8H). Anal. Calcd for ggH17dNgO4: C, 85.59; H,
7.73; N, 3.79. Found: C, 83.78; H, 7.65; N, 3.41.

P5 (G1-OXDCAZ). Yield: 77%.'H NMR (ppm, CDC}):
0.64-0.95 (m, 48H), 1.0£1.45 (m, 64H), 1.661.70 (m, 8H), 2.05
(br, 12H), 3.40 (br, 4H), 3.86 (d] = 4.8 Hz, 8H), 4.15 (t, 4H),
4.78 (s, 8H), 6.12 (s, 4H), 6.35 (s, 2H), 6.96 Jd= 8.7 Hz, 8H),
7.13-7.38 (m, 20H), 7.657.80 (m, 24H), 8.01+8.04 (m, 20H).
Anal. Calcd for GiH23AN10012: C, 82.18; H, 7.40; N, 4.40.
Found: C, 81.56; H, 7.26; N, 4.20.

P6 (G2-OXDCAZ). Yield: 73%. 'H NMR (ppm, CDC}):
0.70-1.08 (m, 76H), 1.3%1.46 (m, 92H), 1.691.71 (m, 12H),
2.05 (br, 12H), 3.40 (br, 4H), 3.84 (d,= 5.4 Hz, 16H), 4.13 (t,
4H), 4.70-4.89 (m, 24H), 6.14 (s, 4H), 6.486.52 (m, 14H), 6.94
(d, J = 7.2 Hz, 16H), 7.147.30 (m, 12H), 7.40 (d) = 8.7 Hz,
16H), 7.64 (m, 24H), 7.948.05 (m, 36H). Anal. Calcd for
CasgHzsaN18028: C, 79.22; H, 7.12; N, 4.92. Found: C, 78.79; H,
7.14; N, 4.74.

Characterization. 'H NMR spectra were recorded on a Varian
Unity 300 MHz spectrometer using CDLsolvent. Elemental
analyses were performed on a HERAEUS CHODS RAPID
elemental analyzer. Transition temperatures were determined by
differential scanning calorimetry (Perkin-Elmer Diamond) with a
heating and cooling rate of 2&/min. Thermogravimetric analysis
(TGA) was conducted on a Du Pont Thermal Analyst 2100 system
with a TGA 2950 thermogravimetric analyzer under nitrogen with
a heating rate of 20C/min. Gel permeation chromatography (GPC)
analysis was conducted on a Water 1515 separation module using
polystyrene as a standard and THF as an eluant—$ible
absorption spectra were recorded in dilute chloroform solutions
(1076 M) on a HP G1103A spectrophotometer, and fluorescence
spectra were obtained on a Hitachi F-4500 spectrophotometer. PL
excitation and emission slits in solutions were 5 and 2.5 nm,
respectively. PL excitation and emission slits in solid films were
both 5 nm. Electrochemistry measurements were performed using

1. A genera| procedure of po|ymerizati0n is proceeded through the an Autolab PGSTAT30 potentiostat/galvanostat with a standard

Suzuki coupling reaction. For polymelPd—P3, a mixture of 2,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dihexyllfluo-
rene (1 equiv), monomévil (or M2 or M3) (1 equiv), and freshly
prepared PgP(p-tolyl)s} s (1.0 mol %) were added in a degassed
mixture of toluene ([monomer} 0.2 M) and aqueous 2 M

three-electrode electrochemical cell containing a 0.1 M tetrabuty-
lammonium hexafluorophosphate solution in acetonitrile at room
temperature under nitrogen at a scanning rate of 100 mV/s. A
platinum working electrode, a platinum wire counter electrode, and
an Ag/AgCl reference electrode were used. The onset potentials

potassium carbonate (3:2 in volume). The mixture was vigorously were determined from the intersection of two tangents drawn at

stirred at 80°C for 72 h. After the mixture was cooled to room
temperature, it was poured into 200 mL of methanol. A fibrous

the rising current and background current of the cyclic voltammo-
gram. Polymer solid films were spin-coated on quartz substrates

solid was obtained by filtration. The solid was washed sequentially from THF solutions with a concentration of 10 mg/mL.

with methanol, water, and methanol. A similar procedure is carried
out for the synthesis d?4—P6, and the feed ratio of 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorekid/ (or M2

or M3)/M4 is 2/1/1. The actual m/n ratio of the resulting polymers
P4—P6 is about 1:1, which is calculated from proton NMR.

P1 (GO-OXD). Yield: 87%.H NMR (ppm, CDC}): 0.79-
0.95 (m, 22H), 1.161.49 (m, 28H), 1.721.74 (m, 2H), 2.16 (br,
4H), 3.67 (br, 4H), 3.89 (d, 4H), 6.997.02 (m, 8H), 7.6%+7.81
(m, 16H), 8.03 (d,J = 8.4 Hz, 4H). Anal. Calcd for gHgoN4O4:

C, 82.58; H, 7.59; N, 4.59. Found: C, 81.71; H, 7.56; N, 4.06.

P2 (G1-OXD). Yield: 83%.H NMR (ppm, CDC}): 0.64—
0.94 (m, 34H), 1.321.49 (m, 44H), 1.761.72 (m, 4H), 2.09 (br,
4H), 3.40 (br, 4H), 3.86 (d] = 5.4 Hz, 8H), 4.77 (s, 8H), 6.12 (s,
4H), 6.36 (s, 2H), 6.96 (d] = 9.0 Hz, 8H), 7.32 (dJ = 7.5 Hz,
8H), 7.64 (m, 12H), 7.99 (dJ = 9.0 Hz, 16H). Anal. Calcd for

EL Device Fabrication. The devices were fabricated on ITO
substrates that had been ultrasonicated and sequentially washed in
detergent, methanol, 2-propanol, and acetone and further treated
with O, plasma for 10 min before use. A thin layer of PEDOT (40
nm) and polymers (70100 nm) (from a 15 mg/mL solution of
the polymers in dichloroethane solution) was spin-coated on the
ITO surface, after which a thin layer of LiF(1 nm)/Al(100 nm)
was deposited on the polymer film by thermal evaporation under a
vacuum of 10 Torr. The luminance current-voltage character-
istics were recorded on a power source (Keithley 2400) and
photometer (MINOLTA CS-100A).

Results and Discussion

Synthesis and Characterization.The chemical structures
of dendronized macromonomerM1-M3 are shown in
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Table 1. Molecular Weights and Thermal Properties of Polymers 1.2 5
polymer M2 Mw2  PDI TP (°C) T4 (°C)

P1(G0-OXD) 34500 102600 2.97 143 372 1.0 —=—P1 (G0-OXD)
P2 (G1-OXD) 35600 66 700 1.87 102 395 ] —a— P2 (G1-OXD)
P3(G2-OXD) 21300 29000 1.36 87 405 ~ o8 —e— P3 (G2-OXD)
P4(G0-OXDCAZ) 33800 95800 2.83 118 378 507 - - - P4 (GO-OXDCAZ)
P5(G1-OXDCAZ) 21100 40900 1.93 95 394 g - 4~ - P5 (G1-OXDCAZ)
P6(G2-OXDCAZ) 20200 42900 2.12 85 410 § 064 - o -P6 (G2-OXDCAZ)

aMolecular weight determined by GPC in THF, based on polystyrene 8
standards? Glass transition temperaturéQ) determined by DSC at a < 4
heating rate of 10C min~L. ¢ Temperature°C) at 5% weight loss measured 04
by TGA at a heating rate of 28C min~! under nitrogen.

. 0.2
Scheme 1. The attachment of compourids3 to 2,7-dibro-
mofluorene was done by following a literature procedtfaith o
THF as a solvent, aqueous KOH as a base, and triethylbenzy 0.0 T T T T T T T T y i
. ' 250 300 350 400 450 500)

lammonium chloride (TEBAC) as a phase transfer catalyst
(PTC). Pure monomegl1—M3 were confirmed byH NMR, Wavelength (m)

elemental analyses, and FAB (or MALBTOF) mass spec- Figure 1. Absorption spectra of polymef81—-P6 in THF solutions,
troscopy. The dendronized polymers-FA6 were synthesized normalized at the absorption peak of the polymer backbone.
from a Suzuki coupling reaction in a biphasic system (toluene/ short-wavelength absorption peaks (at ca. 300 nm) in THF
aqueous KCOs) with freshly prepared RdP(p-tolyl)s}s as a solutions ofP1—P3increase with the generation number of the
catalyst precursd®® In the beginning, when Pd(PBhis used dendrons, which are attributed to the absorption of the peripheral
as a catalyst precursor, the G2-substituted polyigiahdP6) OXD units. Similarly, the absorption band B#—P6 solutions
cannot be obtained due to the bulky side group\s (6) to (in THF) at ca. 295 nm are originated from the combined
hide the reactive site, where §Rip-tolyl)s}s seems to be a  absorption band of OXD and CAZ pendent groups (as shown
superior choice in many SPC casésCopolymersP4—P6 in Figure 2 of the Supporting Information). The additional
containing hole-transporting CAZ pendent groups were also absorption bands of polyme81-P6 at 384-391 nm are
synthesized to compare with those polymer counterparts withoutassigned to the—sa* transition contributed from the conjugated
CAZ pendantsR1, P2, andP3). Standard workup afforded the  backbones of the poly(fluorene)s. The absorption spectra of the
dendronized polymer®1—P6 as amorphous, slightly yellow  polymers in solid films are similar (a little red-shifted) to those
materials. All polymers could be fully dissolved in common in THF solutions (as shown in Figure 3 of the Supporting
organic solvents, such as dichloromethane, chloroform, and Information). Optical band gapsE§) determined from the
THF. The molecular weights determined by GPC against absorption edge d?1—-P6in solid films are found to be about
polystyrene standards are summarized in Table 1. These dat&.94 eV. As shown in Figure 2, the PL spectra of polymers in
show that considerable molecular weights were achieved in theseTHF solutions are quite similar to one another. All polymers
dendronized polymers, which have number-average molecularemit blue light at 417 nm with vibronic bands at 441 nm (except
weights M,) ranging 20206-34500 with polydispersity indices ~ P3, which reveals two sharp bands at 415 and 439 nm). The
(Mw/M,) of 1.36-2.97. slightly blue-shifted spectrum @3 could be explained by the
The thermal stability of the polymers was determined by incorporation of the attachment of G2-bulky OXD dendrons onto
thermogravimetric analysis (TGA) under nitrogen. All polymers the side chains of the fluorene units, which twist the poly-
exhibited degradation temperaturég)(higher than 370C (5% (fluorene) backbones to decrease the effective conjugation length
weight loss under nitrogen). The degradation patterns of theseto some extent. The PL spectra of polymers in solid films are
polymers are quite similar, which possess a main weight loss similar to those in THF solutions in Figure 2. In comparison
step at the onset temperaturesTgfin the range of 436450 with the corresponding dilute solutions, the emission spectra
°C. Phase transition temperatures of the polymers were alsoof P1—P6 in solid films show a slight red-shift of -811 nm
investigated by differential scanning calorimetry (DSC) under (Figure 3). Similar to the solution state, the PL spectrurR®f
nitrogen. Though poly(fluorene)s usually reveal a crystallization in the solid state is slightly blue-shifted relative to the other
temperature due to their crystalline nature in the solid state, polymers. It is worth noticing that the PL spectraRif andP4
DSC curves showed no crystallization and melting peaks but have a long tail extending to longer wavelength regions (the
only glass transition temperaturégg) in polymersP1—P6 (as “onsets” of the longer wavelength region is at 610 nm) and
shown in Figure 1 of the Supporting Information). This show a shoulder at ca. 520 nm. This spectral feature is attributed
obviously indicates that the presence of OXD and CAZ units to the interchain excimer formation and/or keto defects, which
in these copolymers suppresses the crystallinity and chainis commonly observed in 9,9-disubstituted poly(fluoreri&)&?
aggregation of the polymers effectively. Thgs of the polymers It appears that the GO-substituent is not bulky enough to shield
are in the range of 85143°C and gradually drop by increasing the polymer backbones completely. The incomplete suppression
the size of the dendritic OXD wedges, i.B1 > P2 > P3and of long wavelength emission band were also seen in similar
P4 > P5 > P6. However, the copolymers containing CAZ dendronized poly(fluorene)s with smaller dendréK3.How-
pendent units 4, P5, and P6) have lower glass transition ever,P2, P3, P5, andP6 with larger dendrons do not show any
temperaturesI{s) than those polymer counterparts without CAZ  sign of aggregation or excimer formation. These results clearly
pendants R1, P2, andP3), respectively, which might be due indicate that the steric hindrance of larger dendritic substituents
to the longer spacer length in CAZ side chains. suppresses the intermolecular-zr stacking of the polymers
Optical Properties. The absorption and PL data of dendriti- and eliminates undesirable red-shifts in the emission
cally functionalized polymer®1—P6 were measured in both  spectra.
solution and solid states, and the optical properties are sum- It is already known that OXD and CAZ units can act as
marized in Table 2. As shown in Figure 1, the intensities of the energy-transfer donors (light antennae) for the light-emitting
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Table 2. Absorption and PL Emission Spectral Data of Polymers in THF Solutions and Solid Films

polymer Aabs,sdt (NM) band gap (eV) ApLsof (NM) ApLfim® (NmM) Dpy soP Dpy fim®
P1(G0-OXD) 302, 387 2.94 417, 441 426, 449 0.73 0.34
P2 (G1-OXD) 300, 391 2.94 417, 441 427, 449 0.98 0.55
P3(G2-OXD) 299, 384 2.94 415, 439 423, 445 0.77 0.16
P4 (G0-OXDCAZ) 295, 391 2.94 417, 441 427, 448 0.97 0.30
P5(G1-OXDCAZ) 295, 391 2.94 417, 441 428, 449 1.00 0.52
P6 (G2-OXDCAZ) 295, 388 2.94 417, 441 426, 448 0.86 0.24

aThe data in parentheses are the wavelengths of shoulders and subalksion fluorescence quantum efficiency were measured in THF, relative to
9,10-diphenylanthracen@g, = 0.90).¢ PL quantum efficiency were estimated relative to 9,10-diphenylanthracene in poly(methyl methacrylate) as a standard
(q)pL = 083)
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Figure 2. Normalized PL spectra of polymeRsl—P6 excited at the €))
maximum absorption of backbones in THF solutions.
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Figure 3. Normalized PL spectra of polymeRsl—P6 excited at the
maximum absorption of backbones in solid films. (b)

__ Figure 4. Normalized PL spectra of polymers @)—P3and (b)P4—
cores (as energy-transfer acceptors). In fact, the photoexcitationsP6 in solid films, which were excited at the maximum absorption of

of OXD or CAZ units predominantly created identical emissions the peripheral OXD pendants (open symbols) and at the maximum
as those excited at the absorption of poly(fluorene) backbones,aPsorption of the polymer backbone (solid symbols).

No characteristic emission features of OXD or CAZ side chains .

were observed in Figure 4, which indicate that both pendant e polymer backbone. The PL quantum yieldp() of
groups (as energy-transfer donors) and polymer backbones (aPolymers P1-P6 excited at the maximum absorption of
energy-transfer acceptors) contribute the major emissions of thePackbones in solutions were measured with 9,10-diphenylan-
poly(fluorene)s. As shown in Figure 4(a), the intensity of the thracene as a reference standard (cyclohex@pg= 0.90)3
sensitized emission (excited at peripheral OXD units ca. 303 Where the highest quantum yield reaches 1.0. The PL quantum
nm) of P3 is 31% higher than the direct backbone emission Yields in solid films were measured using the same standard in
(excited at the maximum absorption of the polymer backbone poly(methyl methacrylate), and the results are listed in Table
ca. 390 nm), which is the only enhanced result of the sensitized2. The PL efficiencies of copolyme81-P3 show a trend
emission due to the largest number of dendritic OXD pendants similar to those of copolymerB4—P6, where the polymers
(energy-transfer donors) in the highest generation of dendrons.incorporating smaller GO-substituted dendrons exhibit relatively
The result clearly indicates that the photoluminescence of higher degrees of aggregation and larger tendencies of excimer
dendronized polymers by the light antenna design is more formation, and thus to possess relatively lower PL efficiencies.
efficient than direct excitation at the absorption maximum of The G1-substituted polymers, however, exhibit the highest PL
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140 Figure 6. Normalized EL spectra of the devices with the configuration
Jm) of ITO/PEDOT/polymer/LiF/Al.

120

Table 3. Oxidation Potentials and Calculated HOMO and LUMO
Energies of Polymers

on/onset(v) HOMO (eV)
1.37 —5.72

100
1 polymer

P1(G0-OXD)

LUMO? (eV)
—2.78

x®
o
1

—— P2 (GI-OXD)

Current (uA)

6

4

2
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-------- P5 (G1-OXDCAZ)

0 ~
0 -
0 4

04

0 4"

P2(G1-OXD)
P3(G2-OXD)
P4 (G0-OXDCAZ)
P5(G1-OXDCAZ)

1.38
1.32
1.23
1.26

—5.73
—5.67
—5.58
—5.61

—2.79
—2.73
—2.64
—2.67

L L L L L L L L L L e
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Potential (V vs Ag/AgCl)

60

40

1©

—— P3 (G2-0XD)
-------- P6 (G2-OXDCAZ) /

P6 (G2-OXDCAZ)

aLUMO Energies were deduced from HOMO values and optical band
gaps.

1.24 —5.59 —2.65

depicted in Figure 5, polymeR1—P3 show the onset potentials

of oxidation between 1.32 and 1.38 V in the anodic scans. The
onset potentials are similar to the reported value of poly(2,7-
(9,9-dioctyl)-fluorene)s (1.4 ¥} and the onset potentials are
due to the oxidation of the poly(fluorene) backbones. On the
contrary, copolymer$4—P6 have lower onset potentials of
oxidation between 1.23 and 1.26 V, which are attributed to the
introduction of CAZ groups$8 It implies that the CAZ units
reduce the hole-injection barrier by 0:68.14 eV thus to
facilitate the capability of hole injection from ITO electrodes.

Similarly, the high electron affinity of OXD units is helpful in
electron injection. The HOMO energy valuesRi—P6 were
calculated relative to ferrocene (Fc), which has a value 48

eV with respect to zero vacuum level. In addition, the optical
edges of absorption spectra are utilized to derive the band gaps
and give the LUMO energy values of the dendronized poly-
mers?’ It can be visualized that the generation variety of the
OXD dendrons has little effect on the oxidation potentials. The
redox wave broadening or shifted effects on higher generations
of dendrons, which were referred as the shell efféctan be
observed in G2-substituted polymd?8 and P6.

Electroluminescent Properties. To evalutae these novel
dendron-functionalized luminescent materials, double-layer light
emitting devices using the dendronized polynfets-P6 as the
active layer with the configuration of ITO/PEDOT/polymer/
LiF/Al have been fabricated and investigated. The performance
data of these devices are collected in Table 4. As a result, the
emission wavelengths and spectral features of the EL spectra
(Figure 6) are very similar to those of the corresponding PL

Current (LA)

LN DL DL I LA DL DL DAL B | L
00 02 04 06 08 10 12 14 16 18 20 22 24
Potential (V vs Ag/AgCl)

Figure 5. Cyclic voltammograms of the polymers: (BL and P4
(b) P2 andP5; (c) P3 andP6.

efficiencies with respect to their GO- and G2-analogues. The
lower quantum yields of G2-analogud33 and P6) with the

highest generation of dendrons are probably due to the lower
degrees of polymerization and slight twists of backbones in poly-
(fluorene) backbones, which lead to the quenching effect of

poly(fluorene)s. spectra in solid films, which suggest that their EL emissions
Electrochemical Characterization. Cyclic voltammetry originate from the poly(fluorene) backbones. B&th and P4
(CV) measurements were carried out in a conventional three- show significantly broadened emissions to agree with their PL
electrode cell. The measured oxidation potentials and HOMO spectra, which might be due to excimer fromation by aggrega-
and LUMO energy values are summarized in Table 3. As tion in the solid state or fluorenone defects introduced during
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Table 4. EL Data of PLED Device$

power luminance max.
Amaxel Von? effiency  effiency  brightness
polymer (nm) (V) (cd/A) (Im/W) (cd/m?)
P1(G0-OXD) 436 5.0 0.90 0.31 1480
P2 (G1-OXD) 438 7.5 0.34 0.08 380
P3(G2-OXD) 432 9.0 0.10 0.05 520
P4(G0-OXDCAZ) 434 45 0.24 0.12 2446
P5(G1-OXDCAZ) 438 7.0 0.10 0.02 119
P6(G2-OXDCAZ) 432 8.5 0.05 0.02 92

aDevice structure: ITO/PEDOT/polymer/LiF/AY.V o is the turn-on
voltage of light.c Measured at 100 mA/ct
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Figure 7. Current density-voltage-brightness)(-VV—B) characteristics
of the PLED device containing’4 with the configuration of ITO/
PEDOTP4/LIF/AL

device fabrication and operatiéh3%4% However, the green
emission has been efficiently suppressed®®) P3, P5, and

P6, which might be due to the hindrance of the exciton migration
to reduce oxidized ketonic defects by the bulky OXD dendrons
and thereby to increase the color stability of these devites.
The PLED device made d?4 (Figure 7) has the maximum
brightness of 2446 cd/frat a bias voltage of 12 V with a power
efficiency of 0.24 cd/A at 100 mA/ctn The turn-on voltages

Macromolecules, Vol. 39, No. 13, 2006

of the electron-affinitive OXD moieties in the higher generations
of dendrons, which could act as electron traps and lead to the
reduction of charge balance.
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