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ABSTRACT: New copolyfluorenesRFDO0.5-50) of 9,9-dihexylfluorene and 2-(2,6-bis(4-(2-phenyl-2-cyanovi-
nyl)-2,5-bis(hexyloxy)styryl)-#-pyran-4-ylidene)malononitrileCM) were synthesized by the Suzuki coupling
reaction. They were characterized by molecular weight determination, elemental analysis, FT-IR spectroscopy,
DSC, TGA, absorption and emission spectroscopy, and cyclic voltammetry (CV). The copolymer films showed
absorption peaks at 38397 and 481496 nm, and PL peaks at 42424 and 566-596 nm originated from
fluorene andDCM segments, respectively. The longer wavelength PL peak red-shifted gradually from 560 to
596 nm with increasinpCM contents (0.83%49.8%). The LUMO energy levels lowered as the content of
DCM units increased—2.75 e\V\>—3.70 eV), whereas the HOMO levels remained almost unchangBdb8
eV——5.64 eV). Electroluminescent devices, ITO/PEDOT:PSS/polymer/Ca(50 nm)/Al(150 nm), were fabricated
to investigate the influence @CM contents on emission characteristics. The maximum brightness and current
efficiency of thePFDO0.5device (1719 cd/fhand 0.25 cd/A) surpassed those of Bfedevice (1012 cd/fh0.17

cd/A). With an increase iDCM content, the current efficiency was further increased to 0.30 cd/A at about 5%
DCM units. The EL emission d?PFD5—PFD50was exclusively originated frod@CM fluorophores £ 550 nm)

due to rampant energy transfer. However, simultaneous emisskiR afidDCM segments was readily obtained

by loweringDCM contents PFDO0.5 PFD1, or by blendingPFDO0.5with PF).

Introduction for the present work was to synthesize polyfluorenes with
improved electron-injection and -transport characteristics by
copolymerizing with an electron-deficient (n-type) building

block. Meanwhile, the PF segment owns a large energy band,

Conjugated polymers are of wide current interest for applica-
tions in electronic and optoelectronic devices including organic

e . T3 o X
I'%htt em::tl_ng d'lfsgles t(hOLfEIIDdS)’f thl'n fllmbtranzlstlors‘t‘, alnd . which would promote energy transfer to the other part with a
photovotaic cetls. In the Tield of polymer-based electrolumi- 4o hang gap, leading to changes in electronic properties. In

nescent.(EL) devices, much interest has been Pa'd to rna'n'(:ha'ngeneral, this method enables tunability of the luminescent colors.
conducting polymers such as poly(phenylenevmylene) (PPV), Also, fluorene-containing polymers have been shown to emit
poly(p-phenylene) (PPF)poly (thiophene), poly(fluorene); efficiently across the entire visible spectrdfn.

their copolymers, and soluble derivatives because of potential In this investigation, we designed and synthesized a series

application as large-area light-emitting diodes (LEDs). Poly- L .
(fluorene)s (PFs) with large band gaps have emerged as veryOf fluorene copolymers (Chart 1) containing th€M-deriva-

promising materials for blue emission because of their unique tized moiety (0.550 mol % in feed), which are well-known

L - PR o low molecular weight red-emitting materi&tg2021from East-
combination of high thermal stability, high hole mobility, easy .
processability, and high photoluminescence (PL) quantum yield man Kodak (DCM class). All of the DCM class red dyes contain

in the solid stat€.However, the major drawback of PFs is that 2-pyran-4-ylidene-malononitrile (PM) derivgtive§ as electron
they display a red-shifted and diminished emission upon thermal acceptor. We attempted' t(.) extend the conjugatlon length 'and
annealing or passage of current. The source of this long enhance the elec_tron affinity of the (_:opolymers by introducing
wavelength emission was initially believed to be excimer the p-phenyl_enevm_y_lene segment with a cyano group onto the
emission from aggregates formed imstacking of the polymer ylnylene unit. Aqldltlonally, the 5|d@.-hexyloxy groups were
chains!® Recently, the origin of the long wavelength emission, mcorp(_)ra_ted to increase the SOlub'“ty of the Copolymers. The
however, was ascribed to keto defects incorporated in the PL emission changed gradually with t&M contents in the

polymer backbon&1Numerous approaches have been adopted copolymers, from yellow at low ratiq to red. at high ratio.
to suppress this undesired long wavelength emission: COpO_Furthermore, we tried to find the optimal ratio of tReCM

lymerization with anthraceng&,introduction of a “kink” disorder con';e_nt clinthth?I copolyme_r or blglnd, whcljcﬁr;@i/llmultgngously
along the conjugated polymer chdfintroduction of spirobi- contained the fluorene emission (blue) an emission

fluorene into small compounds or polymeric chalfhgnd- (yellow)., to obtain the W.hite. light. This article presents.the
capping with sterically hindered grobipor hole trapping synthesis and characterization of the new DCM-containing

moiety® and introduction of bulky substituents at the 9-position copolyfluorenes, followed by diSC.USSionS of their p_hotophysical,
of the %Iuorene unit? electrochemical, and electroluminescent properties.

Blue-emitting PF is a p-type (electron donor, hole transport) Eyperimental Section
material that transports holes with high mobifiy8and electron

injection and transport in PF is relatively poor. Our motivation ~ Materials and Measurement. All of the chemicals were
purchased from Aldrich, Acros, TCI, and Lancaster Chemicals Co.

and used without further purification. All of the solvents such as
* Corresponding author. E-mail: yunchen@mail.ncku.edu.tw. toluene, piperidine, and acetonitrile were dried with the appropriate
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Chart 1

in feed

PFDO0.5  x=0.995,y=0.005
PFDI1 x=0.99, y=0.01
PFD5 x=095, y=0.05

PFDI0  x=0.90, y=0.10
PFD25  x=0.75, y=025
PFD50  x=0.50, y=0.50

Scheme 1. Synthesis of Monomer 6
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drying agents, then distilled under reduced pressure, and stored oveing cell consisted of polymer-coated Pt as working electrode, Ag/
4 A molecular sieves before use. The catalyst was tetrakis- AgCl electrode as reference electrode, and platinum wire electrode
(triphenylphosphine)paddadium [Pd(BZhfrom AcrosZ? and (2,6- as auxiliary electrode, supporting in 0.1 M-Bu);NCIO, in
dimethyl-H-pyran-4-ylidine)propanedinitrile5] was synthesized acetonitrile. The energy levels were calculated using the ferrocene
from 2,6-dimethyl-4-pyrone4) and malononitrile by the method (FOC) value of—4.8 eV with respect to vacuum level, which is
of Woods?3 All new compounds were identified By NMR, FT- defined as zeré* The measured oxidation potential of ferrocene
IR, and elemental analysis (EA). Th&l NMR spectra were (Erod) (vs Ag/AgCl) was 0.46 V. Therefore, the HOMO level of
recorded with a Bruker AVANCE-300 or 400 NMR spectrometers, the polymers could be calculated by the equatBmwmo =

and chemical shifts are reported in ppm using tetramethylsilane —e(Eonset(ox)— 0.46 V) — 4.8 eV = —e(Eonset(ox) T 4.34 V), and
(TMS) as an internal standard. The FT-IR spectra were measuredthe LUMO level could be estimated by the equatiBnvo =

as a KBr disk using a Fourier transform infrared spectrometer, —&(Eonsetteqyt™ 4.34 V).

model Jasco 7850. The elemental analysis was carried out on a Synthesis of Monomers (Scheme 1). 4-[2-(4-Bromophenyl)-
Heraus CHN-Rapid elemental analyzer. The molecular weight and 2-cyanovinyl]-2,5-bis(hexyloxy)benzaldehyde (3).2,5-Dihexy-
molecular weight distribution of the copolymers were determined loxyterephthalaldehydé(1: 1.00 g, 3.0 mmol) and 4-bromophe-
by a gel permeation chromatograph (GPC) using chloroform nylacetonitrile 2: 0.650 g, 3.3 mmol) were dissolved in methanol
(CHCly) as eluent. Monodisperse polystyrene standards were used(30 mL). The mixture was added teBuOK (17 mg, 0.15 mmol)

for calibration. The thermogravimetric analysis (TGA) of the under gentle stirring and allowed to reactr {8 h at room
polymers was performed under nitrogen atmosphere at a heatingtemperature. The product was obtained as a precipitate, which was
rate of 20°C/min using a Perkin-Elmer TGA-7 thermal analyzer. collected by filtration and washed with water. The solid was then
Thermal transitions of the polymers were measured using a recrystallized frorm-hexane to give8 (0.91 g, 59.4%); mp 9%
differential scanning calorimeter (DSC), Perkin-Elmer DSC-7, under 92°C.*H NMR (CDCl;, 300 MHz, ppm): 6 10.49 (s, 1H,-~CHO),
nitrogen atmosphere at a heating rate of “@min. The glass- 7.97 (s, 1IH=CH-), 7.86 (s, 1H, Ar-H), 7.61-7.50 (m, 4H, A~
transition temperature3§) were obtained from the second heating H), 7.34 (s, 1H, Ar-H), 4.17-3.96 (m, 4H,—OCH,—), 1.90-
curve. Absorption spectra were measured with a Jasco V-5501.66 (m, 4H,—CH,—), 1.57-1.25 (m, 12H,—CH,—), 0.93-0.89
spectrophotometer, and PL spectra were obtained using a Hitachi(m, 6H,—CHz). FT-IR (film, cm™): v 3045, 2938, 2859CHO),
F-4500 fluorescence spectrophotometer. The cyclic voltammograms2221 (—CN), 1684, 1484, 1209, 1035, 880, 8t9¢=CH—). Anal.

were recorded using a voltammetric analyzer (model CV-50W from Calcd for GgH34BrNOs: C, 65.62%; H, 6.69%; N, 2.73%. Found:
BAS) at room temperature under nitrogen atmosphere. The measurC, 65.17%; H, 7.07%; N, 2.79%.
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Scheme 2. Synthesis of the Copolyfluorenes (PFDy)

Pd(PPh3),

B ——
2M K,COg3, toluene

80°C, 48h
in feed

PFD0.5 x =0.995, y =0.005
PFD1 x=0.99, y=0.01
PFDS5S x=0.95, y=0.05
PFD10 x=0.90, y=0.10
PFD25 x=0.75, y=0.25
PFD50 x=0.50, y=0.50

Table 1. Polymerization Results and Characterization of the

Copolymers

Mna1 Mwa1 Tg Td WR,air

(x109) (x10% PDR (°C) (Cf y(®)r (%)
PFD0.5 3.57 7.69 215 100 433 0.83 3.8(53.5)
PFD1 2.29 5.62 245 1005 428 13 3.1(524)
PFD5 1.25 236 189 1034 423 5.6 5.1(56.3)
PFD10 1.04 193 1.85 421 116 3.9(55.2)
PFD25  1.47 246 1.67 415 284 2.3(49.2)
PFD50 1.25 221 1.76 416 49.8 2.6 (49.9)

aMp, My, and PDI of the polymers were determined by gel permeation
chromatography using polystyrene standards in GHCIhe temperature
at 5 wt % loss under nitrogen atmospher&hey values were actual molar
fraction of theDCM unit in the copolymers, as determined by elemental
analysis (EA). Residual weight: remaining weight of the sample upon
heating to 80C°C in air; the values in the parentheses are those under
nitrogen atmosphere.

(2,6-Dimethyl-4H-pyran-4-ylidine)propanedintrile (5).23 A
mixture of 2,6-dimethyl-4-pyrone4( 1.25 g, 10.06 mmol) and
malononitrile (0.783 g, 11.85 mmol) in 5 mL of acetic anhydride
was stirred and heated to 120 for 1 h under nitrogen atmosphere.

Table 2. Photophysical Properties of the Copolymers

solutior? film
absorptiommax ~ PL Amax absorptiomMmax  PL Amax
(nm) (hmp  @p ¢ (nm) (nmyp

PFDO0.5 388 419 (440) 0.93 389 424, 560
PFD1 387 418 (441) 0.73 389 422,562
PFD5 383,478 418 (563) 0.39 387,481 422,578
PFD10 379,479 418 (564) 0.2 383, 486 422,581
PFD25 374,478 (415) 565 0.025 384, 489 421,591
PFD50 378,478 (417)565 0.018 397, 496 421, 596

an chloroform (1x 1075 M). ® The excitation wavelength was 380 nm.
¢ The values in the parentheses are thel Rl of the minor peak or shoulder.
dThe PL efficiencies of the copolymers usiRdF as reference (assuming
the ®p. of PFis 1).

—OCH,—), 1.88-1.83 (m, 8H,—CH,—), 1.53-1.21 (m, 24H,
—CH—), 0.92-0.75 (m, 12H,~CHg). FT-IR (film, cm™): » 3063,
2935, 2206 {CN), 1636, 1496, 1209, 1012, 82#C=CH-).
Anal. Calcd for GgH72BroN4Os: C, 68.27%; H, 6.25%; N, 4.83%.
Found: C, 68.30%; H, 6.55%; N, 4.89%.

Polymer Synthesis (Scheme Z§.Polymerization. The synthesis
of polyfluorene PF) (M,, 14 200;M,, 30 400; PDI, 2.13) and

The acetic acid was aspirated off, and the residue was washed withcopolyfluorenes PFD0.5-PFD50) was carried out using a pal-

10 mL of boiling water and collected by filtration to give brown

material. Recrystallization from ethanol gasg1.14 g, 65.8%);

mp 192-195°C. 'H NMR (acetoneds, 400 MHz, ppm): 6 6.60

(s, 2H, Ar=H), 2.41 (s, 6H,—CH3). FT-IR (film, cm™1): v 2206

(—CN), 1666 (-C=C—), 1579, 1507, 1428-{CHjs), 1336, 1276,

1176 (C-0O—C), 920, 847. Anal. Calcd for {gHgN2O: C, 69.76%;

H, 4.68%; N, 16.27%. Found: C, 69.43%; H, 4.76%; N, 16.12%.
2-(2,6-Bis(4¢2-(4-bromophenyl)-2-cyanovinyl)-2,5-bis(hexy-

loxy)styryl)-4H-pyran-4-ylidene)malononitrile (6) (DCM-Br). 27

A mixture of 3 (0.615 g, 1.20 mmol)5 (86 mg, 0.5 mmol),

piperidine (5 drops), and freshly distilled acetonitrile (10 mL) was

ladium-catalyzed Suzuki coupling reaction. For instance, carefully
purified 9,9-dihexylfluorene-2,7-bis(trimethyleneborat&), (9,9-
dihexyl-2,7-dibromofluorened], 2-(2,6-bis(4-(2-(4- bromophenyl)-
2-cyanovinyl)-2,5-bis(hexyloxy)styryl)H-pyran-4-ylidene)ma-
lononitrile (6), and (PPK)4Pd(0) (0.5-1.5 mol %) were dissolved

in a mixture consisting of toluene, an aqueous solution fE®

(2 M), and ethanol. The mixture was first purged with nitrogen
and allowed to react at 8 for 24—48 h under vigorous stirring.
Next, 7 and 9,9-dihexyl-2-bromofluorefewere successively added
to end-cap the polymer chain. The whole mixture was poured into
a large excess of methanol and distilled water (#\10/1). The

refluxed under nitrogen atmosphere for 24 h. The reaction mixture resulted solid was collected by filtration and washed successively
was cooled to room temperature, and the appeared precipitate wasvith methanol, distilled water, and then acetone, followed by

collected by filtration and washed with 50 mL of acetonitrile. The
crude product was further washed with acetone to @gwes an
orange powder with a yield of 79%; mp 24246 °C. 'H NMR
(acetoneds, 400 MHz, ppm): 6 8.00 (s, 2H, Ar-H), 7.90 (s, 2H,
—C=CH-), 7.89-7.85, 7 (d,J = 16 Hz, 2H, Ar—H), 7.60-7.54
(m, 8H, Ar—H), 7.06 (s, 2H,—C=CH-), 6.98-6.94 (d,J = 16
Hz, 2H, Ar—H), 6.72 (s, 2H, ArH), 4.16-4.05 (m, 8H,

Soxhlet extraction with acetone to remove oligomers and catalyst
residues. The resulted polymers were soluble in conventional
organic solvents such as toluene and chloroform. The contents of
carbon, nitrogen, and hydrogen obtained from elemental analysis
were used for the calculation of actual copolymer compositions.
Anal. Found: forPFDO0.5 C, 88.58%; N, 0.135%; H, 9.68%; for
PFD1, C, 88.515%; N, 0.21%; H, 9.61%; f&FD5, C, 85.875%;
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Figure 1. (a) Absorption and (b) PL spectra (excitation: 380 nmpP&f PFD0.5-50, andDCM-Br (excitation: 473 nm) in chloroform (k 105
M).

N, 0.82%; H, 9.21%; forlPFD10, C, 84.725%; N, 1.535%; H, acterization of the light-emitting diode devices was performed in
8.89%:; forPFD25, C, 82.455%; N, 2.98%: H, 8.33%:; f&FD50, air and at room temperature without protective encapsulation.
C, 80.58%; N, 4.125%; H, 7.81%. . .
o ) . L Results and Discussion
Fabrication of LED Devices.Double layer light-emitting diodes . o .
(ITO/PEDOT:PSS/polymer/Ca/Al) were fabricated for the inves-  SYnthesis and CharacterizationSynthetic routes employed
tigation of optoelectronic characteristics. The ITO-coated glasses for the preparation of monomer and polymers are shown in
were cleaned sequentially in ultrasonic baths of a neutraler reiniger/Schemes 1 and 2, respectively. The reaction of compdund
deionized water (1:10 volume) mixture, deionized water, acetone, with 2 afforded mainly mono-vinylene derivative3)( The
and 2-propanol, and then dried in a vacuum overnight. A thick hole- reaction was conducted under room temperature with the
injection layer of PEDOT:PSS was spin-coated on top of ITO- t-BuOK being added slowly in several portions to suppress the
coated glasses and dried at 130 for 15 min under a vacuum.  formation of divinylene derivative. Also, the trace divinylene
The emitting layer was then spin-coated onto the PEDOT layer gerjvative was completely removed by recrystallization. The
from a polymer solution in toluene or chloroform, followed by \onomers was prepared through Knoevenagel condensation
drylng in a vacuum overnl_ght. The concentration of_ the polymer between3 and 5 in a yield over 79%. The polymerization
solution was 1 wt % and filtered through a Quén syringe filter : .
before spin-coating. Finally, a thick layer of Ca and Al electrodes reacthn was .proceedt.ad by the Well-knoyvn palladlum—cataly;ed
Suzuki coupling reaction between 9,9-dihexylfluorene-2,7-bis-

was vacuum-deposited using a VPC-060 (ULVAC) vacuum coater >~ . . - .
at the pressure of 10 Torr. Device luminance, EL spectra, and  (trimethyleneborate)7) and functionalized dibromo aromatic

current-voltage characteristics were recorded using a combination monomers6 (DCM-Br) and 8.3° The molar percents o in
of Keithley power supply (model 2400) and Ocean Optics usb2000 the feed were between 0.5 and 50 as shown in the numbers
fluorescence spectrophotometer. All of the fabrication and char- after PFD. The copolymersPFD0.5-PFD10 are soluble in
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PF PFD0.S  PFDI PFD5 PFDI0 PFD25 PFD30

1l

Figure 2. Photoluminescence of the polymer solutionsx(110~° M in chloroform) under irradiation with 365 nm light.

common organic solvents such as chloroform, toluene, xylene, the major and maximum absorption in the range-3388 nm,
and dichloromethane. However, with an increaseD@M which can be attributed tec—s* transitions of main-chain
content the copolymeBFD25andPFD50are soluble only in m-conjugated systerd?.In addition, the copolymers, except for
chloroform and dichloromethane, indicating that their solubility PFD0.5andPFD1, exhibit a longer wavelength absorption in
seems to decrease with increasifCM contents. Their  the range 478479 nm, which should be originated from the
molecular weights were determined by gel permeation chro- DCM chromophores because its position is almost co-incident
matography using monodisperse polystyrene as the calibrationwith that of DCM-Br . Moreover, the absorption spectra exhibit
standard. As shown in Table 1, the weight-average molecular g gradual blue-shift with an increase@MCM fractions, that is,
weights M) are (1.93-7.69) x 10" with the polydispersity  from 388 nm inPFD0.5to 374 nm inPFD25 The gradual
indexes (PDI) lying around 1.672.45. The actual compositions  pjye-shift can be justified by random interruptionsotonjuga-
of these copolymers were estimated from the data of elementalijo in the backbone after incorporating tHRCM unit.132
analysis, and the mole percents@EM unit were 0.83, 1.3, aqditionally, accompanied by increasifdCM content, the
5.6, 11.6, 28.4, and 49.8, respectively. The mole percents of iytensity of longer wavelength absorption is progressively raised
DCM moiety are slightly greater than those of feed COMPOSItion re|ative to the absorption maximum at 37388 nm. When the
(0.5, 1, 5, 10, 25, 50 mol %) except f&FDS0, suggesting  pcm content reaches 509%°ED50), the absorption spectrum
that theDCM monomer 6) exhibits a higher reactivity than shows great resemblance to thatREM-Br . It is suggested
does the 2,7-dibromofluorene monoméy. ( that theDCM unit is not involved in the main-chain conjugation
Thermal properties of the polymers were evaluated by system and possesses its own localizatiosystem. Conse-

thermogravimetric analysis (TGA) and a differential scanning quently, the absorption peak position of BEM moiety (478
calorimeter (DSC), and the results are summarized in Table 1. 479) s rather independent of its content in the polymers.
Their onset decomposition temperatures (at 5 wt % loss) and . . .
residual weights\/k ai) under nitrogen atmosphere are in the Figure 1b shows thg PL sp(.ectr.a of the polymers obtained in
range of 415-433°C and 49.2-56.3%, respectively, indicating dilute chloroform solution (excitation wavelength 380 nm). The

that the copolymers are quite stable at elevated temperature EMiSSion spectrum d?F exhibits typical vibronic progression

The residual weights ®*FD0.5-50at 800°C in air were 3.8%, with the 0-0 PL emission band situated at 417 nm and the
3.1%, 5.1%, 3.9%, 2.3%, and 2.6%, respectively. Therefore, 0—1 transition at 440 nm. The copolymefHDs) also display
the copolymers are almost burnt away at high temperature, WO characteristic emission bands at ab.ou.tﬂ4459.a.nd 563
suggesting that the actual compositions of these copolymers carp65 Nm?** The shorter wavelength emission originates from
be properly estimated from the data of elemental analysis. The fluorene segments, while the longer wavelength one{3&5
glass-transition temperature3g) of the polymers obtained =~ NM) comes from thCM moiety. The PL spectral intensity
by DSC were 100°C for PFD0.5 100.5°C for PFD1, and depends strongly on the concentratiorD@M chromophores;

103.4°C for PFD5, which are higher than 97C for PF.13b for instance, the emission of fluorene segments around 417 nm
However, the glass transition temperatureP6fD10, PFD25, degenerates quickly with increasifgCM contents. On the
andPFD50could not be clearly identified on their thermograms. contrary, the emission intensity &CM chromophores at ca.

It is obvious that the incorporation dCM moiety slightly 563-565 nm (as shown in inset) enhances obviously with

increases theTy value, which is possibly due to reduced increasingdCM contents. This is attributable to excited energy
segmental motions as well as more dense packing in polymertransfer from fluorene segments@CM units, which become
main chains. HighTy is very important for such types of  more prevalent at higpCM ratios. Depending on the contents
polymers when used as emissive materials in PLEDs. of DCM moiety, variable color photoluminescence can be
Photophysical Properties The photophysical characteristics ~ observed under irradiation with a general UV lamip= 365
of the copolymers were investigated both in Cil@hd as films nm) as shown in Figure 2. The PL efficiencies of the
cast from solution. Their absorption and emission spectral datacopolymers, usind®F as the reference, are 0.97, 0.73, 0.39,
are summarized in Table 2. Figure 1 displays the absorption 0.2, 0.025, and 0.018 (Table 2), respectively, and they obviously
and photoluminescence (PL) spectraPéf, PFDs andDCM- reduce with increasinCM content. This is attributable to the
Br in dilute solution (1x 1075 M). All of the polymers show interruption of main-chain conjugation by tf¥CM units.
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Figure 3. (a) Absorption and (b) PL spectra BD0.5-50 in the film state (excitation wavelength: 380 nm).

Figure 3 shows the absorption and PL spectra in the film more, with the increase dPCM concentration, the emission
state. The absorption spectra in the film state are similar to thosespectrum of fluorene segments (around 422 nm) gradually loses
in the solution state (Figure 1), except that there aré4 and its well-resolved structure. This can be attributed to lack of
3—18 nm red-shifts for fluorene arldCM units, respectively. intrachain ordering due to the overwhelming kinks in the
As shown in Figure 3b, all of the copolymers reveal both backbone, which has also been observed in the polyfluerene
emission from fluorene segmentsnx = 421-424 nm) and quinoxaline system reported by Kullarni et3al.

the longer wavelength emission from tB€&M moieties £max Moreover, with an increase IlDCM fractions, the PL
= 560-596 nm). The relative PL intensity of the longer emission peak gradually shifts from 560 to 596 nm. This is
wavelength emission is enhanced with increadd@M con- possibly due to aggregate formation betwee@M chro-

centration (excepPFD50) and is stronger than that of shorter mophores at highddCM concentration. To further demonstrate
wavelength emission. These results can be attributed to easiethat the aggregation occurred in high concentration ofx6d/
exciton migration or energy transfer from the fluorene segments unit, blend films were prepared frolRPF and PFD25 to

to theDCM moieties in the film state, which make the longer investigate PL spectral variations. Figure 4 shows the PL spectra
wavelength emission in the film state more obvious than that of the blend films containing the different ratios of tR€ and

in the solution state. However, the intensity of longer wavelength PFD25. For instance, the molar percentage of Il@M unit is
emission abruptly diminishes f&FD50. This is probably due 1% in the blend (designated as blend 1%) if the rati®bfto

to the fact thaPFD50is an alternate copolymer in which the PFD25 is 24:1. Similar to the behavior observed for the
conjugation of the fluorene segments is completely interrupted copolymers, the PL spectra of the polymer blends show a
by the DCM units. Greatly reduced absorption BFD50 at gradual red-shift with an increaseCM concentration (from
380 nm (excitation wavelength) leads to an abrupt decrease in0.05 to 20 mol %); that is, emission maximum shifts batho-
its PL intensity. However, the concentration quenching effect chromically from 539 nm (0.05 mol 99CM) to 595 nm (20
betweenDCM moieties cannot be neglected eit&&Further- mol % DCM). Therefore, the red-shift is ascribed to aggregates
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Figure 4. PL spectra of the blend film fror®RF and PFD25 (excited by 500 nm). The values are the molar perce™®©M units in the blends.
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Figure 5. Cyclic voltammograms oDCM, PFDO0.5 andPFD50 films coated on Pt electrode (scan rate: 100 mV/s).

formed by the stacking oDCM moieties. Accordingly, the Table 3. Electrochemical Potentials of the Copolymers and DCM-Br
emission wavelength is mainly dependent upon BEM

. Eonset(ox)VS Eonset(red)VS Enowmo ELumo EQEI

content in the copolymers or the blends. Ag/Agt (V)2 Ag/AgT (V)P (eV) (evy (evy
Electrochemical Properties.Cyclic voltammetry (CV) has DCM-Br 1.40 —0.66 _574 -368 2.06
been employed and considered as an effective tool in investigat- PF 1.34 —1.59 -5.68 —275 293
ing electrochemical properties of conjugated compodhBsom PFDO.5 1.34 —1.59 —5.68 -275 293
the onset oxidation and reduction potentials in the cyclic PFP1 134 —1.59 —5.68 -275 293
. ) . PFD5 1.30 —1.59 -5.64 —275 289

voltammogram, the highest occupied molecular orbital (HOMO) prpig 130 _159 564 -275 289
and lowest unoccupied molecular orbital (LUMO) levels can pgp2s 1.30 —0.66 564 —368 1.96
be readily estimated, which correspond to ionization potential PFD50 1.30 —0.64 —5.64 —3.70 1.94

(IP) and electron affinity (EA), respectively. Polymer-coated  agnset oxidation potential measured by cyclic voltammét@nset

Pt was used as working electrode, supporting in 0.10 M reduction potential measured by cyclic voltammetromo = —&(Eonset(ox)
tetrabutylammonium perchlorate (BNCIO,) in anhydrous + 4.34 V); ELumo = —€(Eonserredy 4.34 V). 9 Band gaps obtained from
acetonitrile. Typical cyclic voltammograms BICM-Br , PFD0.5 electrochemical data.

and 50in anodic and cathodic scan are shown in Figure 5 with reduction potentials o0DCM-Br, PF, and PFD0.5-50 are in
related electrochemical data summarized in Table 3. The onsetthe range of—1.59 to —0.64 V, with their LUMO levels
oxidation potentials are situated at 1-4D30 V for DCM-Br , estimated to be-3.70 to—2.75 eV according to the equation
PF, and PFD0.5-50, from which their HOMO levels are  EA = —(Eonset(reqy™ 4.34) €V. From the HOMO and LUMO
estimated to be-5.74 to—5.64 eV, respectively, according to levels, the band gaps of the copolymers were estimated to be
the equation IP= —(Eonsetox)+ 4.34) €V. Besides, the onset 2.93, 2.93, 2.89, 2.89, 1.96, and 1.94 eV, respectively. It is
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Figure 6. Electroluminescence spectra of the devices (ITO/PEDOT:PSS/polymer/Ca/Al).
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Figure 7. Current density-voltage @, PFD5; O, Blend-20) and brightness/oltage @, PFD5; A, Blend-20) characteristics of the EL devices.

noteworthy that thedCM-Br is a red-emitting chromophore Table 4. Electroluminescent Properties of the Devices

with a small band gagg; = 2.06 eV). Furthermore, the LUMO current

level of theDCM-Br unit is very low (3.68 eV), which is Vor?  Lmad emission efficiency®

beneficial in promoting electron-transfer properties when in- device (V) (cd/in?) (em NM) (cd/A) (x, y)*

corporated in the copolymers. The results show that all of the pr 56 1012 426 0.17 (0.18,0.13)

copolymers have similar HOMO levels-6.68 to—5.64 eV), PFDO.5 6.2 1719 425,444,555 0.25 (0.40, 0.42)

suggesting that oxidation starts at fluorene segments regardles§FP1 6.2 910 423,565 0.23  (0.45,0.42)

of the DCM contents (HOMO oPF = —5.7 eV). However, 2> 6.7 994 597 030 (0.57,042)
' PFD10 66 961 603 0.17 (0.58, 0.40)

although the LUMO levels oPFD0.5-PFD10 are the same PED25 6.7 825 627 0.12 (0.62,0.37)

(—2.75 eV), those oPFD25andPFD50are much lower<3.68 PFD50 6.5 639 631 0.086  (0.62,0.37)

to —3.70 eV). High LUMO levels irPFD0.5-PFD10are due Blend-2G 56 1146 425,448,485,551  0.26 (0.33,0.39)
to their low content of th@dCM unit that makes the reduction g:ggg:g g:g 1832 gg: :'jg: j'gg: g’ig 8_'% ((8_';2” g:gg))
start at fluorene segments. _ _ )
Electioumnescent Propertes of LED DevicesDouble- . T 1oge 510 i Lupineree o, mosur s oege
layer Qlectroluminescent devices using the polymers as emittingusing blends ofPFDO0.5 and PF as emitting layer; the vaILJes are molar
materials [ITO/PEDOT/polymer/Ca (50 nm)/Al (150 nm)] were  percents ofFDO.5in the blends.
fabricated to investigate their optoelectronic characteristics.
Figure 6 shows the EL spectra of the devices. The major vibronic transition, respectiveRf. However, the EL spectra of
emission peak of thPF device is situated at 426 nm, whichis PFD devices are very different from that Bf. In EL spectra
similar to that in the PL spectra. The minor emission peak at of PFD0.5 and 01, for instance, the emission from fluorene
480 and one shoulder at 508 correspond;tp~So, and So—So3 segmentsAem = 426 nm) degenerates significantly, and a very
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Figure 8. Emission spectra of the EL devices fra?DO0.5 Blend-20, Blend-10, and Blend-5. The values after the hyphen are the molar percent
of PFDO0.5in the blends PF + PFDO0.5.
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Figure 9. Electroluminescence spectra of Blend-20 device under different operating voltages. The values in the parentheses are the 1931 CIE
coordinatesy, y) of the emission light.

intensive emission appears around 5000 nm attributed to tively. Specifically, the maximal brightness and current ef-
theDCM segments. However, the EL spectrd$D5—PFD50 ficiency of thePFDO.5device are 1719 cd/frand 0.25 cd/A,
exhibit exclusively the longer wavelength emission bakgl, ( respectively, which surpass those of fRE device (1012 cd/
= 597—631 nm), which are mainly originated frodCM units. m?, 0.17 cd/A). With an increase IDCM content, for instance,
This indicates that excited energy transfers efficiently from in PFD1andPFD5 devices, the current efficiency is enhanced
fluorene segments tbCM units due to the smaller band gap further to 0.30 cd/A, although the maximum brightness drops
of theDCM units. Furthermore, with an increaseDi€M ratios, slightly to 910 cd/rA.
the emission peaki{r) red-shifts progressively from 555 to Itis clear that white light emitting EL device is hard to obtain
631 nm, a tendency similar to that observed in their PL SpeCtra. using PFDO0.5-50 due to rampant energy transfer. However,
The red-shifted emission peaks are ascribed to excimers formedy|ending ofPFDO0.5with polyfluorene PF) seems to be a good
via intra- and/or intermolecular interactions. strategy because dilution ddCM Chromophore not on|y
Figure 7 shows the brightness and current density versus biasenhances it dispersion but also diminishes energy transfer from
characteristics of the EL device froPFD5, and the related fluorene segments. This will lead to simultaneous emission of
characteristic data of all EL devices are summarized in Table both fluorophores. Figure 8 shows the EL spectra of blend
4. The turn-on voltages (at 10 cdfrof the EL devices are in  devices Blend-20, Blend-10, and Blend-5, in which the values
the range of 5.66.7 V, and the maximal brightness and current are the molar percents &FDO0.5in the blends. The emission
efficiency are 639-1719 cd/m and 0.086-0.3 cd/A, respec- spectral features of the blend devices are similar to that of
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PFDO0.5 but the peak intensity between 400 and 500 nm varies
significantly. The EL emission wavelength of tRE&CM units

is situated around 550 nm, while those of the fluorene moiety
(425, 448, and 485 nm) enhance obviously with decreasing
DCM contents (Blend-26-Blend-5). Accordingly, the 1931 CIE
coordinates of the blend devices vary with the conte@©M

units and are (0.33, 0.35) for Blend-20, (0.32, 0.34) for Blend-
10, and (0.24, 0.20) for Blend-5, respectively (Table 4). The
1931 CIE coordinates of Blend-20 and Blend-10 considerably
approach (0.33, 0.33) of white light. This is attributed to the
obvious S95—>Sp2 and Sg—Spsz vibronic transitions of the
fluorene moieties and the broad emission frd@M moieties,

which make the EL spectra broader than expected. The
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(2) (a) Zhang, X.; Shetty, A. S.; Jenekhe, S.Macromoleculesl999
32, 7422. (b) Zhang, X.; Jenekhe, S. Macromolecule200Q 33,
2069. (c) Liao, L.; Pang, Y.; Ding, L.; Karasz, F. Bacromolecules
2001, 34, 7300. (d) Jenekhe, S. A,; Lu, L.; Alam, M. N{lacromol-
ecules2001, 34, 7315.

(3) (a) Zzhang, X.; Kale, D. M.; Jenekhe, S. Macromolecule2002
35, 382. (b) zZhu, Y.; Alam, M. M.; Jenekhe, S. Macromolecules
2002 35, 9844. (c) Zhu, Y.; Alam, M. M.; Jenekhe, S. Macro-
molecule2003 36, 8958. (d) Yang, J.; Jiang, C.; Zhang, Y.; Yang,
R.; Yang, W.; Hou, Q.; Cao, YMacromolecule®004 37, 1211. (e)
Lu, J.; Tao, Y.; Diorio, M.; Li, Y.; Ding, J.; Day, MMacromolecules
2004 37, 2442. (f) Tonzola, C. J.; Alam, M. M.; Bean, B. A.; Jenekhe,
S. A. Macromolecule®004 37, 3554.

(4) (a) Ong, B. S.; Wu, Y.; Liu, P.; Gardner, $.Am. Chem. So2004
126, 3378-3379. (b) Babel, A.; Jenekhe, S. A.Phys. Chem. B003
107, 1749-1754. (c) Babel, A.; Jenekhe, S. Adv. Mater.2002 14,
371

brightness and current density versus bias characteristics of the (5) (a) grabec’ C. J.: Sariciftci, N. S.: Hummelen, JAG. Funct. Mater.

devices of Blend-20 are shown in Figure 7. The EL spectra of

Blend-20 clearly reveal steady emission under different operat-

ing voltages (6.2-8.2 V), in which the CIE coordinate changes
slightly from (0.327, 0.332) at 6.2 V to (0.336, 0.355) at 8.2 V,
as shown in Figure 9. Present results suggest that blerriSf

andPF are potential materials for white light emission devices.

Conclusion

Copolyfluorenes containinQCM derivatives (0.8349.8 mol
%) have been successfully synthesized by the palladium-
catalyzed Suzuki coupling reaction. They exhibited moderately
high glass transition temperatures1(00°C) and good thermal
stability (Tqy > 410°C). In dilute solution, two major absorptions
(374—388 and 478479 nm) and two emission bands (415
419 and 563565 nm) were attributed to fluorene segments
and DCM units, respectively. In the film state, the emission
maximum originated frorDCM segments gradually shifted
from 560 to 596 nm, as the fraction of ti#CM units was
increased. The copolymers showed similar HOMO levels.68
to —5.64 eV), but the LUMO levels lowered gradually
(—2.75—>-3.70 eV) with increasindCM units. In the EL
spectra ofPFD5—PFD50 devices, the emission maxima were
situated 597631 nm originated mainly fronrDCM units.
However, both emissions ¢?F and DCM were observed in
PFDO0.5 and PFD1. The maximum brightness and current
efficiency of PFD0.5devices were 1719 cdAand 0.25 cd/A,
respectively, which surpassed those of the Réadlevice (1012
cd/m?, 0.17 cd/A). With an increase ddCM content, for
instance, inPFD1 and PFD5 devices, the current efficiency
was enhanced further to 0.30 cd/A. Moreover, the EL devices
of blends fromPF and PFDO0.5 exhibited near white light
emission; that is, the CIE coordinates were (0.33, 0.35) and
(0.32, 0.34) for Blend-20 and Blend-10, respectively. Moreover,
the EL device of Blend-20 clearly revealed steady emission
under different operating voltages (6-2.2 V). Current results
suggest that blends dPFD and PF are potential emitting
materials for white light devices.
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