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ABSTRACT: New electroluminescent copolymers with fluoro groups in the vinylene unit, poly(9,9-di-
hexylfluorene-2,7-vinyleneo-p-phenylenedifluorovinylene RFVPDFV), have been synthesized by the GILCH
polymerization. The fluoro groups were introduced on vinylene units to increase the electron affinities of the
copolymers. Thd®FVPDFVs exhibit absorption spectra with maximum peaks at-3%13 nm. The maximum
absorption peak at 413 nm BFVPDFV1 was blue-shifted with a larger amount of tRBFV. In the PL spectra

of PFVPDFVs, as thePDFV content increases up to 50% in the copolymer system, the fwhm was decreased by
4—38 nm as compared ®FV. The HOMO energy levels of the copolymers were about 5250 eV, and the

LUMO energy levels were about 2.62.97 eV. The polymer LEDs (ITO/PEDOT/polymer/Al) 8FVPDFVs

showed emission with maximum peaks at around-4528 nm. By adjusting the feed ratios BDFV in the
copolymers, it was possible to tune the emission colors from greenish yellow to orange depending on the obtained
CIE coordinates. The luminescence efficiencies of the copolymers at room temperature are abbdi7Octi/A.
PFVPDFV3 showed the maximum brightness of 4870 ctiand the highest luminescence efficiency of 1.47
cd/A. The introduction of up to 50% d?DFV in PFVPDFVS can enhance the device performance to result in

high current density, brightness, and efficiency due to the increased electron injection ability caused by the presence
of fluoro groups in the vinylene units.

Introduction to the presence of vinylene units, PPV derivatives exhibit
emissions of longer wavelength as compared to the case of PF
or PPP without vinylene units. There are several examples of

which has several advantages over conventional devices suc .PVS which show high efﬁmgnmes, Ilc;ng litetimes, and emis-
as a low driving voltage, wide viewing angle, thin film structure, sions of red to green colors in LEDS!
and a simpler manufacturing procédsumerous reports about PF derivatives were introduced as blue-light emitting materials
polymer light-emitting diodes (PLEDs) have been published with relatively large band gag$§:!” To cover the whole range
since the discovery of electroluminescence (EL) from conjugated of visible light, several types of copolymers of fluorene were
polymers?=4 Most of the research in the field of polymer-based synthesized to control the emission wavelength and band gap.
electroluminescent devices has been focused on main-chainVinylene units have been introduced in PF to generate poly-
conducting polymers such as poly(phenylenevinylene) (PPV), (fluorenevinylene)s (PFVs, Chart 1) which showed red-shifted
poly(p-phenylene) (PPP)poly(thiophene),poly(fluorene) and emission as compared to PFg?
their copolymers and soluble derivatives, because of their |t has been known that recombination of electrons and holes
prospective application as large-area light emitting diodes jnjected from cathode and anode produce emission in the
(LEDs) 713 luminescent polymer layer of the LEDs. Balanced charge
PPV and its derivatives have attracted much attention, and ainjection from both electrodes and comparable mobility of both
large number of studies have been reported. The synthesis ofcharge carrier types are important for high device efficien-
these polymers by Gilch polymerization increased the possibility cies2021 The application of additional organic charge-transport-
of employing this promising class of polymers for LEDs. Due ing layers between the emissive layer and the electrodes or
adjustment of the energy band of the polymer by introduction
* Corresponding author. E-mail: Hongsuk Suh, hssuh@pusan.ac.kr. ~ Of electron-withdrawing groups attached to the polymer back-
" Department of Chemistry and Chemistry Institute for Functional bone have been tried for the improvement of the properties of
Még‘i”éi'éi Pusan National University. charge carrier injection or mobility. It was reported that the
ectronics Inc.
§ Department of Material Science & Engineering, Gwangju Institute of HOMO and LUMO energy levels can be lowered by the
Science and Technology. introduction of electron-withdrawing groups onto the arylene

For use in full color flat panel displays, one of the most
promising candidates is a organic light-emitting diode (OLED),
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Chart 1 electrochemical properties of the resulting polymer, the polymer
CeHia CeH1s film was cast from THF solution onto a platinum plate as a working

. F electrode. Cyclic voltammetric waves were produced by using a
O O N\ N\ EG&G Parc model 273 potentiostat/galvanostat at a constant scan
n £ In rate of 100 mV/s. Elemental analysis (Korea Basic Science
PFV

Institute: Daegu) was observed toward identification of the structure
of polymers. FAB Mass spectra was determined using at Korea

. . Basic Science Institute Seoul Branch and Korea Basic Science
rings or the vinylene groups of the polynf@rThe electron- Institute Daegu Branch.

withdrawing substituents such as halfdé cyanoz® trifluo- 2,7-Dibromo-9,9-dihexyl-9H-fluorene (1). To a stirred solution
romethyl26 or (methylsulfonyl)phenyf were introduced onthe  of 5 g (15.43 mmol) of 2,7-dibromot®-fluorene in 40 mL of
arylene rings of PPV derivatives. Several conjugated polymers DMSO under argon was added catalytic amounts of triethylben-
with cyano or fluoro groups on vinylene units have also been zylammonium chloride. Aftel h at 60°C, 6.37 g (38.60 mmol)
reporteck8—30 of n_-bromohexane was adde_d to the reaction mi_xture. After an
The present investigation deals with the synthesis, charac-additiond 1 h at 60°C, the mixture was treated with 25 mL of
terization, photophysics, and electroluminescence (EL) of new 0% aqueous NaOH, stirredrfg h atroom temperature, and diluted
copolymers, poly(dihexylfluorenevinylenep-poly(p-phenylen- with 500 mL of ethyl acetate. The organic layer was washed with

) . . 100 mL of a 1.0 M hydrochloric acid solution, and 150 mL of
edifluorovinylene)sRFVPDFVs). We previously reported the water. The organic layer was dried (Mgg@nd concentrated under

synthesis and electroluminescence properties of new EL poly-reduced pressure. The oily residue was purified by flash column
mers, polyp-phenylenedifluorovinyleneAPDFV, Chart 1) and  chromatography (36 150 mm column, Si@ 100% of hexane)
poly(2-dimethyloctylsilylp-phenylenedifluorovinylene DJMOS— to give 7.22 g (95.0%) of 2,7-dibromo-9;8ihexyl-9H-fluorene
PPDFV),3% which contain two fluoro groups in every vinylene (1), white crystals: mp 62C, R 0.57 (SiQ, hexane 100%).

unit to reduce the barrier of electron injection. The new  HNMR (200 MHz, CDC}): 6 (ppm) 0.45-0.68 (m, 4H), 0.77
copolymers PFVPDFVs, containing dihexylfluorenevinylene  (t, 6HJ= 6.6 Hz), 0.96-1.20 (m, 12H), 1.861.95 (m, 4H), 7.43-
(PFV), and phenylenedifluorovinylen®DFV), were synthe-  7-54 (M, 6H).23C NMR (50 MHz, CDC}): 6 (ppm) 13.98, 22.57,
sized by Gilch polymerizatioft32 SynthesizedPFVPDFVs 23.63, 29.56, 31.45, 40.18, 55.66, 121.11, 121.45, 126.15, 130.13,
were incorporated witlPDFV, having two fluoro groups in a 139.04, 152.53.

. . . . N : 9,9-Dihexyl-9H-fluorene-2,7-dicarbaldehyde (2)To a stirred
vinylene unit, to investigate the effect of the electron-withdraw solution of 5.0 g (10.2 mmol) of dihexyl compoutidn 20 mL of

ing fluorine atom on the optical and device properties of the +E 4t —78 °C under argon was slowly added 14.0 mL (22.3

PPDFV

copolymers. mmol) of n-BuLi (1.60 M in hexane solution). After 30 min, the
. ) reaction mixture was slowly treated with 10.3 mL (102 mmol) of
Experimental Section formylmorpholine at—78 °C. After stirring at room temperature

Materials and Instruments. All reagents used were purchased for 24 h, the reaction was quenched with 80 mL of 0.1 M HCI.
from Aldrich or TCI and used without further purification. Solvents The organic phase was separated and the aqueous phase was
were purified by normal procedure and handled under moisture- extracted several times with methylene chloride. The combined
free atmospheréH and3C NMR spectra were recorded with a  organic phase was treated with dried Mg$@d concentrated under
Varian Gemini-200 (200 MHz), Unityplus-300 (300 MHz) and reduced pressure. The residue was purified by flash chromatography
Inova-500 (500 MHz) spectrometer and chemical shifts were (40 x 220 mm column, Si@ ethyl acetate:hexarre 1:20) to give
recorded in ppm units with TMS as the internal standard. Flash 2.7 g (67.8%) of 9,9dihexyl-&H-fluorene-2,7-dicarboxylate], a
column chromatography was performed with Merck silica gel 60 Yellow solid. R: 0.4 (SiQ, ethyl acetate:hexare 1:5).

(particle size 236400 mesh ASTM) with ethyl acetate/hexane or ~ *H NMR (200 MHz, CDC}): ¢ (ppm) 0.46-0.64 (m, 4H), 0.74
methanol/methylene chloride gradients unless otherwise indicated.(t, 6HJ = 6.6 Hz), 0.86-1.20 (m, 12H), 2.032.12 (m, 4H), 7.92
Analytical thin layer chromatography (TLC) was conducted using (S, 6H), 10.11 (s, 2H}*C NMR (50 MHz, CDC}): 6 (ppm) 13.91,
Merck 0.25 mm silica gel 60F precoated aluminum plates with 22.47, 23.74, 29.47, 31.40, 40.02, 55.56, 121.30, 123.34, 130.31,
fluorescent indicator UV254. UV spectra were recorded with a 136.39, 145.59, 152.84, 192.19.

Varian CARY-5E UV/vis spectrophotometer. The PL and EL (9,9-Dihexyl-7-hydroxymethyl-9H-fluorene-2-yl)methanol (3).
spectra of the device were measured using an Oriel InstaSpec IVTo a stirred solution of 2.7 g (6.92 mmol) of dicarbaldehyde
CCD detection systems. For PL spectrum measurements, xenorcompound2 in 10 mL of THF at—78 °C under argon was added
lamp was used as the excitation source, and incident beam took34.6 mL (34.6 mmol) of 1.0 M solution of diisobutylaluminum
the maximum absorption peak of the polymers. Molecular weights hydride in THF. Afte 2 h at—78 °C, the reaction mixture was
and polydispersities of the polymers were determined by gel cautiously treated with 3 mL of methanol, warmed to room
permeation chromatography (GPC) analysis with a polystyrene temperature, and diluted with 100 mL of diethyl ether. The reaction
standard calibration. For the EL experiment, poly(3,4-ethylene- mixture was washed with 10 mL of a saturated aqueous sodium
dioxythiophene) (PEDOT) doped with poly(styrenesulfonate) (PSS), chloride solution. The total aqueous layer was washed with 2

as the hole-injection-transport layer, was introduced between 50 mL of ether. The combined organic layer was dried with MgSO
emissive layer and ITO glass substrate cleaned by successiveand concentrated under reduced pressure. The oily residue was
ultrasonic treatments. An isopropyl solution of the PEDOT/PSS purified by flash chromatography (4@ 180 mm column, SiQ

was spin-coated on the surface-treated ITO substrate. On top ofethyl acetate:hexane 1:9) to give 2.6 g (95%) of (9;ihexyl-

the PEDOT/PSS layer, the emissive polymer film was obtained by 7-hydroxymethyl-&i-fluorene-2-yl)methanol3), a yellow oil: R
spin-casting ODCB (o-dichlorobenzene) solution of the polymer. 0.13 (SiQ, ethyl acetate:hexare 1:4).

The emissive polymer thin film prepared had a uniform surface  *H NMR (200 MHz, CDC}): 6 (ppm) 0.45-0.68 (m, 4H), 0.78
with a thickness of around 110 nm. The emissive film was dried (t, 6HJ= 6.6 Hz), 0.96-1.20 (m, 12H), 1.69 (s, 2H), 1.901.98

in vacuum, and aluminum electrodes were deposited on the top of (m, 4H), 4.77 (s, 4H), 7.31 (d, 4H,= 7.6 Hz), 7.66 (d, 2HJ =

the polymer films through a mask by vacuum evaporation at 8.4 Hz);*3C NMR (50 MHz, CDC}): ¢ (ppm) 13.91, 22.51, 23.68,
pressures below 10 Torr, yielding active areas of 4 minFor the 29.63, 31.42, 40.28, 54.93, 65.53, 119.56, 121.44, 125.69, 139.71,
determination of device characteristics, currevidlitage (—V) 140.28, 151.22.

characteristics were measured using a Keithley 236 source measure 2,7-Bis(bromomethyl)-9,9-dihexyl-9H-fluorene (4). To a stirred

unit. All processing steps and measurements mentioned above wereolution of 2.18 g (5.52 mmol) of diol compourglin 20 mL of
carried out under air and at room temperature. To examine benzene at OC under argon was added, drop by drop, 1.57 mL
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Scheme 1. Synthetic Routes for the Monomers and the Polymers
CeH1s. CoHia 4-Formylmorpholine, CeH13. CoHia

NaOH n-BulLi, 0 Q
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+ >_< >_<
Br O O Br Br F THF
4 7 PFVPDFV
(16.57 mmol) of PBy. The reaction mixture was stirred at 46 1,4-Bis(bromofluoromethyl)benzene (7)A stirred mixture of

for 6 h, cooled, and diluted with 5 mL of water. The aqueous layer 716 mg (5.04 mmol) of difluoromethyl compouréland 1.79 g
was separated and extracted with CElTlhe total aqueous layer  (10.07 mmol) of NBS in CGI (20 mL)at room temperature was
was washed with Z 10 mL of CHCE, and the combined organic  irradiated with the light source (300 W) for 1 h. The reaction
layer was dried with MgS@and concentrated under reduced mixture was filtered in order to remove generated succinimide. The
pressure. The oily residue was purified by flash chromatography filtrate was concentrated in vacuo and purified by flash column
(40 x 150 mm column, Sig@ 100% hexane) to give 2.79 g (97%)  chromatography (15 150 mm column, Si@ 100% of hexane)

of 2,7-bis(bromomethyl)-9;dihexyl-9H-fluorene @), colorless to give 688 mg (45.5%) of the desired 1,4-bis(bromofluoromethyl)-
oil: Ry 0.35 (SiQ, ethyl acetate:hexane 1:8). benzene ), white solid: R 0.20 (SiQ, hexane 100%).

'H NMR (200 MHz, CDC}): ¢ (ppm) 0.45-0.68 (m, 4H), 0.78 IH NMR (200 MHz, acetonels): & (ppm) 7.86 (d, 2H,) = 48
(t, 6HJ = 6.6 Hz), 0.96-1.20 (M, 12H), 1.891.98 (m, 4H), 4.60  Hz), 7.72 (s, 4H)13C NMR (50 MHz, acetonek): o (ppm) 92.74
(s, 4H), 7.34 (d, 4H) = 2.2 Hz), 7.64 (d, 2H)) = 8.0 Hz).»*C (d, J = 249.5 Hz), 126.63 (d) = 6.5 Hz), 141.94 (dJ = 20 Hz).
NMR (50 MHz, CDCb): 6 (ppm) 13.99, 22.48, 23.62, 29.53, 31.35, HRMS (El): vz 297.8808 (calculated for ¢ElsBrF, 297.8804).
34.47,40.07, 55.12, 120.04, 123.64, 127.99, 136.86, 140.72, 151.63ana|. Calcd for GHeB,F». C. 32.04: H, 2.02. Found: C, 32.10:
HRMS (El): m/z 518.1179 (calculated for £H3eBr, 518.1184). H, 1.94.

. : .32, .97. : 2.10; . . . .
ﬁnz;liocliialcd for GrHseBrz: C, 62.32; H, 6.97. Found: C, 62.10; Poly(dihexylfluorenevinylene)co-poly(p-phenylenedifluorovi-

A . . nylene) (PFVPDFV) (8). PFVPDFVswith various feed ratios of
a,-Dibromo-p-xylene (5).The reaction mixturef6 g (56.51 PFV and PDFV contents were synthesized. To a stirred solution
mmol) of p-xylene and 20.1 g (113.2 mmol) bFbromosuccinimide ¢ 1 5nomer4 and7 (total amount of 1.5 mmol) in 20 mL of THF
(NBS) in 50 mL of CC} at room temperature unde_r argon Was - 4t 40°C under argon was added 36 mL (9.0 mmol) of a 0.25 M
irradiated with light source (300 W) for 1 h. After filtering, the solution of potassiurtert-butoxide in THF by a syringe pump over
filtrate was concentrated under reduced pressure and the residu§ , “oyer the addition, the reaction mixture had a color change
was purified by flash chromatography (40150 mm column, Sig) from colorless via greenish to yellow, and the viscosity increased

iovmehi)éﬁg-eﬁt% %I\sle(sgig ghg;gfg (;fgo-o%bromop-xylene ©), significantly. After the addition was complete, the reaction mixture
) ’ ' ’ was stirred for 10 h at room temperature. The reaction mixture

'H NMR (200 MHz, CDCh): 6 (ppm) 4.48 (s, 4H), 7.37 (S,  \as slowly poured into 200 mL of intensively stirred methanol.
4H). *%C NMR (50 MHz, CDC}): 6 (ppm) 32.75, 129.40, 137.94.  The precipitated polymer was filtered off, washed with water, and

o,0'-Difluoro- p-xylene (6).To a stirred solution of 10 g (37.88  dried under reduced pressure at room temperature to generate the
mmol) of dibromop-xylene 6) in 20 mL of tetrahydrofuran (THF) crude polymer as a yellow powder. The resulting polymer was
at room temperature, was added 98.5 mL (98.5 mmol) of 1.0 M redissolved in 100 mL of THF at 60C, cooled to 40°C, and
TBAF (tetrabutylammonium fluoride) in THF. After stirring for  reprecipitated by dropwise addition of 500 mL of methanol. The
24 h at 50°C, the reaction mixture was concentrated in vacuo to precipitated polymer was filtered and dried at room temperature
remove the solvent. After adding hexane, the mixture was stirred under reduced pressure. This procedure was repeated once more
for 1 h, and filtered. The filtrate was concentrated in vacuo and using 100 mL of THF/1.0 L of methanol to gener&®EVPDFVs
purified by column chromatography to give 2.3 g (42.9%) of the (PFVPDFV1 (copolymer with 10 mol %PDFV in the feed),
desireda, o -difluoro-p-xylene ), yellow oil: Ry 0.28 (60x 180 PFVPDFV3 (copolymer with 30 mol %PDFV in the feed),

mm column, SiQ, Hexane 100%). PFVPDFV5 (copolymer with 50 mol %PDFV in the feed),

H NMR (200 MHz, acetonek): o (ppm) 5.43 (d, 4HJ = PFVPDFV7 (copolymer with 70 mol % PDFV in the feed) and
49.4 Hz), 7.47 (s, 4H):3C NMR (50 MHz, acetonels): 6 (ppm) PFVPDFV9 (copolymer with 90 mol %°DFV in the feed)). The
84.90 (dJ = 163.5 Hz), 128.80 (d] = 6.5 Hz), 138.13 (dJ = 20 polymer fibers had colors ranging from sky blue to light yellow.
Hz). The yields of the polymers were from 19 to 54%.
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Figure 1. H NMR spectra ofo,a’-difluoro-p-xylene (a), the monomers (b, c), aR&FVPDFV5 (d) in CDCk.

Results and Discussion Table 1. Characterization of the PFVPDFVs
Synthesis and Characterization of PolymersThe general polymer yield (%)  M,2(x10%) PDP T¢" (°C)
synthetic routes toward the monomers and polymers are outlined prypprv1 54 21 1.85 430
in Scheme 1. By the previously reported method, various feed PFVPDFV3 46 22 2.09 410
ratios of monomerg and 7 were used for the preparation of EEggBEﬁ 22 gi g-g? gig
i i0A9.30 i -
PFVPDFVs by the Gilch reactio&®3° Figure 1 shows théH PEVPDEVS 19 6.3 147 300

NMR spectra of an intermediate,@'-difluoro-p-xylene @) (a),
monomer (t), monoment (), andPFVPDFVS () in CDCh. guiiecdf et S anionteispeoy 000 ol poumerevers
The shift from the characteristic fluoromethyl proton peak at polystyrene stgngardEOnsetdecomposition%err?pélrature (5% weight Ioss)g
5.43 (d, 4H,J = 49.4 Hz) ppm of fluoromethyl compound t0  measured by TGA under N
the bromofluoromethyl proton peak at 7.86 (d, ZHs 48 Hz)
ppm of the monome¥ confirms the synthesis of the monomer These copolymers have weight-average molecular weldh} (
unit which could be polymerized to generate the polymer with of 4000-21 000 with PDI (poly dispersity indexyl/M,,) of
fluoro groups in vinylene units by Gilch polymerization reaction. 1.60-2.49. The thermal properties of the copolymers were
The absence of the characteristic bromomethyl proton peak atdetermined by TGA measurements. All these copolymers show
4.60 ppm and bromofluoromethyl proton peak at 7.86 ppm of good thermal stability, with onset decomposition temperature
the monomers confirms the polymerization, and all other peaks (Tq4, 5% weight loss) of 3086430 °C under nitrogen.
are in good agreement with the structure of the polymer. A Optical Properties. Figure 2 shows the absorption and
defect structure revealed by the peak at 3.0 ppm representingphotoluminescence (PL) spectra fBFV, PFVPDFV5, and
head-to-head formation instead of regular head-to-tail formation PPDFV in different solvents which are summarized in Table
was detected in Gilch polymerizedFVPDFV,1833 and the 2. In organic solvents such as DMF, THF, toluene, and
amount of defect was estimated to be about 10%. chlorobenzene, the polymers display maxima and peak shapes
Table 1 summarizes the polymerization results including that are typical for this type of polymer. Absorption and emission
molecular weights, PDI, and thermal stability of the copolymers. spectra ofPFVPDFV5 are similar to those oPFV in THF,
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Figure 2. UV —vis absorption and photoluminescence spectiarf,
PFVPDFV, andPPDFV in the DMF, THF, toluene, and chlorobenzene
solutions.
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Figure 3. UV —vis absorption (a) and photoluminescence (b) spectra
of PFVPDFVs in the solid state.

the electron density along theconjugated polymer backbone
by incorporation of thePDFV segment and decrease of the
effective conjugation length of the copolymers.

The PL spectra of theFVPDFVs in thin film show maxima
around 502572 nm. In the case &#FVPDFV1, PFVPDFV3,
and AFVPDFEVS in thin film, the § — & 0—1 transitions
exhibit emission maxima at around 505 nm, and the vibronic
features of the §—~ S, 0—0 and G-2 transitions are presented

toluene, and chlorobenzene. In the case of polar DMF as theat 477 and 542 nm. Although the emission peaks of these
solvent, the possible interaction between DMF and polar fluoro Polymers are similar, as tHeDFV content was increased up to
groups caused a hypochromic shift in absorption. The PL spectra®0% in the copolymer system, the full width at half-maximum
of PPDFV is very much red-shifted, as compared to the case (fwhm) was decreased by-88 nm as compared ®FV. The

of PFVPDFV5, caused by the aggregation.

effects of blue-shifted absorption peak and red-shifted emission

Transparent and uniform copolymer films were prepared on Peak of PPDFV appear also iPFVPDFV7 and PFVPDFV9
quartz plates by spin-casting from their respective chlorobenzeneWhich possess higher proportion BDFV than PFV. In the
solution at room temperature. The absorption and emission datacase ofPFVPDFV7, the peak at 582 nm is increased by the
for the copolymers are summarized in Table 3. As shown in €ffect of PDFV, and in the case dPFVPDFV9, this peak is
Figure 3, there is not much difference between the absorptiondominant, to yield an emission spectrum similar to that of
spectra of the solutions and the thin films of the copolymers, PPDFV.

which can be attributed to ther—z* transitions of the
copolymers. The®PFVPDFVs exhibit absorption spectra with
maximum peaks at 37413 nm. The maximum absorption
peak at 413 nm oPFVPDFV1 was blue-shifted with more
amount of thePDFV. This is originated from the decrease of

Electrochemical Properties.The electrochemical properties
of the copolymers were determined from the band gaps, which
were estimated from the absorption edges, and the HOMO
energy levels, which were estimated from the cyclic voltam-
metry (CV). The CV was performed with a solution of

Table 2. Optical Properties in Different Solvents

absAmax (Nm) PL Amax (nm)
polymer DMF THF toluene chlorobenzene DMF THF toluene chlorobenzene
PFV 414 415 414 417 464 461 461 465
PFVPDFV5 375397 413 412 415 464 461 461 464
PPDFV 361 368 366 370 563 563 559 565
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Table 3. Characteristics of the UV-Vis Absorption, Photoluminescence, and Electroluminescence Spectra

feed ratio of copolymers abisnax(Nm) PLAmad (Nm) fwhn? of PL EL Amad (Nnm) fwhnP of EL
PFV 412 512 (481, 547, 598) 137 508 (477, 543) 133
PFVPDFV1 413 507 (477, 542, 592) 133 503 (472, 538) 120
PFVPDFV3 401 502 (477,542, 587) 104 508 (472, 538) 99
PFVPDFV5 397 502 (477,542, 587) 99 498 (472, 538) 81
PFVPDFV7 402 547 (477,502, 582) 158 472, 498 (538) 101
PFVPDFV9 371 572 114 538 120
PPDFV 376 583 99 558 125

aThe data in the parentheses are the wavelengths of shoulders and subpediksidth at half-maximum of PL and EL spectra.

Table 4. Electrochemical Potentials and Energy Levels of the 1.2
Copolymers

feed ratio of Eonsef HOMOP LUMO® E i

copolymers ) (eV) (eV) (eV) p -

PFV 0.65 ~5.30 ~2.70 2.60 =

PFVPDFV1 0.60 —5.25 —2.67 2.58 ‘E o6l

PFVPDFV3 0.60 —5.25 —2.69 2.56 c

PFVPDFV5 0.70 —5.35 —2.79 2.56 ]

PFVPDFV7 0.65 -5.30 -2.76 2.54 £ 04f

PFVPDFV9 0.85 —5.50 —2.97 2.53 .|

PPDFV 0.85 —5.50 —3.02 2.48 Wwo.2}

aOnset oxidation potential measured by cyclic voltammeét@alculated 0.0 i
from the oxidation potential$.Calculated from the HOMO energy levels : 1 1 L L -
andEg. 4 Energy band gap was estimated from the onset wavelength of the 300 400 500 600 700 800
optical absorption. Wavelength(nm)

Figure 4. Electroluminescence spectra of devices with the configu-

tetrabutylammonium tetrafluoroborate (BIBF4) (0.10 M) in ration of ITO/PEDOT/copolymers/Al.
acetonitrile at a scan rate of 100 mV/s at room temperature under

the protection of argon. A platinum electrode-Q.05 cn?)

coated with a thin polymer film was used as the working N“"mo (a) |
electrode. Pt wire and Ag/AgN{electrode were used as the E oo’ -o-0 ﬂ.--cﬁ"d N
counter electrode and reference electrode, respectively. The g 100 ¢ .:M /f o/.o/“ e v
energy level of the Ag/AgN@reference electrode (calibrated £ S F o /o";/»/e
by the FC/FCG- redox system) was 4.65 eV below the vacuum ; 10k T |
level. The oxidation potentials derived from the onset of ‘5 rﬂ.nfdﬂ I /+/ b PR
electrochemical p-doping are summarized in Table 4. HOMO < g +/+/A/‘ »— PFVPDFV1
levels were calculated according to the empirical formula 8 r___0_+ /+f ¥ o gzggm
(Enomo = —([Eonse}™ + 4.65) (eV)3*35During the anodic scan, = A i il
the oxidation onset potentials ®VPDFVs are in the range o 01 o *— PFVPDFV9
0.60-0.85 V, and exhibited an irreversible p-doping process. 5 F st R RO
HOMO energy levels of the present copolymers are about5.25 Ol o o o o+ o o . o+ . 4 .
— 5.50 eV. In the case ¢tFVPDFV9, the HOMO energy level 4w LB L L
was the most decreased, which is caused by the electron- Voltage (V)
withdrawing effect of the fluoro group. The absorption onset 10000
wavelengths ofPFVPDFVs were 496-580 nm, which cor- E(b) o
respond to band gaps of 2:53.58 eV. The LUMO energy level — ! A ol
was calculated from the values of the band gap and HOMO  g'000F S /a/: v~
energy level, and the values are about 2:67.97 eV. :‘8‘ F 3 f-n-g/“ T
Electroluminescent Properties and Current Density— — 100 | / ,+__,5/°/
Voltage—Luminescence J—V—L) Characteristics. The elec- a2 F | L E(:/;, ¥ % mno
troluminescence (EL) spectra of ITO/PEDOT/polymer/Al de- L 10l el _r,/‘j o PFVPDEV1
vices are shown in Figure 4. The EL spectra of the polymers & r s 7 f ur/e —&— PFVPDFV3
are nearly the same as the PL of the polymers. This result .2 /*?///a R i )
indicates that the EL and PL phenomena originated from the m ! 4 Df,a v « PFVPDFV9
same excited state. In the caseRFVPDFV1, PFVPDFV3, F E,/E?ﬂ}’ P ~+—PPDFV
and PFVPDFV5, the emission maxima appear around 498 R A/ o S AN MR
508 nm. As thePDFV content increase up to 50% in the £ & # ifolt:ge (6 & % 1N

copolymer system, the fwhm was decreased by33nm as
compared t&PFV. PFVPDFV7 exhibits maximum peaks at 472
and 498 nm, antPFVPDFV9 exhibits maximum emission at
around 538 nm. With higher ratio dPDFV contents, the
shoulder peak oPFV in around 540 nm was being changed
and became the maximum peakRirVPDFVO9.

The current densityvoltage (§—V) and luminescence
voltage L—V) characteristics of ITO/PEDOT/polymer/Al de-
vices are shown in Figure 5. The copolymers with highBFV

Figure 5. (a) Current-voltage (—V) and (b) voltage-luminescence
(V—L) characteristics of OLEDs &#FVPDFVs with the configuration

of ITO/PEDOT/copolymers/Al.

contents can have higher current density due to increasing
electron injection ability by the low electron density, which is
caused by the presence of fluoro groups in vinylene units.
However, PFVPDFV5 shows the highest current density,
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[ exhibit absorption spectra with maximum peaks at-3413
: e e —— —" nm. The maximum absorption peak at 413 nnP&VPDFV1
< E £ oo . i i was blue-shifted with more amount of tHeDFV. This is
3 E e originated from the decrease of the electron density along the
o QCWAE I s-conjugated polymer backbone by incorporation of -V
> 01} g;,,,p"*_ i i segment and decrease of the effective conjugation length of the
g .s-':"";? lln §§¥pnm copolymers. In the PL spectra &FVPDFV1, PFVPDFV3,
'S 4 4 PFVPDFV3 and AFVPDFVS in thin film, the § — S 0—1 transitions
Eoonf ; _;_sg:gg: exhibit emission maxima at aro_und 505 nm. As thBFV
w & «— PEVEDFVE content was increased up to 50% in the copolymer system, fwhm
[ 4 +— PPDFV was decreased byB8 nm as compared tBFV. In the case
13 L2 . : ) of PFVPDFV7, the peak at 582 is increased by the effect of
o 100 o) sl S PDFV, and in the case dPFVPDFVY, this peak is dominant
Current Density (mA/cm®) to make emission spectrum similar to that BPDFV. The
Figure 6. Efficiencies of OLEDs oPFVPDFVs with the configuration HOMO energy levels of the copolymers were about 5250
of ITO/PEDOT/copolymers/Al. eV, and the LUMO energy levels were about 2-:&797 eV.

The polymer LEDs ofPFVPDFVs with the configuration

Table 5. Device Perf h istics of PFVPDFV! . ; . .
able 5. Device Performance Characteristics o ° of ITO/PEDOT/polymer/Al emitted light with maximum peaks

turn-on current H 1 i
feed ratio of voltagé voltage density luminancé LEpa¢ ,at around 472538 nm' By adju§t|ng the feed rat|o§ B,DFV
copolymers (V) (V)  (mAlcm?) (cdin®)  (cd/A) CIE (x, y)? in the copolymers, it was possible to tune the emission colors
PEV 45 6.5 207 203 014 (0.32,044) from greenish yellow to orange dep_eljdin_g on the obtained CIE
PFVPDFV1 3.25 45 169 1286 0.76 (0.29,0.42) coordinates. The luminescence efficiencies of the copolymers
EE‘\;EBE@ 25 113 igz 2%91 ig ((%ég‘ %-gi)) at room temperature are about 91.47 cd/A. PFVPDFV3
PEVPDEV7 4 9 343 218 016 (0.26,0.34) shoyved the maximum brightness of 4870 ctlamd the h!ghest
PFVPDFV9 3.8 45 53 55 010 (0.37,048) luminescence efficiency of 1.47 cd/A. In conclusion, the
PPDFV 4 7 27 94 047 (043,049  introduction of up to 50% oPDFV in PFVPDFVS can enhance

aVoltages required to achieve a brightness of 1 &lfiMeasured under ~ the quice_ performance (_Tf'ible 5) to reSU'_t in high current
the condition of maximum brightnessMaximum luminescence efficiency.  density, brightness and efficiency due to the increased electron
d Calculated from the EL spectrum. injection ability caused by the presence of fluoro groups in the
vinylene units.
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