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ABSTRACT: A series of phosphorescent chelating copolymers based on the linkage isomers of 2-(1-naphthalene)-
pyridine— and 2-(2-naphthalene)pyridindicycloiridium complexes were synthesized by Suzuki polycondensation

of A—A- and B—B-type monomers. These linkage isomers-based copolymers show distinct differences in their
photophysical and electroluminescence properties. The phosphorescent emission band of the copolymer PF1
Npylrm is in the region of 630 nm, whereas copolymers PRpylrm show an emission with the peak maximum

at 590 nm, which are both red-shifted around 20 nm compared with the emissions of the pristine complexes. The
highly efficient saturated red-phosphorescent PLEDs were achieved on the basis of copolymexpyaFh.

The best device performances are observed from copolymerRpilirm1 with an external quantum efficiency

(nex) of 6.5% photon/electron (ph/el) at the current density of 38 mA/enith the emission peak at 630 nm (

= 0.65,y = 0.31) and the luminance of 926 cdnThe efficiency remains as high as. = 5.3% ph/el at a high

current density of 100 mA/ctnNo remarkable efficiency decay with the increase in current density shows that
the chelating copolymers are promising candidate materials for phosphorescent polymer light-emitting diodes
(PHPLEDS).

Introduction of 4.9% ph/el and the luminous efficiency of 4.0 cd/A with

Electrophosphorescent polymers containing heavy-metal com-é‘ll'g Sﬁzgﬁ at a bias voltage of 7.7 V and a peak emission of

plexes have been attracting much attention because of their high
quantum efficiency. Unlike electrofluorescence, electrophos- ~ Recently, the conjugated chelating phosphorescent polymers
phorescence can make use of both singlet and triplet excitonsthat possess MC o or z bonds in the backbone have attracted
owing to strong spirrorbital coupling of heavy-metal ions in ~ Substantial attention. A series of conjugated well-defined oligo-
phosphorescent complexes, thereby theoretically achieving@nd polyfluorenyl bis-cyclometalated Ir complexes were syn-
100% of internal quantum efficienéy There are many reports  thesized with Suzuki homo-polycondensation of-Brtype
focused on electrophosphorescent polymers based on Ir comnonomer by Sandee et &lThe maximum external quantum
plexes due to the relatively short phosphorescent lifetime and efficiencies of 1.5% and 0.12% ph/el were obtained respectively
high luminous efficiency.Lee et af synthesized the noncon- by introducing (btpjir(acac) and (ppyr(acac) complexes
jugated polyethylene main chain with phenylpyridine attached covalently into the poly(9,dioctylfluorene) backbone. In our
to side chain as a ligand and pendtinylcarbazole as host ~ Previous work, iridium(lll) bis(2g-tolylpyridine-C*,N)-2,2,6,6-
materials. A high external quantum efficiency of 4.4% ph/el tetramethyl-3,5-heptanedione [(mpgyjhmacac)] as a repeat
was achieved at a current density of 6.4 mA#cr similar unit was introduced into the backbone of fluorealeearbazole
approach of using nonconjugated main chain with pendant (PFCz) copolymer, and a maximal external quantum efficiency
diketone was reported by Tokito etaHigh external quantum ~ Of 4.6% ph/el at the maximal wavelength of 577 nm was
efficiencies of 5.5%, 9%, and 3.5% in red, green, and blue achieved In this case, the conjugated segments play both
PLEDs were respectively achieved. The phosphorescent con-oles: a part of the ligand and a host for the energy transfer
jugated polymers based on polyfluorene backbone with diketone System. The high-efficiency energy transfer from the polymer
pendant attached to the 9-carbon position of fluorene were host to the triplet metal complex in polymer main chain via an
reported by Chen et 4lThe device from the graft polymer of efficient intramolecular energy transfer would be expeéted.
1.3 mol % iridium(lll) bis(2-(2-benzo-[4,5]thienyl)pyridinato- Although considerable studies have focused on phosphorescent
N,C%)acetylacetonate complex [(btp)acac)] with diketone iridium complexes, little is known about their linkage isomers
attached to the 9-position of fluorene ring has shown an external@nd their corresponding photophysical and electroluminescence
quantum efficiency of 1.59% ph/el and a power efficiency of Propertiesi? even less is known about the chelating polymers
2.8 cd/A at 7.0 V with the luminance of 65 ccfrand the peak ~ based on the linkage isomer complexes. The 2-(1-naphthalene)-
emission at 610 nm. The device of the fluoraaieearbazole  Pyridine=bicycloiridium complex is a red phosphbrwhile its
copolymers grafted in the N-position with 1-phenylisoquino- linkage isomer 2-(2-naphthalene)pyridirigicycloiridium com-
line—Ir complex shows the highest external quantum efficiency Plex is a yellow phosphor. In this paper, we introduced the two
linkage isomers into the polyfluorene backbone. The complex

' . R monomers (1-npyBg)r(tmd) and (2-npyBnrir(tmd) are with

E ﬁ‘;‘;ﬁ‘cﬁé‘,ﬁ”éeﬂ?gegﬁ“é,ﬁ’;;ﬁ;ﬁ‘; O,{,?i%}ws & Metallic Materials. 2,2,6,6-tetramethyl-3,5-heptanedione as the bidentate ancillary

* Corresponding author: e-mail pswyang@scut.edu.cn. ligand for better solubility in copolymerization.
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Experimental Section was allowed to stir at 100C for 24 h. The reaction mixture was
s . concentrated by evaporation of solvents, and the residue was
Measurements.H and*C NMR spectra were recorded on a jissolved in dichloromethane, washed with water, and dried under
Bruker DRX 400 spectrometer operating respectively at 400 and 4nhydrous sodium carbonate. After the evaporation of solvent, the
100 MHz, in deuterated chloroform sol_utlon with tetramethylsilane obtained product was purified by column chromatography (silica
as a r_eference. The molecular welg_ht of the polymers was gel, dichloromethane/hexare 1:4) (yield: 70%).mz = 284.H
determined by a Waters GPC 2410 in tetrahydrofuran_ (THF). NMR (400 MHz, CDC}) & (ppm): 8.86 (s,1H), 8.04 (&) = 8.6,
Number-averageM,) and weight-averageM,,) molecular weights 1H), 8.00 (d.2) = 2.9, 1H), 7.96 (d3] = 3.2, 1H), 7.92 (d3J =
were estimated by using a calibration curve of polystyrene standards.3_2’ 1H), 7.62 (d3J = 2.6, 1H), 7.60 (d3J = 2.8, 1H), 7.50 (t3J
EIeme_nte_ll analyses were performed on a _Vano EL elemental — 6.0, 1H), 7.49 (t3) = 6.0, 1H), 7.47 (t3] = 6.0, 1H). Element
analysis instrument (El_ementar' _Co.). Thg iridium content analyses Anal. Calcd for GsH1oBIN (%): C, 63.38; H, 3.52; N, 4.93. Found
were determined by using a Philips (Magix PRO) sequential X-ray (%): C, 63.30; H, 3.45; N, 4.98.
fluorescence spectrometry (XRF), with a rhodium tube operated at ’ e T
60 kV and 50 mA, a LiF 200 crystal, and a scintillation counter.
Tris(acetylacetonate)iridium (lll) (Ir content is 38%, from Alfa
Aesar Co.) was used as a internal reference specimen. Sample
and specimen were pressed into homogeneous talets8Q mm)
of compressed (375 MPa) powder of the copolymers. The basic g ) )
requirement of quantitative X-ray fluorescence analysis is first to Element Analb C.alcd for QHloBrN (0_/0)' C, 63.38; H, 3.52 N,
prepare suitable specimens from the samples to be analyzed ancli"'gs_' .Found (/t_’)' C,63.34; H, 3.43, N, 4.99. o ,
then to measure the intensity of the pea} 6f the element (Ir), Iridium(I1l) Bis(5-bromo-2-(1-naphthalene)pyridine- C?,N)-
since this intensity is related to the concentration by means of the 2,2,6,6-tetramethyl-3,5-heptanedione [(1-npyBg)r(tmd)] (1) was
calibration procedure. XRF is especially suited the quantitative and prepared according to the published procedti&dium trichloride
qualitative analysis of iridium, owing to its being nondestructive hydrate (178 mg, 0.56 mmol), 5-bromo-2-(1-naphthalene)pyridine
method; therefore, the measurement error can be avoided by samplé477 mg,1.68 mmol), 2-ethoxyethanol (15 mL), and water (5 mL)
treatment comparing with the inductively coupled plasma (ICP) were added into a three-neck flask (100 mL). The mixture was
method. The uncertainty in measurement result for iridium content refluxed under an argon atmosphere for 24 h and then cooled to
by XRF is about+0.02%. Mass spectra (MS) of 5-bromo-2-(1- room temperature. A red precipitate was filtered and washed with
naphthalene)pyridine and 5-bromo-2-(2-naphthalene)pyridine werewater and ethanol several times. The resulted red solid was purified
obtained by CE Instruments Trace 2000 Series GC/MS, and theby recrystallization in mixture of CkCl, and hexane. Then the
MS of the Ir complexes were taken with a Thermo Finigan LCQ dried product (476 mg, 0.078 mmol) was mixed with 2,2,6,6-
DECA XP Series system. UWis absorption spectra were recorded tetramethyl-3,5-heptanedione (40.5 mg, 0.22 mmol) and sodium
on a HP 8453 spectrophotometer. carbonate (13 mg) in degassed 2-ethoxyethanol (8 mL) in a three-
The PL quantum yields were measured from solid films of neck flask. The mixture was refluxed in an argon atmosphere for

materials used here. They were performed using an Integrating 13 N- After cooling to room temperature the red precipitate was
Sphere 1S080 (LabSphere) to collect the emitted light in all formed. After being filtered and washed with water and methanol,

directions under the excitation of 325 nm line of a HeCd laser gi]ghrl)(;re(;:rlﬁgtzliqt:nvg)atsopguer:f;ﬁg Pg dcﬁélég‘lg gg:tgfgfgésgthéigg"cigslj
(Melles Griot). The thicknesses of the solid films, typically, were : 0).
100-200 nm. The standard measurement process is referred to¥ ~M(tmd), IrL;* = 759.2. *H NMR (400 M";Z; CDCh) 0
previous publicatiod? PL spectra of the copolymers in thin film  (PPM): 2'53 (s, 2H), 8.44 (&) 238'6' 2H), 8.37 (d¥J 239'0' 2H),
on quartz substrate were recorded on an Instaspec IV CCD 7.88 (d,* :37'0’ 2H), 7.65 (d?J :38'0' 2H), 7.46 (tJ :37'0'
spectrophotometer (Oriel Co.) under 325 nm excitation of a HeCd 2H), 728 (t°J = 7.8, 2H), 7.07 (dJ = 8.3, 2H), 6.52 (d}J =
laser. Emission lifetime studies of the copolymers were measured8-3: 2H), 5.56 (s, 1H), 0.91 (s, 18H). Element Anal. Calcd for
with an Edinburgh FL-920 spectrometer. Polymer films (100 nm CaHarBrarN20 (%): C, 52.30; H, 3.93; N, 2.98. Found (%): C,
thick layer) were spin-coated from a toluene solution of polymer 52.12; H, 3.79; N, 3.07.
at 1300 rpm on glass substrates. The excitation source was a Iridium(lll) Bis(2-(1-naphthalene)pyridine- C?,N)-2,2,6,6-tet-
nanosecond flash lamp operating under an atmosphere gasl ramethyl-3,5-heptanedione [(1-npyJlr(tmd)] (2) M—M(tmd),
(0.40-0.50 bar, 1.2 ns fwhm, 40 kHz repetition rate), whose output IrL;" = 601.3.1H NMR (400 MHz; CDC}) 6 (ppm): 8.53 (d3J
was filtered through a monochromator prior to sample excitation. = 8.7, 2H), 8.48 (d3) = 8.3, 2H), 8.46 (d3J = 6.7, 2H), 7.78 (t,
Microstructure of polymer film was investigated using a transmis- 3J = 5.8, 2H), 7.63 (d3J = 7.9, 2H), 7.45 (t3J = 8.3, 2H), 7.24
sion electron microscope (TEM, Philips, CM300, at an accelerating (t, 2= 7.0, 2H), 7.08 (d3J = 7.1, 2H), 7.04 (t3J = 8.3, 2H),6.53
voltage of 300 kV). Specimens for TEM observation were prepared (t, 3J = 8.3, 2H), 5.50 (s, 1H), 0.87 (s, 18H). Element Anal. Calcd
from a dilute polymer solution coated on copper mesh. Surface for CsHadrN,O, (%): C, 62.83; H, 4.98; N, 3.58. Found (%): C,
morphology was investigated using tapping-mode atomic force 62.47; H, 4.82; N, 3.61.
microscopy (AFM) (Thermo. Auto Preéb C P Res.). AFM Iridium(lll) Bis(5-bromo-2(2-naphthalene)pyridine- CZ,N)-
measurements were performed in air at room temperature. Speci-2 2 6,6-tetramethyl-3,5-heptanedione [(2-npyBgjr(tmd)] (3)
mens (100 nm thick layer) were spun from a toluene solution of M—M(tmd), IrL,* = 759.2. 'H NMR (400 MHz; CDC}) ¢
polymer (or blend) at 1300 rpm on indium tin oxide (ITO)-coated (ppm): 8.60 (s,2H), 8.04 (s,2H), 7.96 @d,= 9.2, 2H), 7.94 (d3J
glass substrates. =9.2, 2H), 7.65 (d3J = 8.0, 2H), 7.30 (d3J = 7.9, 2H), 7.16 (t,
Materials. All manipulations involving air-sensitive reagents 3J = 8.1, 2H), 7.12 (t3J = 8.0, 2H), 6.67 (s, 2H), 5.57 (s, 1H),
were performed in the atmosphere of dry argon. The solvents (THF, 0.93 (s, 18H). Element Anal. Calcd for£i3/Br.IrN,O; (%): C,
toluene) were purified by routine procedure and distilled under dry 52.30; H, 3.93; N, 2.98. Found (%): C, 52.15; H, 3.76; N, 3.11.
argon before being used. All reagents, unless otherwise specified, |ridium(lll) Bis(2-(1-naphthalene)pyridine- CZ,N)-2,2,6,6-tet-
were obtained from Aldrich, Acros, and TCI Chemical Co. and ramethyl-3,5-heptanedione [(2-npyjIr(tmd)] (4) M—M(tmd),
used as received. IrL,* = 601.3.:H NMR (400 MHz; CDC}) 6 (ppm): 8.51 (d3J
5-Bromo-2-(1-naphthalene)pyridine was synthesized by the = 6.0 Hz, 2H), 8.10 (s, 2H), 8.09 (dJ) = 8.1, 2H), 8.06 (s, 2H),
procedure as follows: 2,5-Dibromopyridine (2.37 g, 10 mmol), 7.81 (t,3J = 8.5, 2H), 7.66 (d3J = 7.8, 2H), 7.25 (d3) = 7.7,
1-naphthaleneboronic acid (1.72 g, 10 mmol), and tetrakis- 2H), 7.16 (t,3J = 6.1, 2H), 7.12 (t3] = 6.2, 2H), 6.69 (t, 2H),
(triphenylphosphine)palladium (0.107 g, 0.1 mmol) were dissolved 5.50 (s, 1H), 0.89 (s, 18H). Element Anal. Calcd fogsglrN,O,
in toluene (15 mL) and ethanol (5 mL). Then an aqueous solution (%): C, 62.83; H, 4.98; N, 3.58. Found (%): C, 62.67; H, 4.76;
of 2 M NaCO; (6 mL) was added to the mixture. The result mixture N, 3.74. CDV

5-Bromo-2-(2-naphthalene)pyridinewas prepared following the
similar procedure as above/z= 284.1H NMR (400 MHz; CDC})
9 (ppm): 8.79 (s,1H), 8.45 (s,1H), 8.10 @,= 6.9, 1H), 7.93 (d,
3J = 8.2, 1H), 7.92 (d3J = 8.2, 1H), 7.88 (d3J = 3.3, 1H), 7.86
(d, 3= 3.3, 1H), 7.75 (d3J = 8.5, 1H), 7.52 (t3J = 3.7, 2H).
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General Procedures of Suzuki Polycondensation Taking
PF1-Npylrm1 (7) as an Example!* 2,7-Bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorenes)t®> (341 mg, 0.5
mmol), 2,7-dibromo-9,9-dioctylfluoren®)¢ (268 mg, 0.49 mmol),
(2-npyBrylr(tmd) (9.41 mg, 0.01 mmol), and bis(to-olyphos-
phine)palladium(ll) dichloride (5 mg) were dissolved in the mixture

Electrophosphorescent Chelating Copolymei$95

After treatment with oxygen plasma, 150 nm of poly(3,4-ethyl-
enedioxythiophene) (PEDOT) doped with poly(styrenesulfonic acid)
(PSS) (Batron-P 4083, Bayer AG) was spin-coated onto the ITO
substrate followed by drying in a vacuum oven at’80for 8 h. A

thin film of polymers was coated onto the anode by spin-casting
inside a drybox. The film thickness of the active layers was around

of toluene/THF (15 mL), stirred for 0.5 h, and thenMDH (20%) 75—-80 nm, measured with an Alfa Step 500 surface profiler
aqueous solution (4 mL) was added. The mixture was heated to(Tencor). A thin layer of Ba (45 nm) and subsequently 200 nm
100 °C and stirred for 2 days in an argon atmosphere. Then the layer of Al were vacuum-evaporated subsequently on the top of an
polymer was capped by adding 2-(4,4,5,5-tetramethyl-1,3,2-diox- EL polymer layer in a vacuum of & 10-4 Pa. Device performances
aborolan-2-yl)-9,9-dioctylfluorene (50 mg) by continuous stirring were measured inside a drybox. Currembltage (—V) character-

for 12 h and then bromobenzene (0.25 mL) followed by continuous istics were recorded with a Keithley 236 source meter. EL spectra
reacting for another 12 h. The whole mixture was poured into were obtained by Oriel Instaspec IV CCD spectrograph. Luminance
methanol. The precipitated polymer was recovered by filtration and was measured by a PR 705 photometer (Photo Research). The
purified by silica column chromatography with toluene to remove external quantum efficiencies were determined by a Si photodiode

small molecular complex and catalyst residue (yield: 50%). Element
Anal. Calcd (%): C, 89.16; H, 10.20; N, 0.071. Found (%): C,
88.53; H, 10.69; N,<0.3.

PF1-Npylrm05 (8): Monomer feed ratio: 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (0.5 mol),
2,7-dibromo-9,9-dioctylfluorene (0.495 mol), and (1-npyB@md)
(0.005 mol) (yield: 56%). Element Anal. Calcd (%): C, 89.42; H,
10.25; N, 0.036. Found (%): C, 89.25; H, 10.41; X0.3.

PF1-Npylrm2 (9): Monomer feed ratio: 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (0.5 mol),
2,7-dibromo-9,9-dioctylfluorene (0.48 mol), and (1-npydBimd)
(0.02 mol) (yield: 50%). Element Anal. Calcd (%): C, 88.64; H,
10.09; N, 0.14. Found (%): C, 88.11; H, 10.39; N0.3.

PF1-Npylrm5 (10): Monomer feed ratio: 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (0.5 mol),
2,7-dibromo-9,9-dioctylfluorene (0.45 mol), and (1-npydBfmd)
(0.05 mol) (yield: 49%)H NMR (400 MHz, CDC}) 6 (ppm):
8.64 (pyridine ring); 8.13, 7.84, 7.69 (fluorene ring); 7.52,7.38, 7.11,
6.88 (naphthylpyridine ring); 5.83 (H-diketone); 2.12, 1-5134,
1.16,0.93-0.75 (H-alkyl).*3C NMR (100 MHz, CDC}) 6 (ppm):
151.81, 140.49, 140.03, 128.78, 126.95, 126.66, 126.16, 122.82
121.50, 120.00, 119.60, 77.33, 77.21, 77.01, 76.69, 55.35, 40.39

with calibration in an integrating sphere (1IS080, Labsphere).

Results and Discussion

Synthesis and Chemical Characterization.The synthetic
routes of the complex monomers and the corresponding chelat-
ing copolymers are depicted in Scheme 1. Two linkage isomers
of naphthylpyridine were synthesized with Suzuki coupling
reaction by 2,5-dibromopyridine or 2-bromopyridine and isomers
of naphthaleneboronic acid with high yield. The corresponding
iridium complexes were synthesized by chloride-bridged iridium
dimers with 2,2,6,6-tetramethyl-3,5-heptanedione (Htmd) in the
presence of sodium carbonate. Because of the better solubility
of the bicycloiridium complex (1-npyBslr(tmd) and (2-
npyBr)lr(tmd) in organic solvent, the target polymers can be
obtained by Suzuki polycondensation of-A- and B—B-type
monomers. The corresponding complexes without bromine
substitution in ligands, (1-npyly(tmd) and (2-npyjlr(tmd), were
prepared for comparison, the complexes being respectively

‘predigested as Npylrm and 2-Npylrm for convenience. The

31.94. 31.80 30.04. 29.71. 29.23 28.38. 27.42. 23.93 23.72 22_61’chelating copolymers of different-composition complexes were

14.07. Element Anal. Calcd (%): C, 87.13; H, 9.79; N, 0.343.
Found (%): C, 87.15; H, 10.09; N50.3.

PF2—Npylrm1 (11): Monomer feed ratio: 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (0.5 mol),
2,7-dibromo-9,9-dioctylfluorene (0.49 mol), and (2-npydBfmd)
(0.01 mol) (yield: 55%). Element Anal. Calcd (%): C, 89.16; H,
10.20; N, 0.071. Found (%): C, 88.47; H, 10.71; {0.3.

PF2—Npylrm2 (12): Monomer feed ratio: 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (0.5 mol),
2,7-dibromo-9,9-dioctylfluorene (0.48 mol), and (2-npydBfmd)
(0.02 mol) (yield: 53%). Element Anal. Calcd (%): C, 88.64; H,
10.09; N, 0.14. Found (%): C, 88.24; H, 10.29; N0.3.

PF2—Npylrm5 (13): Monomer feed ratio: 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (0.5 mol),
2,7-dibromo-9,9-dioctylfluorene (0.45 mol), and (2-npydBxtmd)
(0.05 mol) (yield: 51 %)IH NMR (100 MHz,CDC}) 6 (ppm):
8.68 (pyridine ring); 8.21, 8.17, 7.85 (fluorene ring); 7.82, 7.77,
7.52, 7.26, 6.95 (2-naphthylpyridine ring); 5.75 (H-diketone);
2.14,1.54, 1.2#1.15, 0.99, 0.85 (H-alkyl)*3C NMR (100 MHz,
CDCly) 6 (ppm): 151.82, 140.51, 140.33, 140.03, 128.79, 127.21,
126.17, 126.04, 121.50, 119.97, 77.33, 77.22, 77.01, 76.70, 55.35

prepared from 2,7-dibromo-9,9-dioctylfluorene, 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene, and
complexes by Suzuki polycondensation. The feed ratios of
complexes in the polycondensation were 0.5, 1, 2, 5, and 7 mol
%, and the corresponding copolymers were named-PF1
Npylrm05, PF:-Npylrm1, PF:Npylrm2, PF:-Npylrm5, and
PF2-Npylrm1, PF2-Npylrm2, PF2-Npylrm5, and PF2
Npylrm7, respectively. The iridium contents in polymers were
estimated by X-ray fluorescence spectrometry (XRF); therefore,
the molar ratios of Ir complexes incorporated into copolymers
were calculated by combining XRF data with the elemental
analyses of carbon and hydrogen (Table 1). The results indicate
that the actual Ir complex contents in the copolymers are slightly
lower than the complex monomer feed ratios. The number-
average molecule weightdMf) of the most copolymers are
higher than 30 000 with the narrow polydispersity index (PDI)
from 1.22 to 1.43 (Table 1).

Photophysical Properties.Two linkage isomers of naphth-

Ylpyridine in which the pyridine groups are linked to the @

40.39, 31.80, 30.05, 29.71, 29.24, 28.43, 27.42, 23.93, 22.71, 22.61 C, carbons of naphthalene, 2-(1-naphthalene)pyridine, and 2-(2-

14.08. Element Anal. Calcd (%): C, 87.13; H, 9.79; N, 0.343.
Found (%): C, 87.32; H, 10.16; Ns0.3.

PF2—Npylrm7 (14): Monomer feed ratio: 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (0.5 mol),
2,7-dibromo-9,9-dioctylfluorene (0.43 mol), and (2-npydBymd)
(0.07 mol) (yield: 50%). Element Anal. Calcd (%): C, 86.18; H,
9.58; N, 0.470. Found (%): C, 86.42; H, 9.81; N, 0.30.

LED Fabrication and Characterization. Polymers were dis-
solved inp-xylene and filtered with a 0.4bm filter. Patterned ITO-

naphthalene)pyridine are used to prepare Ir complexes. The
complexes with the different sizes of the ligamdsystem show
various optical (Figure 1) and electroluminescent propetfies.
Figure 1 shows UWvis absorption and PL spectra of the
complexes. All of the phosphors show a remarkably strong
absorption band in the region of 44620 nm, which can be
assigned to a spin-forbidden triplet metal-to-ligand charge-
transfer fMLCT) band of the complexe. In the PL spectra

coated glass substrates were cleaned with acetone, detergengf Npylrm and 2-Npylrm, Npylrm exhibits a single emission

distilled water, and 2-propanol, subsequently in an ultrasonic bath.

with the peak maximum at 610 nm, whereas its linkage iSO&B(/
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Scheme 1. Synthetic Routes of the Complex Monomers and Chelating Copolymers
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Table 1. Molecular Weights and Composition of the Copolymers units changed into the other moieties when covalently linked
complex content (mol %) onto conjugated polymer backbone. It is reasonable to use the
polymer My (x10 PDI  infeedratio in polymer absorption of the gomplexes units in copolymers as the “real
complexes”. U\-vis absorption of the chelating copolymers
IEIE?—prIrmOS ggi f'gz 05 0.41 (PF1-Npylrm5 and PF2Npylrm7) and the PL spectrum of
PF1-Npylrm1 35.8 1.30 1 0.98
PF1-Npylrm2 32.7 1.22 2 1.59 1.2 = 1.2
PF1-Npylrm5 32.6 1.36 5 4.23 ® >
PF2-Npylrm1 31.2 1.42 1 0.83 e 1 T8
PF2-Npylrm2 30.7 1.39 2 1.48 8 3
PF2-Npylrm5 21.7 1.43 5 3.20 g 08 08 S
PF2-Npylrm7 22.0 1.42 7 4.12 £ 3
- 06 06 g
a Calculated from the carbon, hydrogen, and iridium content in copoly- I g
mers. E 04 04 7
S @
. . . . [*] L.
2-Npylrm shows an emission with the peak maximum at 570 Z 02 02 <
nm. e —
. L] i - 7] ol o oo s
For the chelating electrophosphorescent polymers, the over- 0 300 450 5(;0 600 700 80(?
lapping between PL emission of the host polymer and the Wavelength (nm)

absorption spectra of pristine complexes is not suitable to show Figure 1. UV —vis absorption of the complexes in film and PL spectra
the energy matching condition because the ligands of complexof the complexes in CkCl, solution (10 mol/L). CDV
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Figure 2. UV—vis absorption of the copolymers and PL spectra of
host polymer in film.

1.2

L B B L L LB
(@) PFO

PF1-Npylrm1
-— PF1-Npylrm2
\ — — PF1-Npylrm5

17

0.8

0.6

> 04

B

C

2 02

£

E 0

E O] — — PF2-Npylrm1

2 h PF2-Npylrm2
08, X ----- PF2-Npylrm5

0.6
I
0.4

0.2

Ne
PRI i i SR AR AR

0 L
400 500 600 700 800 900
wavelength(nm)
Figure 3. PL spectra of the chelating copolymers in film: (a) PF1
Npylrm; (b) PF2-Npylrm.

Table 2. Photoluminescent Properties of the Copolymers and
Complexes in Film

photoluminescence

polymer Aabs max(NM) ApL(nm) QrL (%)
Npylrm 300, 350, 500 610 1.0
2-Npylrm 310, 400, 480 570 0.3
PFO 380 430 42
PF1-Npylrm1 380 430, 630 18.8
PF1-Npylrm2 380 430, 630 22.2
PF1-Npylrm5 380, 520 630 18.5
PF2-Npylrm1 380 430, 590 4.9
PF2-Npylrm2 380 430, 590 4.6
PF2-Npylrm5 380 430, 590 3.7

the host polymer (PFO) are shown in Figure 2. The peak at
around 380 nm, which comes from the fluorene segment,
dominates UV-vis absorption of the chelating copolymers. The
absorption peaks in the region of 45850 nm can be assigned
to a spin-forbidden triplet metal-to-ligand charge-transfer
(®MLCT) band of the complex unit in the copolymers. It seems
that there is fitting overlapping between PL emission of the host
polymer and the absorption spectra of the complex unit in
copolymers.

PL spectra of the chelating copolymers PRpylrm are
shown in Figure 3a. The maximum emission of the copolymers
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Figure 4. Transient PL response to a flash excitatidi.= 390
nm): (a) at 630 nm from films of PFINpyIrm; (b) at 585 nm from
films of PF2-Npylrm.

copolymers synthesized in this study provides the evidence that
Ir complexes are indeed incorporated into polymer main chain.
The facts that the extended conjugated length in the ligand of
phosphorescent complexes will generally shift PL emission to
lower energy side were reported previouS¥°PL spectra of
chelating copolymers PFNpylrm are shown in Figure 3b.
The PL emission of the copolymers also red shifts around 20
nm compared with the emission of pristine complex 2-Npylrm.
In Figure 3a, the intense emission peaked at about 430 nm from
host unit can be observed for those copolymers with low Ir
complex content less than 5 mol %. This indicates that the
energy transfer from fluorene segments to the Ir complex
connected on the main chain is incomplete. The relative
intensities at the peak of 430 nm vary with the Ir complex
contents in the copolymers. With the increase of Ir complex
content in copolymers, the emission intensity of 430 nm
descends. The emission of fluorene segments in copolymers
almost quenched completely for the copolymers with the Ir
complex feed ratio of 5 mol %, which indicates that energy
transfer from the host to the Ir complex becomes complete.
Compared with copolymers PFNpylrm, the energy transfer

in copolymers PF2Npylrm is less effective (Figure 3b). In
the covalently linked copolymers, under photoexcitation, the
singlet excited states are created on the main chain and
subsequently transfer to the metalrganic complex by intra-
and intermolecular energy transfer. From Figure 2, we can see
that the absorption spectrum of PHRpylrm7 is more blue-
shifted than that of PFiNpylrm5. The observed blue-shift
suggests that 2-(2-naphthalene) moieties effectively decrease the
conjugation length of polymer backbone, since the coplanarity
of linearz-system is interrupte#. Therefore, we may speculate
that better intramolecular energy transfer for PIRpylrm might

is about 630 nm, which are red-shifted around 20 nm comparedbe due to longer conjugation length. In addition, the less

with PL emission of the pristine complex Npylrm (see Figure
1). The significant red shift in PL emission in the chelating

overlapping between PL emission of host polymer and-UV
vis absorption of the complex units in PFRIpylrm makeCDV
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06 Figure 6. Comparison of)l—V andL—V curves of the devices from
04 copolymer, PFENpylrm1, and blend, 1Npylrm/PFO. Device struc-
tures: ITO/PEDOT/PVK/polymer (or blend)/Ba/Al.
0.2
0 Ba/Al. Figure 5a shows EL spectra of the devices from chelating
400 5°3Va\'l5§|gn Zr?(()nma)oo 900 copolymers PFENpylrm. The EL spectrum of the device from
£ 5 EL a of th hgl i | @ | Npylrm(1 mol %)-doped into PFO (1Npylrm/PFO) is also
igure 5. EL spectra of the chelating copolymers (a) PRApylrm shown as a comparison. The maximum EL emission of the
PF2-Npylrm. Devi . ITO/PEDOT/PVK/pol . : .
gr;%?) pylrm. Device structure: ITO/PEDOT/PVK/polymer/ doping system (1Npylrm/PFO) is at 600 nm, whereas the EL
emissions of the copolymers are about 630 nm. CIE (Commis-
Table 3. PL Lifetime of Copolymers in Film sion Internationale de I’Eclairage) coordinates (0.65, 0.31) for
lifetime 7, lifetime 2 pump (monitor) the PFE-Npylrm copolymers are within the scope of saturated
polymer (us) (us) Ve (nm) red light (Table 3). EL spectra of PFNpylrm copolymers are
PF1-Npylrl 1.342 1117 390 (630) shown in Figure 5b. The maximum emissions of copolymers
PF1-NpylIr2 1.247 1.204 390 (630) PF2-Npylrm are in the region of 585610 nm, which are
Eg:mpy:r? (1)-251 0125 11-2025% %%%(83%(2) almost same as their PL emissions. Compared with PL spectra
py r . . . . . . .
PF2-Npylr2 0.7 0.089 1009 390 (585) (Figure 2), the emission of host segments at 430 nm in EL
PF2-NpylIr5 0.22 0.052 1.186 390 (585) spectra Is Completely quenChEd for the copolymer with Ir

complex content as low as 0.5 mol %. The fact that the complete
Forster energy transfer in polymer less effective. The PL quenching of host EL emission at lower Ir complex concentra-
efficiencies and the maximum emissions of the copolymers are tion than that of PL emission was presented by many auffors,
shown in Table 2. The PL efficiencies of copolymers decrease which confirms that the dominant emission mechanism in such
with the increase of complex contents. The PL efficiencies of systems is charge trapping (rather thamster energy transfer)
PF2-NpyIrm copolymers are much lower than that of the PF1  followed by recombination on the Ir complex unit. Preliminary
Npylrm. Photoluminescent properties of the complexes in film device performances are encouraging (Table 4). The best device
are also shown in Table 2 because the complexes with branchingperformances are achieved from PRpylrm1. At a current
substitution in the ligand can be spin-coated from the toluene density () of 5.2 mA/cn?, the maximal external quantum
solution. We can see that PL efficiencies of both complexes efficiency @ex) of 7.0% is obtained with the luminance of 138
are much low, owing to the concentration quenching ard T cd/n?, and at a current density of 38 mA/énthe value oOfijex:
annihilation of pure complexes film. Photoluminescence decay reaches 6.5% with the luminance of 926 cél/ffio the best of
studies were carried out to estimate the lifetime of the excited our knowledge, this is the highest reported for the saturated
states. The PL decays of the polymers films are shown in Figurered-light phosphorescent polymer emitters. Compared with
4. The decay characteristics of the two series of polymers arecopolymer PFENpylrm1, the doping system 1Npylrm/PFO

distinct. The decay characteristics of the polymers-PRfylrm with the same device structure has lower device performances.
are monoexponential with emission lifetime of aboufug, In Figure 6, the current densityJ)-voltage ¥) and the
whereas the decay characteristics of the polymersfg¥Irm luminance [)—bias voltage Y) for the devices from both the
are two-exponential with two lower lifetimes (Table 3). copolymer PFENpylrm1 and the blend 1Npylrm/PFO with

Electrophosphorescent PropertiesThe double-layer devices  the same Ir complex concentration (1 mol %) are compared. It
were fabricated in the configuration ITO/PEDT/PVK/polymer/ is obvious that the device from chelating copolymer shows the

Table 4. Device Performances of the Chelating Copolymets

J =30 mA/cn? J =100 mA/cn? CIE coordinates
polymer bias (V) L (cd/md) LE (cd/A) QExt (%) bias (V) L (cd/m?) LE (cd/A) QE:xt (%) X y
1NpyIrm/PFO 17.8 396 1.3 2.1 20.0 900 0.9 1.4 0.62 0.37
PF1-Npylrm05 14.7 451 1.5 3.9 16.2 1242 1.3 3.3 0.65 0.31
PF1-Npylrm1 15.1 732 2.5 6.5 16.5 2010 2.0 5.3 0.65 0.31
PF1-Npylrm2 18.0 570 1.9 4.9 20.0 1560 1.6 4.1 0.66 0.30
PF1-Npylrm5 15.6 602 2.0 5.2 18.0 1507 15 4.0 0.67 0.31
PF2-Npylrm1 17.3 334 1.1 1.5 19.4 800 0.8 1.0 0.56 0.40
PF2-Npylrm2 17.8 396 1.3 1.6 20.0 600 0.6 1.0 0.59 0.40
PF2-Npylrm5 18.4 430 1.4 2.5 15.6 1136 1.1 1.9 0.56 0.43

a Device structure: ITO/PEDOT/PVK/polymer/Ba/Al. cDV
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sharper exponential rise id—V after turn-on, the lower
operating voltage, and the higher efficiency. Other chelating with aggregate domains on the length scales2® nm (Figure

copolymers show a similar tendency. This clearly indicates much 8a). Since iridium atom has a larger electron scattering cross
better device performances from chelating polymers than blendthan the carbon atom, the dark spots are likely to be Ir complex

systems.

Electrophosphorescent Chelating Copolymet$99

PFO), the copolymers have better stability at the high current
density. AtJ = 100 mA/cn?, the value ofyjex remains 5.3%,
corresponding to a loss of only 18% from its valuengf =
6.5% atJ = 38 mA/cn?. In comparison, the external quantum
efficiency of INpylrm/PFO is 2.1% at = 30 mA/cn?, and it
drops more quickly with increasing currenfefi = 1.4% atJ

= 100 mA/cn?), corresponding to a loss of 33%. This indicates
that the chelating copolymers with Ir complex unit introduced
onto the conjugated polymer backbone may have an advantage
in the depression of concentration quenchfngnd T-T
annihilation?® which are the primary origin of quenching
mechanism for the blend system at a high current density. Of
the two series of chelating copolymers, the copolymers-PF1
Npylrm have much better device performances than copolymers
PF2-Npylrm, which means that the selecting proper comSfex
and the match of the complex with the host segment are
significant to obtain the highly efficient electrophosphorescent
copolymers.

Film Morphology. Since film morphologyis also related to
the devices performances, the direct evidences of film micro-
structure are obtained by TEM and AFM. Figure 8 shows TEM
images of the films from copolymer and the relative blend,
respectively. The interphase from copolymer film is obscure

aggregates. On the other hand, the blend film shows a smooth

Figure 7 shows the external quantum efficiency as a function interphase with the aggregate domains-&0 nm (Figure 8b),
of current density for the devices from these chelating copoly- suggesting that the polymer film is more homogeneous with
mers. In Figure 7a, compared with the doping system (1Npylrm/ the fine-scale phase separation or aggregates. More direct surface
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Figure 8. Typical TEM images of films of (a) polymer PFINpylrm1 and (b) doping system 1Npylrm/PFO.
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Figure 9. Tapping-mode AFM topographic images of films: (a) polymer PRpylrm1; (b) doping system 1Npylrm/PFO.
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topographies of the films are investigated by AFM and shown (4) Tokito, S.; Suzuki, M.; Sato, F.; Kamachi, M.; Shirane, Btgan.
in Figure 9. The polymer film shows an aggregate domain with Electron.2003 4, 105.

. . . (5) Chen, X.; Liao, J.-L.; Liang, Y.; Ahmed, M. O.; Tseng, H.-E.; Chen,
a horizontal size of~50 nm and a vertical root-mean-square S.-A.J. Am. Chem. So@003 125 636.

(rms) roughness in the range of 0.9 nm (Figure 9a), and the (6) Jiang, J. X.; Jiang, C. Y.; Yang, W.; Zhen, H. Y.; Huang, F.; Cao, Y.
blend film shows a more obvious aggregation with a horizontal Macromolecule2005 38, 4072. '
size 0f~100 nm and a rms roughness in the range of 1.4 nm (7) Sandee, A. J.; Williams, C. K.; Evans, N. R.; Davies, J. E.; Boothby,

. I . C. E.; Kthler, A;; Friend, R. H.; Holmes, A. BJ. Am. Chem. Soc.
(Figure 9b). These results clearly indicate that phase separation 2004126 7041.

existed in both the polymer and the doped system, owing to (8) Zhen, H. Y.; Jiang, C. Y.; Yang, W.; Jiang, J. X.; Huang, F.; Cao, Y.
the immiscibility between the host and the guest matetfals. Chem-—Eur. J. 2005 11, 5007. . .
The formation of aggregates in the phosphorescent dye doped (9) (&) Hou Q.1 Xu, ¥.; Yang, W.; Yuan, M.; Peng, J.; Cao,JY Mater.

: . - Chem.2002 12, 2887. (b) Yang, R.; Tian, R.; Hou, Q.; Yang, W.;
device results in lower efficiency for the phosphorescent dye- Cao, Y.Macromolecule(s?_)ooa 396’ 7453, Q 9

doped device?® Therefore, the homogeneous dispersion and (10) (a) Tamayo, A. B.; Alleyne, B. D.; Djurovich, P. I.; Lamansky, S.;
fine-scale phase separation or aggregates of a dopant in a host ~ Tsyba, I.; Ho, N. N.; Bau, R.; Thompson, M. E. Am. Chem. Soc.

. - : 2003 125 7377. (b) Li, C.-L.; Su, Y.-J,; Tao, Y.-T.; Chou, P.-T;
polymer must be addressed to fabricate efficient devices. Chien, C-H.; Cheng, C.-C.; Liu, R.-8dv. Funct. Mater 2005 15,

387.

(11) Zhu, W. G.; Zhu, M. X,; Ke, Y.; Su, L. J.; Yuan, M.; Cao, Yhin
Solid Films2004 446, 128.

(12) Greenham, N. C.; Samuel, I. D. W.; Hayes, G. R.; Philips, R. T.;

Conclusion

In summary, a series of phosphorescent chelating copolymers
based on the linkage isomers of naphthylpyridiiredium Kessener, Y. A. R. R.; Moratti, S. C.; Holmes, A. B.; Friend, R. H.
complexes were synthesized by Suzuki polycondensation of Chem. Phys. Letfl995 241, 89.

—A- _ i i (13) Lamansky, S.; Djurovich, P.; Murphy, D.; Abdel-Razzag, F.; Kwong,
A—A and. B_.B type m.onomers' Chemical and phOtOthSICal R.; Tsyba, |.; Bortz, M.; Mui, B.; Bau, R.; Thompson, M. Borg.
characterizations confirm that Ir complexes have been indeed Chem.2001, 40, 1704,
incorporated into polymer backbone. Because of the extended(14) (a) Rees, I. D.; Robinson, K. L.; Holmes, A. B.; Towns, C. R.; O'Dell,
conjugate length of the complexes in conjugation with a \F;V-l\l/llRS BF§1||$002 27(‘:43\}'0(%?7”82';1 ono%%ds' T.; Murtagh, L.;

H H H H allace, P.; fowns, C. , .
nelght_)orlng conjugate segment in the pqumer backbone, theq(lS) (a) Rondeau, M. D.; Leclerc, Nilacromolecule4997, 30, 7686. (b)
chelating copolymers take advantage of adjusting to the saturate Yang, W.; Hou, Q.: Liu, C. Z.; Niu, Y. H.: Huang, J.; Yang, R. Q.:
red light emitting. The best device performances were achieved Cao, Y.J. Mater. Chem2003 13, 1351.
from PF]_—pr|rm1 at a current density of 38 mA/érnand (16) (a) Woo, E. P.; Inbasekargn, M.; Shian_g, W, Roof, G. R. WO 97/
the external quantum efficiency reached 6.5% with a luminance gg$§4i1191$’176ég) Lee, J. K.; Klaemer, G.; Miller, R. Chem. Mater.
of 926 cd/nt at the_ emission peak_ of 630 nm. NO_ remarkable (17) Lamansky, S.: Djurovich, P.; Murphy, D.; Abdel-Razaq, F.; Lee, H.-
efficiency decay with the increase in current density shows that E.; Adachi, C.; Burrows, P. E.; Forrest, S. R.; Thompson, MJE.

the chelating copolymers are promising candidate materials for __Am. Chem. So@001, 123 4304.

PHPLEDs (18) (a) Colombo, M. G.; Hauser, A; Gudel, H. thorg. Chem.1993
) 32, 3088. (b) Schimid, B.; Garces, F. O.; Watts, Rinbrg. Chem.

1994 33, 9.
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