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A new series of luminescent platinum(ll) azolate complexes with a formula of [Pt(NAN),], in which NAN = mppz
(1), bppz (2a), bzpz (2b), bmpz (2c), bapz (2d), fppz (3a), hppz (3b), bptz (4), hptz (5), were synthesized, and their
photophyscial properties were examined. Single-crystal X-ray diffraction studies of 2c and 3b revealed a planar
molecular geometry, in which the NAN chelates adopt a trans configuration and show notable interligand C—H--<N
hydrogen bonding within the complex. Interesting intermolecular interactions were observed in the solid state.
Complex 2¢ formed a slipped-stack structure with a Pt---Pt separation distance of 6.432 A, while complex 3b
showed a columnar stacking with the molecules oriented in an alternating order in relation to the chain axis, giving
a much reduced Pt-++Pt distance of 3.442 A. The lowest absorption band for all complexes revealed strong state
mixings between the singlet and triplet (MLCT and intraligand szzz*) manifolds. Complexes 1 and 2 showed mixed
SMLCT and 37zt phosphorescence in fluid solution. While radiationless deactivation was apparently dominant for
complxes 3-5 in solution, resulting in rather weak emission, strong phosphorescence was observed in the room-
temperature solid state with the peak wavelength being significantly red shifted compared to that in solution. The
emission nature has been tentatively assigned to be MMLCT in character. OLED devices with a multilayer
configuration of ITO/NPB/CBP:2a/BCP/Alga/LiF/Al were successfully fabricated using a CBP layer doped with various
amount of 2a, ranging from 6 to 100%, as the emitting layer. A substantial red shift with increasing doping
concentrations was observed in electroluminescence. With a neat film of 2a, the device showed a green emission
with Amax at 556 nm and an external QE of ~1.6% at a driving current of 20 mA. Similarly, for the device using
a neat film of 3a, an electroluminescence centered at 616 nm with a slightly reduced external QE of ~2.1% was
recorded. Aggregation of platinum(ll) complexes in the solid state was proposed to account for the large red-shift
in electroluminescence.

Introduction spin—orbit coupling promotes efficient intersystem crossing
Organometallic complexes with a third-row transition from the singlet to the triplet excited-state mamfold._As .a
metal element are crucial for the fabrication of highly result, numerous attempts have been made to exploit third-

efficient organic light-emitting diodes (OLED&)The strong ~ 'OW transition metal complexes as phosphorescent dopant
emitters2~* among which quite a few osmium(#l)and
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lent device performances. More recently, a breakthrough hasthe solid state. OLEDs with efficient saturated red emission

been made with ruthenium(ll)-based OLED devitehe
results of which may attract attention from an economic
viewpoint.

Recently, the efficiency of OLEDs was dramatically
increased to, for examplex15% for external quantum
efficiency by employing either green [Ir(pp}j or red [Os-
(fptz)2(PPhMe),]® emitters with a multilayer device archi-
tecture. Despite the developments with iridium(lll) and
osmium(ll), attempts to further expand the application of

have been successfully fabricated using this camphor-based
Pt(ll) dopant:!

In this study, we focused on the preparation, characteriza-
tion, and photophysical properties of a series of readily
sublimable and thermally robust Pt(ll) pyridyl azolate
complexes,1-5. The azolate ligands employed in this
investigation are superior to camphor-based ligand chro-
mophores because of their greater structural tuning capability
and flexibility at the ligand sites. Thus, the substituent fine-

other analogues, such as platinum(ll) emitting materials, for tuning photophysical properties are expected, especially in

efficient OLED applications have still encountered many
obstacleg.For example, the PtOEP (BEP= octaethylpor-
phyrin) commonly exhibits a ligand-basaa* phosphores-
cence with a lifetime up to 3650 us. Accordingly, saturation

the solid state. Among complexés-5, several derivatives,
such asl, 2d, and4, exhibit room-temperature phosphores-
cence in the fluid and/or solid states, assigned to, depending
on ancillary ligands,3MLCT/3zz*, 3za*, or SMMLCT

of the emission signals and a rapid drop in device efficiency transitions. We expected that the various fundamental
at high driving currents are expected. A second factor properties elaborated in this study would be beneficial to
contributing to the inferior efficiency is the planar geometry the future development of Pt(ll) emitting materials, as

which could easily induce the formation of aggregaias
excimer$ via efficientz—x stacking at the vacant coordina-

complexes?a and 3a are well suited for use as phospho-
rescent OLEDs.

tion sites on the Pt(Il) atom. A design aimed at color tuning Experimental Section

and suppressing the self-aggregation of Pt(ll) complexes is

needed to exploit the full potential of Pt(Il) emitters; among

these methods, the introduction of the acetylide ligand has

shown its versatility in color tuningf, while employing rigid

General Procedures. All reactions were performed under
nitrogen. Solvents were distilled from appropriate drying agents
prior to use. Commercially available reagents were used without
further purification unless otherwise stated. All reactions were

architecture, such as the camphor-based ligand, is an alternag, qnitored by TLC with Merck precoated glass plates (0.20 mm

tive strategy for alleviating the aggregatitnOne expects

with fluorescent indicator UM,). Compounds were visualized with

that this camphor-based substituent on the ligands would uv light irradiation at 254 and 365 nm. Flash column chromatog-

strictly inhibit the columnar alignment of complex molecules
as well as the occurrence of the direct-HRt bonding in

(2) (a) Carlson, B.; Phelan, G. D.; Kaminsky, W.; Dalton, L.; Jiang, X.;
Liu, S.; Jen, A. K. Y.J. Am. Chem. So2002 124, 14162. (b)
Bernhard, S.; Gao, X.; Malliaras, G. G.; Abruna, H. &dv. Mater.
2002 14, 433. (c) Tung, Y. L.; Wu, P. C,; Liu, C. S.; Chi, Y.; Yu, J.
K.; Hu, Y. H.; Chou, P. T.; Peng, S. M.; Lee, G. H.; Tao, Y.; Carty,
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460.
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2003 13, 1362.
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Geiger, D.; Eisenberg, Rnorg. Chem.1999 38, 3264. (c) Hissler,
M.; McGarrah, J. E.; Connick, W. B.; Geiger, D. K.; Cummings, S.
D.; Eisenberg, RCoord. Chem. Re 200Q 208 115.
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raphy was carried out using silica gel from Merck (230 mesh).
Mass spectra were obtained on a JEOL SX-102A instrument
operating in electron impact (El) or fast atom bombardment (FAB)
mode.’H and3C NMR spectra were recorded on a Bruker-400 or
INOVA-500 instrument; chemical shifts are quoted with respect
to the internal standard, tetramethylsilane, ¥ar and 23C NMR
data. Elemental analysis was carried out with a Heraeus-©BIN
Rapid Elementary Analyzer. Pt(DMS£0)l, was prepared according
to the literature methotf. 3-Trifluoromethyl- and 3-heptafluoro-
propyl-substituted 5-(2-pyridyl) pyrazoles (fppz)H and (hppz)H
were prepared via the reaction of 2-acetylpyridine with either ethyl
trifluoroacetate or ethyl perfluorobutanoate, followed by treatment
with hydrazine hydrate in ethanol solutibhwhile 3-methyl-5-(2-
pyridyl) pyrazole (mppzH), 3ert-butyl-5-(2-pyridyl) pyrazole
(bppzH), 1-(Stert-butyl-2H-pyrazol-3-yl) isoquinoline (bqgpzH),
3-tert-butyl-5-(2-pyrazine) pyrazole (bzpzH), andt&t-butyl-5-
(5-methyl-2-pyrazine) pyrazole (bmpzH) were prepared from reac-
tions involving ethyl picolinate, ethyl isoquinaldate, ethyl pyrazi-
necarboxylate, or ethyl 5-methylpyrazine-2-carboxylate with either
acetone or pinacolone, respectively, followed by treatment of the
condensation product with hydrazine hydrate under similar condi-
tions. The respective 2-pyridyl triazole ligands, namelyed-butyl-
3-(pyridin-2-yl)-1H-1,2,4-triazole (bptzH) and 5-heptafluoropropyl-
3-(pyridin-2-yl)-1H-1,2,4-triazole (hptzH), were synthesized using
previously reported procedur&sTheir structures are depicted in
Chart 1.

Spectroscopic and Dynamic MeasurementsSteady-state ab-
sorption and emission spectra were recorded on a Hitachi (U-3310)

(11) Kavitha, J.; Chang, S. Y.; Chi, Y.; Yu, J. K;; Hu, Y. H.; Chou, P. T;
Peng, S. M.; Lee, G. H.; Tao, Y. T.; Chien, C. H.; Carty, AAdl.
Funct. Mater.2005 15, 223.

(12) Cini, R.; Donati, A.; Giannettoni, Rnorg. Chim. Acta2001, 315
73.
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Chart 1
R Bu! N Ry

N\ [N R [N

N \_/ N N/ N \_7
N N N N N N

H H H

R =Me, mppzH R'=H, bzpzH R¢ = CF3, fppzH

R =BU, bppzH R'= Me, bmpzH Rs= C3F7, hppzH

N—

. R'TN\ —
— N\ /
| N\ ¢ ) N\” N
N N
A R = Bu!, bptzH
bapzH R = C3F7, hptzH

Data for 1. MS (El, 70 eV), observed (actual) [assignment]:
m/z511 (511) [M]. IH NMR (500 MHz, CDC}, 294 K): 6 10.64
(d, 33y = 6.0 Hz, 2H), 7.86 (t3Juy = 8.0 Hz,3Jyy = 8.0 Hz,
2H), 7.55 (d,3Jus = 8.0 Hz, 2H), 7.28 (t3J4n = 6.0 Hz, 30y =
6.0 Hz, 2H), 6.43 (s, 2H), 2.45 (s, 6HJC NMR (125 MHz, CDC},
294K): 9 154.7 (Gy), 152.5 (G,), 150.3 (CHy), 147.6 (G,), 139.1
(CHyy), 121.6 (CHy), 118.2 (CH,), 103.0 (CH), 14.0 (CH). Anal.
Calcd for GgH1gNgPt: C, 42.27; N, 16.43; H, 3.15. Found: C,
42.08; N, 16.38; H, 3.49.

Data for 2a. MS (El, 70 eV), observed (actual) [assignment]:
m/z 595 (595) [M]. IH NMR (400 MHz, CDC}, 294 K): 6 10.79
(d, 3Jun = 6.0 Hz, 2H), 7.82 (ddcBJpy = 7.9 Hz,3Jyy = 7.6 Hz,
AJHH = 1.2 Hz, 2H), 7.55 (d,sJHH = 7.9 Hz, ZH), 7.19 (dd(ﬁJHH

spectrophotometer and an Edinburgh (FS920) fluorimeter, respec-— /-6 Hzl, *Jun = 6.0 Hz, Iy = 1.2 Hz, 2H), 6.49 (s, 2H), 1.42
tively. Both the wavelength-dependent excitation and the emission (S 18H).2*C NMR (125 MHz, CDCY, 294K): 6 161.4 (G,), 155.4

response of the fluorimeter were calibrated. A configuration of front-

(Cop), 152.3 (CH,), 149.4 (G,), 138.8 (CH,), 120.7 (CH,), 117.8

face excitation was used to measure the emission of the solid (CHp). 99.4 (CH,), 32.6 (G-puy), 31.0 (CH). Anal. Calcd for

sample, in which the cell was made by assembling two edge-

CoHogNgPt: C, 48.40; N, 14.11; H, 4.74. Found: C, 48.31; N,

polished quartz plates with various Teflon spacers. Lifetime studies 14.10; H, 4.88.

were performed with an Edinburgh FL 900 photon-counting system
with a hydrogen-filled or nitrogen lamp as the excitation source.

Data for 2b. MS (El, 70 eV), observed (actual) [assignment]:
m/z 597 (597) [M], 582 (582) [M" — CHg]. 'H NMR (500 MHz,

Data were analyzed using a nonlinear least squares procedure ifcDCl, 294 K): 6 10.54 (d,*J. = 3.8 Hz, 2H), 8.83 (s, 2H), 8.38

combination with an iterative convolution method. The emission

(d, 334y = 3.8 Hz, 2H), 6.50 (s, 2H), 1.43 (s, 18HJC NMR (125

decays were analyzed by the sum of the exponential functions, MHz, CDCl, 294 K): 6 162.4 (G,), 149.7 (G), 145.9 (G,), 144.2

which allowed partial removal of the instrument time broadening
and consequently renderes a temporal resolution2d0 ps.

To determine the photoluminescence quantum yield in solution,

samples were degassed by three freguemp—-thaw cycles under
vigorous stirring conditions. 4-(Dicyanomethylene)-2-methyp6-(
dimethylaminostyryl)-4H-pyran (DCMZem = 615 nm, Exciton,

(CHpy), 141.9 (CH,), 140.6 (CH), 100.9 (CH), 32.7 (G-buy),
30.9 (CH). Anal. Calcd for G,HaeNgPt: C, 44.22; N, 18.75; H,
4.39. Found: C, 43.94; N, 19.21; H, 4.60.

Data for 2c. MS (El, 70 eV), observed (actual) [assignment]:
m/z 626 (625) [M], 611 (610) [M" — CHg]. *H NMR (500 MHz,
CDCls, 294 K): 6 10.65 (s, 2H), 8.80 (s, 2H), 6.55 (s, 2H), 2.71

Inc.) in methanol was used as a reference, assuming a quantun{S, 6H) 1.43 (s, 18H)}3C NMR (125 MHz, CDC4, 294 K): 6

yield of 0.43 with a 430 nm excitatiol?. An integrating sphere

162.1 (G,), 151.9 (Gy), 146.9 (G,), 146.5 (CH,), 143.9 (CH,),

(Labsphere) was applied to measure the quantum yield in the solid139.5 (Chy), 99.9 (CHy), 32.7 (G-puy), 30.9 (CH), 21.6 (CH).

state, for which the solid sample film was prepared via either spin-

Anal. Calcd for GsHzoNgPt: C, 46.07; N, 17.91; H, 4.83. Found:

coating or vapor-deposition methods and was excited by a 371 orC, 46.15; N, 17.70; H, 5.02.

480 nm Ar' laser line; an intensified charge-coupled detector was

Data for 2d. MS (FAB), observed (actual) [assignmentjvz

used for subsequent quantum yield analyses of the resulting696 (696) [M]. 'H NMR (400 MHz, CDCl,, 294 K): 6 10.98
luminescence. To obtain the PL quantum yield in solid state, the (d,J= 5.6 Hz, 2H), 8.82 (dJ = 7.9 Hz, 2H), 7.95 (dJ = 7.9 Hz,
emission was collected via an integrating sphere, and the quantum2H), 7.86 (t,J = 7.0 Hz, 2H), 7.77 (t) = 7.4 Hz, 2H),7.66 (dJ

yield was calculated according to a reported methlothe values

=5.7 Hz, 2H), 7.06 (s, 2H), 1.55(s, 18H). Anal. Calcd faptsNe-

were taken to be the average of three separated measurements. Pt: C, 55.24; H, 4.64; N, 12.08. Found: C, 54.88; H, 4.94; N,

Synthesis of Pt(mppz) (1). 3-Methyl-5-(2-pyridyl) pyrazole

(mppzH, 83 mg, 0.52 mmol) was added slowly at room temperature

to a suspension of NaH (15 mg, 0.63 mmol) in 15 mL of THF.

11.98.
Data for 3a. MS (El, 70 eV), observed (actual) [assignment]:
m/z 619 (619) [M'], 407 (407) [M" — fppz]. 'H NMR (400 MHz,

After being stirred for 1.5 h, the solution was filtered and transferred acetoneds, 294 K): ¢ 10.29 (d,2Juy = 6.0 Hz, 2H), 8.19 (ddd,

into a reaction flask loaded with 100 mg of Pt(DMSOl, (0.24
mmol) and 10 mL of THF. The solution was brought to reflux for

3~]HH =7.6 HZ,SJHH =76 HZ,4JHH = 1.4 Hz, 2H), 7.94 (d?\JHH
= 7.6 Hz, 2H), 7.47 (ddd¥Jyy = 7.6 Hz,3Jyy = 6.0 Hz,*Jyy =

12 h. After that, the solvent was evaporated under vacuum, and 601.4 Hz, 2H), 7.07 (s, 2H)!°F (470 MHz, tolueneds, 294 K): o
mL of CH,Cl, was added to extract the product. The extract was —60.70 (s, Ck). Anal. Calcd for GgHioFsNgPt: C, 34.90; N, 13.57;

then washed with water, dried over anhydrous,®@, and

concentrated to dryness, giving a yellowish green powder. Further

purification was conducted using vacuum sublimation (160220
mTorr), yielding 80 mg of Pt(mppz)as bright green needles (0.16
mmol, 65%). Other Pt(Il) complexe&;-4, were synthesized using
Pt(DMSO)CI, and the corresponding neutral ligands under similar
reaction conditions.

(13) (a) Thiel, W. R.; Eppinger, Lhem—Eur. J. 1997, 3, 696. (b) Singh,
S. P.; Kumar, D.; Jones, B. G.; Threadgill, M. D.Fluorine Chem.
1999 94, 199.

(14) (a) Kubota, S.; Uda, M.; Nakagawa, J.. Heterocycl. Cheml975
12, 855. (b) Funabiki, K.; Noma, N.; Kuzuya, G.; Matsui, M.; Shibata,
K. J. Chem. Res. (M}999 1301.

(15) Drake, J. M.; Lesiecki, M. L.; Camaioni, D. MChem. Phys. Lett.
1985 113 530.

H, 1.63. Found: C, 34.44; N, 13.12; H, 1.78.

Data for 3b. MS (El, 70 eV), observed (actual) [assignment]:
m/z 820 (819) [M"]. *H NMR (500 MHz, THFds, 294 K): ¢ 10.53
(d, SJHH = 6.0 Hz, 2H), 8.14 (ddd%JHH =75 HZ,?'JHH =7.5Hz,
4Jun = 1.0 Hz, 2H), 7.95 (d3Jyn = 7.5 Hz, 2H), 7.48 (ddBIun
= 7.5 Hz,3Jyy = 6.0 Hz,“Jyy = 1.0 Hz, 2H), 7.13 (s, 2H)'°F
(470 MHz, THF4ds, 294 K): 6 —80.83 (t,%J = 8.5 Hz, Ch),
—109.06 (dd2Jer = 19.3 Hz,%J = 8.5 Hz, Ch), —127.31 (s,
CF,). Anal. Calcd for GoH;0F14N6Pt: C, 32.25; N, 10.26; H, 1.23.
Found: C, 32.23; N, 10.01; H, 1.51.

Data for 4. MS (El, 70 eV), observed (actual) [assignment]:
m/z 597 (597) [M"]. *H NMR (400 MHz, CDC}, 294 K): 6 10.49
(d, 3~]HH =6.0 Hz, ZH), 8.07 (d?JHH =76 Hz, ZH), 8.00 (ddd,
8Jun = 7.6 Hz,33yy = 7.6 Hz,%Jyy = 1.2 Hz, 2H), 7.40 (ddd,
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Table 2. Selected Bond Length (A) and Angles (deg) for Complexes
2cand3b

and3b
2c 3b
formula GoaH3oNgPt G2H10F14N6Pt
mol wt 625.65 819.45
cryst syst monoclinic monoclinic
space group P2i/c C2lc

cryst size (mr)
morphology
a(h)

b (A)

c(A)

B (deg)

V (A3)

Z

Pealcd (g/cn)

temp (K)

w (mmY)

reflns collected
independent refins

Rr, Ry(F?) (all data}

0.25x 0.10x 0.06
red slab
6.4321(2)
13.3584(5)
30.8313(11)
91.8682(11)
2647.7(2)
4

1.570
295(2)
5.326
25258
6082
[R(int) = 0.0706]
0.0835, 0.1313

0.23x 0.05x 0.03
orange needle
18.1823(3)
20.0340(4)
6.8846(1)
92.5381(11)
2505.35(7)

4

2.173
295(2)
5.731
15234
2887
[R(int) = 0.0546]
0.0961, 0.1799

2c
Pt(1)-N(1) 2.016(5) Pt(1)yN(2) 1.994(6)
Pt(1)-N(5) 2.028(5) Pt(1)N(6) 1.986(6)
Pt(1)--Pt(1) 6.432
H(1A)-+-N(7) 2.256 H(13A)-*N(3) 2.296
N(1)—Pt(1)-N(2) 78.8(2) N(5)-Pt(1)-N(6) 79.2(2)
N(1)—Pt(1)-N(6) 101.0(2) N(2)-Pt(1)-N(5) 101.0(2)
3b
Pt=N(1) 2.056(8) PEN(2) 1.979(7)
Pt---Pt 3.442 H(1A)-*N(3) 2.319
N(1)—Pt(1)-N(2) 79.6(3) N(1)-Pt(1)-N(2) 100.4(3)

and then dried by a flow of nitrogen. The substrates were further
treated with oxygen plasma for 3 min before being loaded into the
vacuum chamber. Various organic layers were deposited sequen-
tially at a rate of 0.£0.3 nm/s under a pressure of2107° Torr

in an Ulvac Cryogenic deposition system. Phosphorescent dopants

were coevaporated with CBP via two independent sources. A thin
layer of LiF (1 nm) and a thick layer of Al (150 nm) followed as
the cathode. The currenvoltage-luminance of the devices was
measured in ambient conditions with a Keithley 2400 Source meter
and a Newport 1835C Optical meter equipped with an 818ST silicon
photodiode. The EL spectrum was obtained using a HITACHI
C, 44.12; N, 18.69; H, 4.48. F4500 spectrofluorimeter. The active area of the device was 3.14

Synthesis of Pt(hptz) (5). A solution of K;PtCl, (100 mg, 0.24 mn? and that of the silicon photodiode was 100 Anifihe device
mmol) and hptzH (167 mg, 0.53 mmol) in a mixture of ethanol was placed close to the photodiode so that all the forward light
(15 mL) and water (5 mL) was heated at 80 for about 16 h.  went to the photodiode. The luminance was calibrated using a PR-
After the mixture was cooled to room temperature, the precipitate 650 Spectrascan Colorimeter (Photo Research, USA). The external
was collected, washed with diethyl ether, and dried under vacuum quantum efficiency was calculated according to the method
to give Pt(hptz) as an orange solid (78 mg, 0.096 mmol) in a 40% previously describe#® The luminous flux (Im) is defined by P,
yield. = Km/71Pe,V(1)dA, whereK, is the maximum luminous efficiency

Data for 5. MS (El, 70 eV), observed (actual) [assignment]: (683 Im/W), Pe; is the spectral concentration of radiant flux, and
m/z 822 (821) [M']. IH NMR (500 MHz, THF#€g, 294 K): ¢ 10.31 V(A) is the relative photonic luminous efficiency function; the
(d, 33y = 6.0 Hz, 2H), 8.31 (t3Jun = 7.0 Hz, 2H), 8.20 (d3Juy luminance (cd/r) is defined by luminous fluxta, wherea is the
= 7.0 Hz, 2H), 7.74 (t3Juy = 6.0 Hz, 2H). Anal. Calcd for  device area. The luminous efficiency (cd/A) is defined by luminous
CooHgF1aNgPt: C, 29.24; N, 13.64; H, 0.98. Found: C, 28.74; N, flux/xl, wherel is the current, and the power efficiency is defined
13.37; H, 1.14. as luminous fludV, whereV is the applied voltage.

X-ray Diffraction Studies. Single-crystal X-ray diffraction data ] )
were measured on a Bruker SMART Apex CCD diffractometer Results and Discussion

using (Mo Ka) radiation ¢ = 0.71073 A). The data collection Synthesis and CharacterizationThe chelating pyrazole
was executed using the SMART program,; cell refinement and dataligands are derived from a two-step synthetic reaction

reduction were performed with the SAINT program. The structure involving Claisen condensation. followed by treatment with
was determined using the SHELXTL/PC program and refined using _g . . ’ . y . .
hydrazine in a refluxing ethanol solution. Triazole ligands

full-matrix least squares. Crystallographic refinement parameters - o .
of complexes2c and 3b and their selective bond distances and are prepared from 2-pyridyl carboximidamide or carbox-
angles are summarized in Tables 1 and 2, respectively. amidrazone using methods reported in the literattifhese
OLED Fabrication. Charge-transporting materials such as NPB  ligands are represented as/N)H, implying that the M\N
{4,4-bis[N-(1-naphthyl)N-phenylamino]biphenyl and Alg [tris- chelating anions can be easily produced by deprotonation
(8-hydroxyquinolinato) aluminum(lll)], as well as the host material of the neutral ligands with a suitable base.
CBP (4,4-N,N'-dicarbazolyl-1,-biphenyl), were synthesized ac- The targeted Pt(Il) emitting materials (Chart 2) were then
cording to literature procedurésand were sublimed twice through  gbtained via two distinctive pathways. The first one incor-
a temperature'-gradient sublimation sy§tem before use. BCP (2’9'porates an in situ generation of the sodium salt of theNIN
dlmethyl-4,7-d|phenyl-1,10-phenanthrollne) was obtameq from Al- anion, followed by treatment with a suspension of [R{CI
drich. Patterned ITO-coated glass substrates (sheetresistab®e 55y 1in refluxing THF; while the second involves direct
Q/0O0) with an effective individual device area of 3.14 Amere . . . .
cleaned by sonication in a detergent solution, water, and ethanolreacuon of the neutral (NN)H “gand,s with KPtCl in
ethanol to yield Pt(Il) complexes with the formula [Pt-
(16) de Mello, J. C.; Wittmann, H. F.; Friend, R. Bdv. Mater. 1997, 9, (NAN)]. Both methods gave satisfactory yields, and detailed
230. _ , _ procedures are given in the Experimental Section. In addition,
(17) (&) Sonsale, A. ¥.; Gopinathan, S.; Gopinathanindian J. Chem. o b1y complexes showed good stability in both the fluid

1976 14, 408. (b) Koene, B. E.; Loy, D. E.; Thompson, M. Ehem. / . T . .
Mater. 1998 10, 2235. and solid states, but their solubility in organic solvents varied

Re, Ro(F) [I > 20(1)]2  0.0531, 0.1130 0.0563, 0.1507
GOF 1.095 1.124

3Re = Y||Fo — Fell/XIFol; Ru(F?) = [IWIFe? — FZIw(Fo)]Y2

3\]HH =7.6 HZ,S\]HH =6.0 HZ,4JHH =1.2 Hz, ZH), 1.49 (S, 18H)
Anal. Calcd for G,HogNgPt: C, 44.22; N, 18.75; H, 4.39. Found:
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Chart 2

R = Me, (1); Bu', (2a) R'=H, (2b); Me, (2¢)  R;= CF;, (3a); C5F;, (3b)

R
| N r\f | \N l\iN={l
~
7 \F’t/ \Pt/ 7
y ,N/ Ny N7 ,N/ N7 I
=N d=n X
But R
(2d) R = Bu', (4); CF, ()

according to the nature of the ligands and the associated alkyl
substituents. For example, pyridyl pyrazolate complekes
and2a showed sparse solubility in organic solvents such as
CHCI;, CH.Cl,, and THF at room temperature, while the
pyrazine- and isoquinoline-substituted compleXies2c, and

2d were significantly more soluble under identical conditions.
For the fluorinated complexe8a, 3b, and5, although the
solubility in solvents improved with the increasing chain

length of the fluoroalkyl substituent (i.e., €¥s GF), they . ’ _ . o
Figure 1. (top) ORTEP diagram o2c with thermal ellipsoids shown at

tend to exhibit r_elatlvely poqr SOIUbIIIty_ at ele‘{ated temper- the 50% probability level. (bottom) Diagram showing the molecular stacking
atures and rapidly form microcrystalline solids when the and closest Pt-Pt contact.
solution is cooled to room temperature. On the basis of these
experimental facts, the Pt(Il) complex&s, 2c, and2d were coordinated pyrazine and the uncoordinated N atom of the
best purified by routine recrystallization, while vacuum pyrazolate fragments, H(1AYN(7) = 2.256 A and H(13A)
sublimation was employed for separation and purification --N(3) = 2.296 A. The tendency of the pyrazolate nitrogen
of other Pt(Il) products. to prefer to connect with the adjacent hydrogen atom is
Complex2c was examined by single-crystal X-ray dif- attributable to the greater basicity of the uncoordinated
fraction analysis to establish its molecular structure. Figure nitrogen atom after the Pt(ll) metal coordination. For
1 shows the ORTEP diagram &t, along with a stacking  comparison, it has been reported that the solvated water
diagram showing ther—x stacking interactions between molecule is held tightly between the pyrazolate ligands of
molecules. The PtN(pyrazolate) bond lengths observed in  [Ru(bpy)(pz)]-H.O, and no anhydrous solid material could
2cvary between 1.986(6) and 1.994(6) A, which are shorter be isolated? Note that exceedingly strong-N\H-++-N bonding
than those of the PtiN(pyrazine) (2.016(5) and 2.028(5) A). was also observed between the adjacent pyrazolate ligands
This difference reflects the stronger bonding to the anionic for the emissive iridium(lll) complexes [(tpyM)(pzH).](CFs-
pyrazolate fragments versus that of the neutral pyrazine; theSG;) and [(tpy}Ir(pzH)].?3
latter are within the range reported for those of diimine  To offer a direct comparison with respect2o, we also
complexes [Pt(diimine)G] (1.992-2.015A) and other¥ conducted an X-ray structural analysis of thgEsubstituted
Moreover, interesting intermolecular interactions were ob- complex3b because it showed very poor solubility and an
served in the crystal lattice, for which the molecules showed enhanced tendency to form a needlelike solid during recrys-
a slipped packing arrangement with one bmpz ligand residing tallization. As illustrated in Figure 2, the Pt(ll) cation is in
over the center of adjacent molecule. Rather short interplanarthe square planar arrangement, and the correspondisig Pt
71— stacking distances 0£3.36 A were observed between
each molecule, indicating the presence of a strargr (19) Wyszecki, G.; Stiles, W. Solor Science: Concepts and Methods,
noncovalent interaction. However, the P®t separation was ?;é"‘zn_“gat"zfggData and FormulagJohn Wiley & Sons: New York,
calculated to be 6.432 A along the column, which is too long (20) (a) Miskowski, V. M.; Houlding, V. H.: Che, C. M.; Wang, Yhorg.
for any significant PPt contacts, such as those observed ﬁhﬁ"&é‘?’%ﬁﬁa ;gég- ég’) ‘3"%%?31 T.J.; Lachicotte, R. J.; Eisenberg,
in several dimeric structures of cyclometalated Pt(Il) cOM- (21) (a) Chassot, L.; Mier, E.; Von Zelewsky, Alnorg. Chem.1984
plexes (3.153.76 AR to be expected. 23, 4249. (b) Bailey, J. A.; Miskowski, V. M.; Gray, H. Bnorg.
In addition, unusually short N-H contacts (2.256 and ghg":;%%eamﬁai?&(ggggg’dg,ll\él:;Pucu, D.; Crispini, A.; Barberio,
2.296 A) were detected between the ortho H atom of the (22) Sgl’J?II;virsl, gégé; Salmon, D. J.; Meyer, T. J.; Peedirindrg. Chem.
1 , .

(18) Forrest, S. R.; Bradley, D. D. C.; Thompson, MAgy. Mater. 2003 (23) Li, J.; Djurovich, P. I.; Alleyne, B. D.; Tsyba, I.; Ho, N. N.; Bau, R;
15, 1043. Thompson, M. EPolyhedron2004 23, 419.
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T Table 3. Photophysical Properties of Platinum(ll) CompleXess
k ; /"". amax PL Amax T
./ 3\. )_.. > (e, M~lecm™?) (nmy F (us)
N1 1 266 (20000), 320 (14300),495, 516 0.21 0.4
® N3 N2 —@) c1 338 (10700), 418 (2500), [490°, 512, 550] 24x107 [1.2]
1 HiA 436 (2400)
! Pt ' 2a 268 (18500), 320 (13100),494, 518 0.19 0.4
H1Ad S 340 (10100), 416 (2200), [489, 518, 550 [1.1x 1077 [0.4]
c1 _‘ 442 (2100)
= Ll N3 r 2b 271 (23200), 313 (11500),576, 596 0.82 2.4
340 (12100), 375 (12700),[626] [6x 1074  [0.03]
@ —R ) ® 473 (2200), 502 (2000)
‘_. \. 2c 272 (25000), 314 (11100),561, 592 0.86 2.1
338 (11400), 374 (12100),[554°, 581, 623, 658] [<1074] [0.09]
® 480 (2100), 500 (1700)
2d 283 (30900), 206 (26800),584, 632, 685 0.74 13
[ ] 351 (30400), 371 (20600),[593, 634, 680 [4x104 [0.04]
.- f 463 (5200), 484 (4600)
N P I ) 3a 256 (24000), 310 (19700),—¢ - -
& ‘ iﬂ@-r ® 330 (12300), 377 (2900), [595] [0.24] [0.3]
~g—0 389 (2500)
./ e\/:_'/.h—“‘-r‘—“(\” b 3b 256 (23400), 310 (19400),—¢ - -
O ) 328 (12300), 376 (2900), [552] [0.2] [0.3]
¢ R o2l 0 388 (2500)
w30 4 280 (20300), 306 (16500),482, 512, 540 0.02 0.4
. . 30 1 ¢ 0 326 (11000), 400 (3400), [564] [0.16] [0.4]
i 420 (3155)
¢ 5 258 (21500), 296 (13300),—¢ - -
318 (12300), 360 (3500), [544] [0.33] [0.3]
376 (3200)

Figure 2. (top) ORTEP diagram o8b with thermal ellipsoids shown at
the 50% probability level. (bottom) Stacking diagram with an emphasis on

. ) . aThe absorption and emission spectra were recorded in degassed THF
the linear Pt+Pt interaction.

at room temperature, while the solid-state spectra measured using thin film

. . samples are listed in square brackets. Note th&pno apparent difference
distances are not so different from those observed for thein spectral profile between the thin film and single crystal measurements

previously discussed comple2c. However, distinctive  was observed Shoulder Too weak to be observed.
intermolecular interactions are observed in its packing
diagram, for which the complex molecules are stacked into force stabilizing the trans geometry and hence a rigid
a column with an alternating staggered orientation along the molecular framework. Certainly, because of the nonlinear
chain axis. The overall structure is constructed so that eachC—H-*N alignment (vide supra), we cannot rule out the
pyridyl fragment is sandwiched by two pyrazolate moieties, possibility that the €&H-+-N bonding is caused by the spatial
and likewise, each pyrazolate fragment is sandwiched by two constraint imposed by the ligand arrangement. In contrast
pyridyl moieties of the neighboring molecules. The resulting to our discovery, the X-ray structural analyses of related Pt-
noncovalent contact leads to the observed columnar arrange{ll) complexes such as Pt(thppyXhppy = 2-(2-thienyl)
ment with a shortened PtPt separation of 3.442 A, which  pyridine, revealed that ligated thiophene and pyridine frag-
is almost identical to the average interplanarCdistances ments are oriented exclusively in a cis configuration, despite
of ~3.35 A. The related linear PtPt---Pt arrangement has  the large distortion and deformation between the lig&fds.
been observed in several of the Pt(Il) linear-chain complexes, This could be the result of the exceedingly strong trans effect
such as [Pt(diimingfCN),], diimine = bipyridine and exerted by the carbon donor atom of the ligated thiophene.
biisoquinoline?* The net result prevents the ligands from residing at the
After the X-ray structural analyses were completed, these mutual trans disposition. In contrast, our ligands use weak
Pt(ll) complexes were characterized By NMR to obtain electron-donating azolate N atoms to form dative bonds with
their supplementary spectroscopic properties in solution. Of respect to the Pt(ll) metal ion. The reduction of the trans

particular interest is the observation of downfiéldl NMR effect thus favors the azolate fragments to locate at the mutual
signals in the 10.98-10.29 region among complex@s-5, trans dispositions.
which are assigned to the interligand—8---N linkage Photophysical Properties.Table 3 summarizes the peak

between two trans-oriented chelating ligands. The proposedwavelengths of the lowest-energy absorption and other
H-bonding interaction is reminiscent of those reported for important photophysical data. The room-temperature-UvV
the related pyridyl pyrazolate Os comple¥ess well as the  vis and emission spectra of complezs-d in THF solution
cobaloxime complexe®. It is believed that this unusual are shown in Figure 3. These data allowed us to visualize
H-bonding, to a certain extent, provides a favorable driving the spectral variation associated with the derivatization of

. . neutral pyridyl units without altering the anionic pyrazolate
(24) (a) Kato, M.; Sasano, K.; Kosuge, C.; Yamazaki, M.; Yano, S.; Kimura,

M. Inorg. Chem1996 35, 116. (b) Kato, M.; Kosuge, C.; Morii, K.; segment.

Ahn, J. S.; Kitagawa, H.; Mitani, T.; Matsushita, M.; Kato, T.; Yano, As revealed in Figure 3, it is obvious that the strong

S.; Kimura, M.Inorg. Chem.1999 38, 1638. - . . .
(25) Gupta, B. D.: Sin%h’ V., Yamuna, R.. Barclay, T.. Cordes, W. absorptions in the UV regiors(350 nm) are derived from a

Organometallic2003 22, 2670. typical ligand-centeredrz* transition because the corre-
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—2a
—2b
—2c
—2d

€
€
nm
Figure 3. UV—vis absorption and emission spectra of compleXasd Figure 4. UV —vis absorption spectra of complexgs, 3a, 3b, 4, and5
in THF at room temperature. Note that the normalized emission spectra fécorded in THF at room temperature, and the respective solid-state emission
were acquired in the degassed condition. spectra obtained from a thin film sample at room temperature.

sponding transitions were also documented for the free compared with that aa, is a result of pyrazine substitution,
ligands. The lower-lying absorption bands have relatively for which the extra nitrogen atom of pyrazine lowers #ife
small extinction coefficients2, 2200 M cmt at 416 nm; energy level of Pt(Il) metal complexes. Thisl5 nm blue

2b, 2200 Mt cm™t at 473 nm;2c, 2100 Mt cm* at 480 shift for 2c versus that oRb is apparently caused by the
nm) and are tentatively assigned to the transition incorporat- methyl substituent, which destabilized the LUMO energy
ing a state mixing among singlet and triplet metéidiand level by electron donation. Moreover, the lowest-energy
charge transfefILCT and3MLCT) and, to a certain extent, ~absorption of2d appears at 463 nm with 5200 Mcm,

the intraligandbzr transitions. Interpretation of these MLCT ~ while the respective emission not only reveals a much larger
bands may be further complicated by the fact that these bandsStokes shift but also possesses a distinctive vibronic-like
are clearly composed of two distinctive transitions; similar progression with peak wavelengths at 584, 632, and 685 nm
observations have been documented for the Pt(Il) acetylidein THF solution (see Figure 3 and Table 3). The observed
complexe$’ Moreover, the close energetics and absorptivity lifetime for 2d in THF (r = 13 us, ® ~ 0.74) is also
between the'MLCT and 3MLCT bands suggest that the substantially longer than those 2&—c, as well as those of
3MLCT transition, induced by spirorbit coupling and the ~ complexes with a®MLCT in the lowest-lying manifold
proximal energy levels with respect ¥MLCT, is greatly incorporating Os(ll), Ir(lll), or Pt(ll) heavy ions and with a
enhanced and becomes partially allowed. This salient spectrafMLCT state in proximity. Thus, for the case @d, a
feature is in accordance with data for other recently published significant amount of state mixing with the ligand-centered
Pt(Il) metal complexes with two NO bidentate chelates or 7 transitions is expectetd. This can be rationalized by the
bis(phenoxy)diimine auxiliaries capable of tetradentate bond- decrease of the energy gap from the elongation of the
ing.28 The strong singlettriplet mixing is unambiguously ~ conjugation in2d. The progression ot 1220 cnt! for each

confirmed by the significant overlap between the t¥s successive peak ¢fd cannot be rationalized by the much
absorption bands and the leading edge of the respectivesmaller d-level splitting in a typical square planar Pt(ll)
emission peak profile. complex, but it is similar to that corresponding to the C

Also shown in Figure 3, complefa exhibits a fairly vibrational modes (12701300 cn1?) for complexes involv-
intensive emission maximized at 494 nd & 0.19;7 = ing terpyridyl ligands’

0.4us) in degassed THF. The fast oxygen quenching rate of  On the other hand, the solution absorption and solid-state
1.78 x 10° M~1 s, in combination with its spectral mirror ~ emission spectra of complex@s, 3a andb, 4, and5 are
image with respect to the lowest-absorption profile, leads depicted in Figure 4. It is notable that all of the Pt(ll)
us to conclude that the emission mainly originates from a complexes shown in Figure 4 possess 2-pyridyl substituents;
triplet manifold. Similarly, complexe8b andc also exhibit ~ hence, the corresponding photophysical properties would
strong phosphorescence with peak wavelengths at 576 nnyeflect the influence of the anionic azolate segment (i.e.,
(® =0.82;7 = 2.4us) and at 561 nmd = 0.86;7 = 2.1 pyrazolate or triazolate) as well as the associated alkyl or
us), which are comparable to those observed in the cyclo- fluoroalkyl substituents. For the UWvis absorption spectral
metalated dipyridylbenzene Pt compleXg$he red shift of

(29) Williams, J. A. G.; Beeby, A,; Davies, E. S.; Weinstein, J. A.; Wilson,

the peak wavelength and, hence the energy g&baindc, C. Inorg. Chem 2003 42, 8609,
(30) (a) Sacksteder, L.; Zipp, A. P.; Brown, E. A.; Streich, J.; Demas, J.
(26) Gianini, M.; Forster, A.; Haag, P.; von Zelewsky, A.; Stoeckli-Evans, N.; DeGraff, B. A.Inorg. Chem.199Q 29, 4335. (b) Sacksteder, L.;
H. Inorg. Chem.1996 35, 4889. Lee, M.; Demas, J. N.; DeGraff, B. A. Am. Chem. S0d993 115
(27) Whittle, C. E.; Weinstein, J. A.; George, M. W.; Schanze, KnSrg. 8230.
Chem.2001, 40, 4053. (31) (a) Yang, Q. Z,; Wu, L. Z,; Wu, Z. X.; Zhang, L. P,; Tung, C. H.
(28) Lin, Y. Y.; Chan, S. C.; Chan, M. C. W.; Hou, Y. J.; Zhu, N.; Che, Inorg. Chem.2002 41, 5653. (b) Yam, V. W. W.; Tang, R. P. L.;
C. M.; Liu, Y.; Wang, Y.Chem—Eur. J.2003 9, 1263. Wong, K. M. C.; Cheung, K. KOrganometallics2001, 20, 4476.
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measurements, a significant blue shift of the MLCT absorp- Scheme 1
tion was noted by substituting trifluoromethyl or heptafluo- Iz AT ARAES i -
romethyl for atert-butyl group. This is shown by observation 4 4 T —e
of two lowest-energy MLCT transitions at 377 and 389 nm
as well as at 376 and 388 nm for the fluorinated complexes
3a and b, respectively, for which both peaks show a
substantial blue shift compared to those (416 and 442 nm)
of tert-butyl complex2a. The decrease in the energy gap of Y AR~
the MLCT transitions is apparently caused by the electron- el ” -
withdrawing effect of Ck and GF; substituents, which A e
increases the* acidity of the pyrazolate anion, accompanied o — e
by lowering the Pt(ll) metal 5d energy level. Concomitantly, RN TERUTNTIE e AR 4 11 -
the higher energyrz* transitions of3a and b, which are
located at the UV region, also display a similar hypsochromic
shift resulting from the increase of the intraligama* energy One remarkable feature is that the phosphorescence of
gap. For the triazolate complexdsand 5, the respective ~ complexes3—5 exhibits a featureless line shape and a
MLCT transitions are also shifted to the higher-energy region broader full width at half-maximum (fwhm), a phenomenon
versus those of thiert-butyl- and Ck-substituted pyrazolate ~ commonly encountered in the Pt(ll) complexes, symbolizing
counterparts2a and 3a, respectively. This delineation is the formation of either an excimer or an oligonfer.
consistent with a theoretical approach based on time-resolvedVioreover, except foRa, the emission showed a very large
density function theory calculation (not shown here), the spectral shift with almost no spectral overlap between the
results of which reveal that the HOMO is located at both lowest-energy MLCT absorptions (in fluid solution) and the
the metal and azolate fragments, while the LUMO is located onset of the phosphorescent emission signals (in solid film).
at the pyridyl fragment. Therefore, the substitution of, for This observation leads us to conclude that these phospho-
example, theert-butyl substituent with C§(or GsF;) at the rescences primarily originate from the distinctive metal
azolate fragment mainly lowers both the metal 5d and azolatemetal-to-ligand charge-transfer transiticGMMLCT or the
7 orbitals contributing to the HOMO resulting in an increase [do+,7*] notation) *in line with that proposed by Miskowski
of the energy gap. and co-worker$? The short Pt-Pt contact observed in the
The photoluminescence spectradafandb, 4, and5 were columnar structure of3b sheds light on the expected
measured in a degassed THF solution at room temperature destabilization of the metal 5d orbitals, resulting in a drastic
however, the emission is extremely weak & 10-3) and peak-to-peak shift between the mononuclear absorption (in
is supported by the phosphorescence lifetime<af ns in ~ Solution) and the polynuclear emission (in solid film)
the degassed solution (not shown here). Although the (Scheme 1).
associated deactivation mechanism, at this stage, is still These intriguing solid-state photophysical properties are
pending for resolution, because of a strong tendency of theConsistent with those of the Pi(ll) complexes [Pt(diimine)-
Pt—Pt interaction, self-quenching via the aggregation effect X2, X = CN.2*In the literature, it was reported that when
cannot be eliminated. Unfortunately, the poor solubility tWo [Pt(diimine)Xp] units are in close enough proximity that
makes concentration-dependent studies unfeasible. In sharghey allow direct PtPt interaction, a low-energy photolu-
contrast, moderate to highly intense luminescence wasMminescence that is red-shifted from tRLCT or zz*
obtained withi,ny located at 595, 552, 564, and 544 nm for €mission of mononuclear one becomes observable. The
3aandb, 4, and5, respectively, in the vacuum-deposited diagram illustrating the formation of columnar-z stacking
thin films (Figure 4). The structured emission2afrecorded and the PtPt interaction in the solid state versus that of
in the solid state at room temperature, which shows three the respective MO energy levels is depicted in Scheme 1.
vibronic peaks at 489, 518, and 550 nm, is also depicted W& expected that, for comple3a, after the formation of
here as a reference. In comparison, the intensity ratio for linear Pt-Pt—Pt crosstalk, notable perturbation would be
these three vibronic peaks is appreciably different from that introduced and the electronic transition associated with this
in fluid solution (see Figure 3 vs Figure 4). In addition, the Pinuclear species would best be represented as the MMLCT

highest-energy emission peak 2a undergoes an-5 nm  transition (or the [¢,7*] notation). However, in view of
(207 cnT?) blue shift in the solid state, while the other the infinite columnar structure &b, we speculate that the
vibronic maxima remain nearly unchanged. One possible resulting MO energy levels would become more closely
interpretation, in which the thin film emission @ may  SPaced in the crystal lattice, forming a quasi-continuum of
consist of dual or multiple origins, has been discarded levels (or bands) of very closely spaced orbitals, as shown
because of the similar spectral feature?afin a 77 K solid i the right-hand side of this simplified MO energy diagrém.
film (not shown here). Alternatively, this discrepancy may

MLCT o MMLCT  MMLCT

mononuclear binuclear polynuclear

(32) (a) Lai, S. W.; Chan, M. C. W.; Cheung, T. C.; Peng, S. M.; Che, C.

more plausibly be rationalized by different site2afin the M. Inorg. Chem 1999 38, 4046. (b) Lai, S. W.; Chan, M. C. W.:
solid film so that the vibronic peaks, especially the ® 33) %f;ell_mg,s K-V\P/<-; CChhe, g-mnorgéCheénHl%gOgi ;12222-7 ®L

H : H a) Lal, o. i e, C. op. Curr. em . u,
onset,. are subject to environmental (inhomogeneous) per- W.: Chan. M. C. W.: zhu, N.: Che, C. M. Li, C.: Hui, Z1. Am.
turbation. Chem. So0c2004 126, 7639.
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Table 4. Performance Characteristics for the Electrophosphorescence W T T T T 71— 3000
Devices Based on Complex@a and3a 1800 —% - 6% .
- ] —_—0% . 0% L p—
concentration maxlum QE PE LE Amax 1600 L o g,k
(%) V)2 (%) (Im/W) (cd/AP  (CIE) ‘0] v ‘e
2a 6 27114 2.926 3.453  8.558 502 S | (Curemdensiy  Brightness .o . [P0
(15.0) (0.21,052)  E 1207 3
20 25957 2174 2.861  6.942 514 £ 1000} 15000 g
(15.0) (0.26,0.54) e 1 2
50 24163 1570 2724 5272 518 8 80 g
(12.4) (0.28, 0.57) 5 o] [ §
1007 16084 1.609 3.463  5.099 556 3 w0l
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aValues in the parentheses are the applied driving voltaBata 104 6%
collected at 20 mA/crh ¢ Measured at the driving voltage of 8 YA 14 ' 20%
nm thick pure layer was used.
ick pu yer was u 50%
. . 08 ——100%
Moreover, complex3a, which has the Cfsubstituents, z
exhibits a 43 nm (or 1310 cm) bathochromic shift in 5 06
emission peaMmax versus that of comple8b, which has 5 ]
the GF; substituents. This result can be rationalized by an &
increase in the columnar—s stacking interaction because g 0.4+
of the decrease of the steric hindrance for the Gups, s |
as their electron-withdrawing character was somewhat , |
comparable to or slightly less than that offz In contrast,
for complex5, an even more notable hypsochromic shift of
1 [P 0.0 T T
51 nm (1575 cm?) was observed versus that 8d. This is p o0 o0 00 00

apparently caused by the blue shift of the lowest-energy wavelength (nm)

MLCT a.bso.rptlon Whll.e. a similar degree af-z stacking Figure 6. EL spectra of OLED device ITO/NPB/CBRY/BCP/Alg/LiF/
was maintained. Empirically, we speculate that the degree a|as a function of dopant concentration.

of m—m stacking forb can be qualitatively estimated using

the difference in the Stokes energy shiftAft = 8570 cnr? doping concentrations, including the one with a pure layer
versus that of3a (AE = 8900 cntl). Note that this of 2a. Table 4 summarizes the selected performance data
calculation was done by subtracting the emission peak (in for these OLED devices. The-V—L curves, plotted in
cm) of the solid sample from the lowest-energy absorption Figure 5, show a trend of increasing current density with
peak (in cnmd) in fluid solution. Finally, it is also noteworthy ~ increasing concentration dfa A similar dependence on
that the emission peaksxay Of 4 occurs at 564 nm, and hence ~ concentration was observed previously,and this result
aAE value of 6080 cm! was deduced. The smallAE may ~ implies that with the device mainly operated by charge
be attributed to a combination effect incorporating a larger trapping mechanisi#, the more traps that are present, the

steric interaction and a greater electron-donating characterhigher current will be. Moreover, the EL spectra exhibit a
for the tert-butyl substituents. large red shift oftmax With increasing dopant concentration,

OLED Fabrication. The superior thermal stability renders  ©02, 514, 518, and 556 nm for devices with 6, 20, 50, and
our Pt(ll) complexes suitable for high performance OLED 100% dopant concentration (Figure 6). This may be attributed
applications. Multilayer devices of the configuration ITO/ 0 the formation of excessive—z stacking interactions
NPB(40 nm)/CBP2a(30 nm)/BCP(10 nm)/Alg(30 nm)/LiF- between the Pt(Il) emitting molecules, for which a reduced
(1 nm)/Al(150 nm) were prepared with doping concentrations "€d-shift of the EL emission maxima (66626 nm) has been
of 2a of 6, 20, 50, and 100% neat film composition. This reported in the Ir(ll)-based OLEDs upon increasing dopant
configuration was adopted from those reported by Thompsononcentrations from 7 to 100% Concurrently, the fwhm

and Forrest Very bright emissions were observed for all Of the EL signal increased from 60 to 102 nm. It is notable
that the 6% doped device showed the highest external QE

(34) (a) Houlding, V. H.; Miskowski, V. MCoord. Chem. Re 1991, 111 at a lower current density but decreased rapidly upon
145. (b) Miskowski, V. M.; Houlding, V. HInorg. Chem.1991, 30,
4446. (37) Gong, X.; Ostrowski, J. C.; Moses, D.; Bazan, G. C.; Heeger, A. J.
(35) (a) Gliemann, G.; Yersin, Fstruct. Bondindl985 62, 87. (b) Yersin, Adv. Funct. Mater.2003 13, 439.
H.; Riedl, U.Inorg. Chem.1995 34, 1642. (38) Song, Y. H,; Yeh, S. J.; Chen, C. T.; Chi, Y,; Liu, C. S; Yu, J. K;
(36) Adachi, C.; Baldo, M. A.; Forrest, S. R.; Thompson, MAppl. Phys. Hu, Y. H.; Chou, P. T.; Peng, S. M.; Lee, G. Adv. Funct. Mater.
Lett. 200Q 77, 904. 2004 14, 1221.
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SMLCT and 3MMLCT excited states which are generated
from the monomer and the oligomeric counterpart, respec-
tively.** Analogously, the related bathochromatic shift ob-
served for the green-emitting complabased devices can
be attributed to a similar effect.

Conclusion. We have demonstrated the synthesis of a
) series of square planar light-emitting complexes by treatment
1.0 PL of pyridyl azolate ligands with Pt(ll) reagents such as K
0.8+ PtCl, or PtCL(DMSQO),. The procedures are efficient and
0.6 suited to a variety of ligand modifications, demonstrating
047 the versatility of our rational design and the effectiveness
of derivatization in this class of compounds. Photolumines-
: . : . . cence studies reveal that these complexes exhibit fairly high
400 500 600 700 emission quantum yields in fluid solution or in the solid state,

wavelength (nm) short phosphorescence radiative lifetimes in the range of

Figure 7. (a) EL spectra of OLED device ITO/NPB/CBR/BCP/Alg/ several microseconds, and more importantly, a tuneable
LiF/Al as a function of dopant concentration, and (b) PL spectr@af

embedded in the CBP matrix with variable dopant concentration. tendency to form aggregates, depending on the azolate
ligands. The pyrazolate complexdsand 2 exhibited a
increasing of the driving current. Moreover, the higher doping Slipped-stack arrangement with a negligible intermolecular
levels resulted in a much lower initial QE, along with a Pt--Pt contact. This was confirmed by the X-ray structural
reduced dependence on the driving current. The existenceanalysis or2cand the relatively higher solubility in organic
of bulky tert-butyl substituents may have the capability to solvents. Their emissions, recorded in solution, may be
suppress the self-quenching activitighus maintaining the  attributed t'MLCT, 3z, or mixing3MLCT/3z character,
amorphous property during fabricatiéh. in view of their overall spectral profile and the associated
Complex3awas also selected for use in fabricating similar radiation lifetimes. In sharp contrast, a strong intermolecular
multilayer OLED devices. As shown in Table 4, the doping 77— stacking interaction is detected between the electron-
levels were 7, 20, 50, and 100%, among which the best rich azolate fragment and the electron deficient pyridyl group
device performance with external QE 6% was observed in complexes3—5 giving an essentially linear columnar
for an intermediate doping level of 20%. Moreover, a Stacking arrangement in the solid state. The existence of
significant red shift in the EL maxima from 552 to 616 nm notable intermolecular Pt contacts results in the formation
was observed with increasing dopant concentration (Figure0f *MMLCT excited states that account for the observed
7a). Itis believed that the large concentration-dependent red-photophysical properties in complex@s5 in the solid state.
shift of emission maxima is caused by the self-aggregation Moreover, these Pt(ll) complexes are suitable light-
of the Pt(Il) dopant in the thin film during device fabrication; ~€emitting materials, especially as phosphorescent dopants for
such a tendency has been revealed by the solid-state X-rayoLED applications, because of their intense, readily tuneable
structural study in the previous section. In addition, for the emission hues and good thermal stability. FILCT/z7
device employing 100% Pt(ll) dopaBt, a weak emission ~ emitters such a8a, the best device performance was realized
peak located at-460 nm, probably originating from NPB, using a 6% doping concentration. An external quantum
was clearly observed. This could be attributed to the efficiency of 2.9%, a luminous efficiency of 8.6 cd/A at 20

Normalized intensity

enhanced electron conductivity of the £farrying3ain a mA/cn¥, and a luminescence of 27114 cd/at an applied
manner such that electron injection into the NPB layer Vvoltage of 15V were realized. With tHiMLCT emitters
occurred when a neat film &a was used. such as3a, the best device performances are achieved at an

For a further comparison, the observed red-shifted emis- ~20% dopant concentration, along with an external quantum
sion with increasing dopant concentrations in EL spectra was efficiency of 6.0%, and a luminous efficiency of 19.7 cd/A
also observed in the PL spectra of the same series of dopedt 20 mA/cni. These results are remarkable in that they show
CBP films (Figure 7b), substantiating the similar origin of Promise for OLED applications based on these Pt(ll) emitting
the red-shifted emission (i.e., self-aggregation of the dopant). materials.
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