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In Search of High-Performance Platinum(n1) Phosphorescent
Materials for the Fabrication of Red Electroluminescent Devices**

By Jakka Kavitha, Sheng-Yuan Chang, Yun Chi,* Jen-Kan Yu, Ya-Hui Hu, Pi-Tai Chou,* Shie-Ming Peng,
Gene-Hsiang Lee, Yu-Tai Tao,* Chin-Hsiung Chien, and Arthur J. Carty

The rational design and syntheses of Pt(iqdz), (1) and Pt(pydz), (2) bearing isoquinolinyl indazole (iqdz)H or pyridyl indazole
(pydz)H groups on the coordinating ligands are reported. Single-crystal X-ray diffraction studies of 1 reveal a square planar ge-
ometry, in which two iqdz ligands adopt a trans-configuration. Short N---H contacts (~2.21 A) are detected between the ortho-
hydrogen atom of isoquinoline and the adjacent N atom of the indazole fragment, making the overall molecular geometry anal-
ogous to that of the platinum(i) porphyrinato complexes. The lowest absorption bands for both complexes reveal strong state
mixings between singlet and triplet (metal-to-ligand charge transfer and intra-ligand) manifolds. This, in combination with the
introduction of a camphor-like structure to avoid the stacking effect, leads to phosphorescence with unprecedented brightness
both in solution and in the solid state. Organic light-emitting diode (OLED) devices fabricated using 1 as a dopant emitter have
been achieved in a multilayer configuration. The results constitute the first highly efficient Pt"-based red OLED.

1. Introduction

Owing to their potential to harness the energies of both the
singlet and triplet excitons after charge recombination, transi-
tion-metal-based phosphorescent materials have recently re-
ceived considerable attention for fabricating organic light-
emitting diodes (OLEDs).l! The main advantages are due to
the heavy-atom-induced singlet-to-triplet intersystem crossing
as well as the large enhancement of radiative decay rate from
the resulting triplet manifolds. In this regard, numerous at-
tempts have been made to exploit third-row transition metal
complexes as dopant emitters for OLED fabrication,”™
among which quite a few Pt".,”! Os".Bl and '™ complexes
have been reported to exhibit highly efficient device perfor-
mances. Despite these developments, attempts to further ex-
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pand the potential of the square planar Pt complexes, in which
the central metal ion possesses a higher atomic number than
Os" and Ir"", for efficient OLED applications has encountered
many intrinsic obstacles.[*! For example, the PtOEP (where
H,OEDP is octaethylporphyrin) type of emitter commonly has a
ligand-based phosphorescence with lifetimes as long as
30-50 us, so that saturation of emissive sites and a rapid drop
in device efficiency at high drive current is observed. Another
factor contributing to the poor device efficiency is the planar
molecular configuration of many Pt complexes, which leads to
stacking and the formation of aggregates® or excimers.[’! To
realize the potential of Pt"" materials for application in high-
efficiency OLEDs, the rational design of Pt" complexes aimed
at the reduction of the phosphorescence radiative lifetime and
the prevention of stacking behavior are critical. In this paper,
we report the design and synthesis of a new series of emissive
Pt" complexes, in which the associated ligand chromophores
possess a bulky, rigid camphor-like architecture to effectively
suppress the aggregation effect. Moreover, drastic reduction of
the phosphorescence radiative lifetime to several microseconds
has also been achieved due to the strong singlet-triplet state
mixings. Consequently, highly efficient Pt" OLEDs operating
at 610-630 nm have been successfully prepared for the first
time, in which the dopant (Pt" complex) concentration, owing
to the reduced aggregation effect, can be substantially in-
creased to maximize performance.

2. Results and Discussion

2.1. Synthesis and Characterization

As depicted in Scheme 1, the required camphor-derivatized
chelating ligand was synthesized in two steps employing a
direct condensation of ethyl 1-isoquinolinecarboxylate and
(1R)-(+)-camphor, followed by treatment with hydrazine hy-
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Scheme 1. Syntheses of 1 and 2.

drate in refluxing ethanol to induce formation of the indazole
skeleton.[”] Subsequent treatment with K,PtCl, in a mixture of
water and ethanol gave a dark-red Pt complex denoted as
Pt(iqdz), (1) in good yield. A similar method, but with ethyl
1-isoquinolinecarboxylate replaced by picolinate, yielded the
yellowish green platinum complex Pt(pydz), (2). Both Pt com-
plexes were highly soluble in organic solvents and have been
characterized using various spectroscopic methods (see Experi-
mental section). Their spectroscopic data are in good agree-
ment with the expected square planar Pt complexes coordi-
nated with two indazole chelates. Complex 1 was further
examined by single-crystal X-ray diffraction analysis to estab-
lish its molecular structure.

Figure 1 depicts the ORTEP diagram of 1, along with that of
a second, symmetry-related molecule shown in pale gray. An
overlap between the isoquinoline fragments of these two proxi-
mal complexes is clearly noted with a moderate interplanar
spacing of 3.64 A. All methyl-substituted bridges on the cam-
phor moieties point in the same direction due to the selection
of a chiral reagent, (1R)-(+)-camphor, for the original ligand
preparation. The Pt---Pt separation was calculated to be
6.857(7) A, which is much too long to expect any significant
Pt—Pt interaction such as those observed in dimers of cyclome-
talated Pt"" complexes (3.15-3.76 A).®l Moreover, the Pt atom
is bonded to two chelating iqdz ligands in a trans-arrangement.
The Pt—Ninga) distances of 1.976 and 2.005 A in 1 are slightly
shorter than the Pt—Ngin) dative bonds (2.011 and 2.047 A),
which are within the range reported for those of [Pt(a-diimi-
ne)Cly] (1.992-2.015 A) and related complexes.”’ Moreover,
short N---H contacts (~2.21 A) are also detected between
the ortho-hydrogen atom of isoquinoline and the adjacent
N atom of the indazole fragments, forming H(1)---N(6) and
H(21)---N(3) dual hydrogen bonds, which are further support-
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Figure 1. ORTEP diagram of 1; selected bond distances: Pt-N(1)=
2.011(8), Pt=N(2)=1.976(9), Pt—N(4)=2.047(10),  Pt-N(5)=2.005(8),
H(1)---N(6)=2.21, H(21)---N(3)=2.21 A and angles: N(1)-Pt-N(2) =
78.0(4)°, N(4)-Pt-N(5) = 78.3(3)".

ed by the observation of an unusual downfield "H NMR chemi-
cal shift of 0 10.93. The proposed intramolecular H-bonding in-
teractions are reminiscent of those reported for pyridyl
pyrazolate Os complexes as well as cobaloxime complexes.[m]
It is believed that this unusual H-bonding pattern, to a certain
extent, provides a strong driving force to stabilize the observed
trans-geometry. In contrast to our discovery, the X-ray structur-
al analyses of related Pt"" complexes such as Pt(thppy),, where
thppy is 2-(2’-thienyl) pyridine, revealed that ligated thiophene
and pyridine fragments are oriented exclusively in a cis-config-
uration, despite the large distortion and deformation of square
planar geometry that occurred at the junction of the ligands.[“]
This could be due to the exceedingly strong trans-effect ex-
erted by the carbon donor atom of the ligated thiophene.

2.2. Photophysical Measurements

As shown in Figure 2, although the energy gaps are quite dif-
ferent, similar spectral features are observed for complexes 1
and 2, consisting of a weak, broad band located in the long-
wavelength region, accompanied by a vibronic progression fea-
ture in the short-wavelength region that is commonly assigned
to the singlet m—n* intra-ligand transitions (‘IL). The low-fre-
quency absorption bands have a relatively small extinction
coefficient (1: 5240 M~'em™ at 502 nm; 2: 4690 M~'em™ at
457 nm) and are tentatively assigned to the transition
incorporating a state mixing between singlet and triplet metal—
ligand charge transfer (‘MLCT and *MLCT) and, to a certain
extent, the intra-ligand triplet state (*IL). Support for this
viewpoint is first provided by a distinct shoulder at 530 nm
(¢ ~ 4080 M'em™) resolved in the absorption spectrum of
complex 1, which can be tentatively assigned to the lowest
lying *MLCT band (see below). The close energetics and ab-
sorptivity between the '"MLCT and *MLCT bands suggest that
the *MLCT transition, induced by spin—orbit coupling and the
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Figure 2. UV-vis absorption and emission spectra of 1 (2.68 x 107° M,
filled circles joined by solid lines) and 2 (2.14 x 107 M, triangles joined by
solid lines) in CH,Cl, at RT. Note that the normalized emission spectra
were acquired under degassed conditions. The dotted lines denote the
corresponding solid-state emission obtained from a thin-film sample at
RT.

proximal energy levels with respect to 'MLCT, is greatly en-
hanced and becomes partially allowed. This novel spectral fea-
ture is in accord with data for other recently published Pt
complexes bearing bis(phenoxy)diimine auxiliaries capable of
tetradentate bonding.'?! Although we have not explicitly ex-
amined and discussed the details of the singlet—triplet mixing,
its presence is unambiguously confirmed by the obvious over-
lap between this UV-vis absorption band and the leading edge
of the corresponding emission profile.

As for complex 2, the 'MLCT and *MLCT states are so close
that an asymmetric band was observed rather than the well-re-
solved dual absorption profile. Complex 1 exhibits an intensive
emission with a maximum at 635 nm (quan-
tum yield @ = 0.81; lifetime 7 = 5.34 us) in de-
gassed CH,Cl,. The oxygen quenching rate of
1.78 x 10° M's™ for the emission in CH,Cl,,
in combination with its spectral mirror image
with respect to the lowest absorption profile,
leads us to conclude that the emission mainly
originates from a triplet manifold. Similarly,
complex 2 also exhibits strong phosphores-
cence with a peak wavelength at 553 nm (@ =
0.64; v = 3.63 us), which is comparable to
those observed in the cyclometalated dipyri-
dylbenzene Pt complexes.[13] The observed
radiative lifetimes for 1 and 2 in CH,Cl, are
relatively long for a pure *MLCT emission
from complexes incorporating a central heavy
atom like Pt"" and a 'MLCT state in proximi-
ty. Accordingly, we tentatively propose that
there exists, in part, a further state mixing
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upon cooling to 77 K the emission reveals distinctive vibronic-
like features with peak wavelengths at 580, 614 (520), 656
(552), and 698 (596) nm for complex 1 (2) (see Fig.3 and
Table 1). Although not well resolved, similar structural fea-
tures were also observed for both complexes in the solid state
at RT (see Fig. 2). The spectral progression of >1000 cm™ for
each successive peak cannot be rationalized by the much
smaller d-level splitting in a square planar coordination, but is
akin to that corresponding to the vibrational modes (1270-
1300 cm™) of aromatic terpyridyl ligands.[lsl Alternatively, it
may be plausible that the broad FWHM, together with the
vibronic structure features in a 77 K CH,Cl, solution as well as
in the solid state at RT, arises from a state mixing between
*MLCT and *IL.'" In a central planar configuration such as 1
and 2, the strong mixing of these two transitions essentially
requires covalent interaction of the relevant d-orbitals and the
ligand m-system, in which MLCT [d,,,, — @*] transitions
should be the most likely candidates.”!

Due to the planar geometry of the central Pt'! atom possess-
ing a dsp” configuration, one has to consider the possible stack-
ing effects for both 1 and 2. We thus carried out a concentra-
tion-dependent absorption/emission study in an attempt to
resolve this issue. Upon varying the sample concentrations
from 3.45 x 10~ M to 1.07 x 10 M, both absorption and emis-
sion spectra remain unchanged for 1 and 2, indicating that the
stacking effect, if any, is too small to affect any associated
photophysical behavior. It is thus reasonable to conclude that
the introduction of a bulky camphor-derived group on the in-
dazole fragment drastically increases the steric hindrance and
hence suppresses aggregation. Supplementary support for this
viewpoint is provided by the solid-state emission spectra in that
both complexes (1: Aery = 638 nm; 2: A, = 550 nm, see Fig. 2)
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Figure 3. The phosphorescence spectra of 1 (circles) and 2 (triangles) in the 77 K solid CH,Cl,

CH,Cl, at room temperature (RT), while
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matrices. Insets: The phosphorescence decay profiles of complexes 1 and 2.
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Table 1. Photophysical properties of complexes 1 and 2 in degassed
CH,Cl; at RT.

202 [e,M'em ™ PL Aoy [nm] @ 7 [us]
Pt(iqdz), (1) 502 (5240) 635 0.81 5.34
(610, 638, 688) [a] 020[a]  1.10[aq]
(580, 614, 656, 698) [b] 3.0 [b]
Pt(pydz), (2) 457 (4690) 553 0.64 3.63
(528, 550, 581) [a] 0.15[a]  3.38[aq]
(520, 552, 596) [b] 2.78 [b]

[a] The solid-state emission obtained from a thin-film sample at RT. [b] The
phosphorescent emission recorded in frozen CH,Cl, matrices at 77 K. [c] Lifetime is
an average value from a two-component fit.

manifest negligible spectral shifts from the corresponding emis-
sion maximum in solution, providing unambiguous evidence
for the negligible stacking interaction in both complexes. It is
noted that the solid-film photoluminescence (PL) is narrower
than the solution PL. In addition, the PL spectra in the solid
film show a slight blue shift for 2 and red shift for 1 in compari-
son with their corresponding emission in solution. If the solid
state of a complex lacks strong intermolecular interaction such
as hydrogen bonding, m stacking, etc., a slight blue shift and
narrowing for the solid-film PL relative to that of the solution
PL may be expected, and can be attributed to a “medium ef-
fect”. For complex 2 in solution, the stronger interaction from
the solvent (e.g., CH,Cl,) makes the emission broader,
whereas, due to the lack of m stacking, complex 2 is more or
less frozen and inhibited from having a closer interaction with
itself. In comparison, the additional fused benzene of isoquino-
line in complex 1 introduces a weak but perhaps non-negligible
7 interaction in the solid film, resulting in a slightly red-shifted
emission. Nevertheless, from solution to solid, the shift of peak
wavelength is rather small for 1, indicating that the intermolec-
ular interaction cannot be large. This viewpoint can be support-
ed from X-ray single-crystal analysis, in which a rather long
Pt---Pt distance has been resolved for 1 (see above).

Table 1 lists detailed spectroscopic and dynamics data for 1
and 2 in solution and for single crystals. Despite the much low-
er energy gap with respect to that of the pyridyl counterpart 2,
significant enhancement of the luminescent quantum yield
(@ ~ 0.81) is observed in 1, accompanied by a longer lifetime
(5.34 us) in degassed CH,Cl,. These results seem to contradict
the energy-gap law, in which the theory pertaining to non-ra-
diative decay concludes that the non-radiative deactivation
should increase with decreasing energy gap of the transition.!"®)
We thus tentatively propose that the remarkable but unusual
luminescence behavior in complex 1 is due to the highly conju-
gated & systems in indazole coupled with the nearby isoquino-
line fragments. One possible strategy to suppress the active vi-
brational modes, such as ring stretching and bending of the
acceptor ligand that commonly dominates the deactivation of
the MLCT excited states, is to use a ligand with a rigid o-frame-
work. In addition, upon excitation, the electron occupation of
the lowest 7* acceptor orbital results in increases of the C-C
and C-N bond distances, inducing non-radiative transition due
to the loose bonding effect.'”) Since the Franck—Condon factor
for non-radiative transitions is qualitatively proportional to the
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square of the bonding displacement,[zo] enlarging the m conju-

gation should reduce the distortion of the ligand framework
due to the smaller changes in average distance between ground
and excited states. Accordingly, the non-radiative decay rate in
1 is expected to be relatively small to compete with the red
phosphorescence, giving rise to an exceptionally high emission
quantum yield. For comparison, Nazeeruddin et al. have
recently reported near unity quantum yields for blue, green,
and yellow emission by meticulous selection of the ligand on
the Ir™ system for strong ligand field strength, which increased
the energy gaps between triplet emitting states and the nearby
deactivating metal centered (MC) level.”!) Other factors lead-
ing to the high emission yield for 1 or 2 are also possible. These
include a) Pt" metal ion intrinsically possessing a relatively
large d-orbital splitting, b) isoquinolinyl indazole (or pyridyl in-
dazole) with a fairly strong ligand field inducing a larger gap
between the MC states and the lowest unoccupied molecular
orbital (LUMO) of the ligands. and c) close-lying s—x* and
MLCT states together with the heavy atom effect enhancing
the spin-orbital coupling. A comprehensive understanding of
the relaxation mechanisms might have to rely on future theo-
retical approaches, which we are currently exploring.

2.3. OLED Fabrication

Due to its high phosphorescence quantum efficiency in the
red, multilayer devices of the -configuration ITO/NPB
(40 nm)/CBP:1 (30 nm)/BCP (10 nm)/Alqs (30 nm)/LiF
(1 nm)/Al (150 nm) were prepared, with doping concentra-
tions of 1 varying from 6 %, 12 %, 20 %, 50 % to a neat film.
Very bright red emission was observed for all the concentra-
tions prepared, including the one with a pure layer of the plati-
num complex. The current—voltage (I-V) curves, plotted in Fig-
ure 4, show a trend of increasing current density with
increasing concentration of 1. The results may imply that the
phosphorescent sites serve as charge trapping sites. The elec-
troluminescence (EL) spectra originated only from the com-
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Figure 4. /-V characteristics of OLED devices based on complex 1 for var-
ious dopant concentrations.
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plex in all cases, but with a small red shift of the EL spectra
Amax With increasing dopant concentration from 610 nm for the
6 % dopant concentration to 630 nm for the neat film (Fig. 5).
The FWHM of the EL spectrum also increased slightly (from
76 nm to 92 nm) over the same range of doping concentrations.
Comparing Figures 2 and 5, the EL from the device is slightly
blue shifted from PL of the solid film. One possible origin for
the shift is from the microcavity effect, which is caused by the
interference between the forward-traveling light and the light
reflected from the metal electrode.””)

1.0 -
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08 20%
z -50%
e 100%
E 0.6 -
ge}
[0]
N
T 04
€
[}
z 0.2 4
0.0 T T T T T 1
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Figure 5. Electroluminescence spectra of OLED devices based on com-
plex 1 for various dopant concentrations.

All devices showed a turn-on voltage as low as 4.0 V. Al-
though the devices still exhibited a similar dropping trend with
increasing current (Fig. 6), as is the case for most phosphores-
cence-based devices, the performance characteristics are never-
theless very encouraging. For the device doped with 12% 1
driven at a current of 100 mA, a brightness of 10677 cd/m® was
achieved with an external quantum efficiency of ~7 %, a
luminance efficiency of ~11 cd/A and a power efficiency of

Lum. eff.(cd/A)

T T T T T
0 200 400 600 800 1000 1200

Current density(mA/cm®)

Figure 6. Luminance efficiencies of OLED devices based on complex 1 as
a function of current density for various dopant concentrations.
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3.3 Im/W. The results also exhibited a decreasing trend with in-
creasing concentration of the platinum dopant. However, it is
noteworthy that, even using a pure film of 1 as the emission
layer, a brightness of 2653 cd/m* and an external quantum effi-
ciency of 2.46 %, luminance efficiency of 2.65 cd/A and power
efficiency of 0.93 Im/W can be achieved. The relatively high
efficiency of the device even in the neat complex is tentatively
attributed to the unusually short radiative lifetime that avoids
the triplet-triplet annihilation. Table 2 summarizes the perfor-
mance data for various concentrations studied. The achieve-
ment of high luminescence efficiency can be attributed to a
much shorter phosphorescence radiative lifetime in combina-
tion with a rationally designed structure that greatly suppresses
the aggregation effect. It should be noted that rigid steric
blockers such as a pinene functionality incorporated into an oc-
tahedral phenyl pyridine Ir'"" complex/®! have been reported to
effectively reduce self-quenching of the phosphorescent dop-
ant. While improving the device luminescence efficiency, this
prior innovation based on Ir(ppy); and its pinene-derivatized
complexes exhibits green emission rather than the much-
needed saturated red emission.

3. Conclusion

In summary, we report detailed syntheses and luminescence
properties of red-light- (1) and green-light- (2) emitting Pt"
metal complexes using a bulky ligand incorporating a cam-
phor-derived moiety. These complexes exhibit high emission
quantum yields, short phosphorescence radiative lifetimes in
the range of several microseconds and, more importantly, a
much lower tendency to aggregation than previously reported
Pt"" porphyrinato or -diketonato complexes for electrolumi-
nescent applications.[z] Remarkable improvement of the device
performance has been achieved at higher dopant concentra-
tions or even in a pure emission layer, constituting for the first
time a highly efficient Pt"-based OLED in the red.

4. Experimental

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 purifica-
tion unless otherwise stated. All reactions were monitored by thin-
layer chromatography (TLC) with Merck pre-coated glass plates
(0.20 mm with fluorescent indicator UV,s4). Compounds were visual-
ized with UV light irradiation at 254 nm and 365 nm. Flash column
chromatography was carried out using silica gel from Merck (230-400
mesh). Mass spectra were obtained on a JEOL SX-102A instrument
operating in electron impact (EI) or fast atom bombardment (FAB)
mode. 'H and "*C NMR spectra were recorded on a Bruker-400 or IN-
OVA-500 instrument; chemical shifts are quoted with respect to the in-
ternal standard tetramethylsilane for 'H and >*C NMR data. Elemental
analysis was carried out with a Heraeus CHN-O Rapid Elementary
Analyzer.

Spectroscopic and Dynamic Measurements: Steady-state absorption
and emission spectra were recorded on a Hitachi (U-3310) spectropho-
tometer and an Edinburgh (FS920) fluorimeter, respectively. Both
wavelength-dependent excitation and emission response of the fluorim-
eter were calibrated. A configuration of front-face excitation was used
to measure the emission of the solid sample, in which the cell was made
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Table 2. Performance characteristics for the electrophosphorescence devices based on complex 1.

8.4, 6.8, 1.5 Hz, 1H), 7.56 (d, J = 5.8 Hz,
1H), 3.00 (d, J = 4.0 Hz, 1H), 2.19 (m, 1H),

Doping Brightness Next Lum. eff. Power eff. Virive  Veurnon FWHM CIE (x.y) 1.92 (m, 1H), 1.44 (m, 2H), 1.35 (s, 3H),
conc. [%]  [cd/m?] [%] [cd/A] flm/W] M M malm] 098 (s, 3H), 079 (s, 3H). "C NMR
6 3451 [a] 10.6 17.43 6.37 861 4 610,76 061,038 (125 MHz, CDCls, 294 K): 6 [ppm] 167.1,
10846 [b] 6.6 10.92 324 10.61 149.9, 141.8, 136.8, 132.5, 130.2, 127.3,
33193 (15) [ 149 (55) 2457 (5.5) 14.86 (5.0) 127.0, 126.3, 126.2, 125.5, 120.1, 61.0, 50.4,
50.0, 33.6, 27.5, 20.5, 19.2, 10.6. Anal. Calcd.
12 3210 [a] 10.51 16.21 6.20 8.24 3.8 612/78 0.62,0.37

10677 [b] 608 1076 328 1032 for CyoHpN3: C 79.17, H 6.98, N 13.85.

33394 (15)[] 12.8 (6.0)  19.79 (6.0) 12.43 (4.5) Found: C79.49, H 6.98, N 13.92.
o ’ ) : ) Synthesis of Pt(iqdz), (1): A solution of
20 2378 [a] 8.28 11.97 495 76 35 616/80 063,037 o ocium tetrachloroplatinate (K,PtCly)
8592 [b] 5.95 8.59 2.84 9.5 (01 g, 0.24 IIlIIlOl), (lqu)H (016 g,
33454 (15)[] 102(5.0) 147 (5.0) 9.28 (4.5) 0.53 mmol) in a mixture of ethanol (15 mL)
50 1397 [a] 6.23 7.04 2.87 7.71 3.6 626/88 0.64, 0.36 and water (5 mL) was heated at 80°C for
5101 [b] 4.55 5.14 1.68 9.63 about 16 h. After this period, the reaction
19430 (15) [c]  8.00 (4.5)  9.03 (4.5) 6.31 (4.5) mixture was cooled and the precipitated sol-
100 694 [a] 3.24 3.5 1.52 7.23 3.8 630/92 0.64, 0.35 id was filtered off, washed with ether, and
2653 [b] 2.46 2.65 0.93 9.01 dried under vacuum to give Pt(iqdz), as a
10733 (15) []  3.91 (4.5)  4.22 (4.5) 2.95 (4.5) red solid (1, 0.15 g, 78 %). Crystals of 1 suit-

[a] Values collected at 20 mA/cm? [b] Values collected at 100 mA/cm?. [c] Maximum values of the devices. Values in

parentheses are the voltages at which they were obtained.

by assembling two edge-polished quartz plates with various Teflon
spacers. A combination of appropriate filters was used to avoid inter-
ference from the scattering light. Lifetime studies were performed by
an Edinburgh FL 900 photon-counting system with a hydrogen-filled
lamp or a nitrogen lamp as the excitation source. Data were analyzed
using a nonlinear least squares procedure in combination with an itera-
tive convolution method. The emission decays were analyzed by the
sum of exponential functions, which allows partial removal of the in-
strument time broadening and consequently renders a temporal resolu-
tion of ~200 ps.

To determine the photoluminescence quantum yield in solution,
samples were degassed by three freeze—pump-thaw cycles under vigor-
ous stirring conditions. 4-(Dicyanomethylene)-2-methyl-6-(p-dimethy-
laminostyryl)-4H-pyran (DCM, A, = 615 nm, Exciton, Inc.) in metha-
nol was used as a reference, assuming a quantum yield of 0.43 with
430 nm excitation [24]. An integrating sphere (Labsphere) was applied
to measure the quantum yield in the solid state, in which the solid-sam-
ple film was prepared via either spin-coating or vapor-deposition meth-
ods and was excited by a 514 nm (complex 1) or 457 nm (complex 2)
Ar" laser line. The resulting luminescence was led to an intensified
charge-coupled detector for subsequent quantum yield analyses. To ob-
tain the PL quantum yield in the solid state, the emission was collected
via an integrating sphere, and the quantum yield was calculated accord-
ing to a reported method [25].

Synthesis of 4,8,8-Trimethyl-3-isoquinoline-1-yl-4,5,6,7-tetrahydro-
2H-4,7-methano-indazole, (iqdz)H: To a stirred mixture of NaH
(0.26 g, 10.8 mmol) and tetrahydrofuran (THF, 10 mL) at 0°C was
added a solution of (1R)-(+)-camphor (1.64 g, 10.8 mmol) in THF for a
period of 10 min. The temperature of the reaction mixture was slowly
increased to RT and stirring was continued for about 30 min. Then the
solution was heated to 60°C, and ethyl 1-isoquinolinecarboxylate
(1.7 g, 8.5 mmol) in THF was added slowly and refluxed for about 3 h.
After this period, the reaction mixture was cooled to 0 °C and quenched
with dilute HCI to pH 8-9. Then it was extracted with ethyl acetate (2 x
100 mL), and the extracts were washed with brine and water, dried over
anhydrous MgSO, and concentrated in vacuo to give a yellow oil
(2.2 g). Hydrazine monohydrate (4.2 mL, 86.0 mmol) in EtOH was
added dropwise to a refluxing solution of the above oil (2.2 g), without
further purification, in EtOH (30 mL). After the mixture was refluxed
for 12 h, the solvent was removed under vacuum. The residue obtained
was dissolved in ethyl acetate and washed with water, dried over anhy-
drous MgSO,, and concentrated again. The residue obtained was
passed through a silica gel column using mixtures of hexane and ethyl
acetate as eluents to give (iqdz)H as colorless crystals (1.4 g, 55 %).

Spectral Data: MS (EI), m/z 303, M". 'H NMR (500 MHz, CDCl;,
294 K): 6 [ppm] 8.51 (d, J = 5.8 Hz, 1H), 8.42 (d, J = 8.3 Hz, 1H), 7.81
(d, J = 8.4 Hz, 1H), 7.67 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 7.61 (ddd, J =
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able for X-ray analysis were obtained by re-
crystallization from a mixture of dichloro-
methane and hexane at room temperature.

Spectral Data of I: MS (FAB), m/z 800, M*. '"H NMR (400 MHz,
CD,Cl,, 294 K): 6 [ppm] 10.93 (d, J = 6.4 Hz, 2H), 8.86 (d, J = 8.2 Hz,
2H), 7.94 (d, J = 7.8 Hz, 2H), 7.86 (dd, J = 8.2, 7.0 Hz, 2H), 7.76 (dd, J
=17.8, 7.0 Hz, 2H), 7.63 (d, J = 6.4 Hz, 2H), 3.44 (d, J = 2.8 Hz, 2H),
2.34 (m, 2H), 2.02 (m, 2H), 1.58-1.47 (m, 4H), 1.52 (s, 6H), 1.09 (s, 6H),
0.85 (s, 6H). °C NMR (100 MHz, CD,Cl,, 294 K): 6 [ppm] 164.8,
156.5, 144.2, 142.1, 136.9, 132.1, 128.2, 127.8, 127.6, 126.9, 123.8, 118.4,
60.8, 52.8,50.7, 34.1, 27.9, 20.5, 19.4, 10.9. Anal. Calcd. for C4oH4oNgPt:
C60.43, H 5.32, N 10.31. Found: C 60.52, H 5.29, N 10.58.

Synthesis of 4,8,8-Trimethyl-3-pyridin-2-yl-4,5,6,7-tetrahydro-2H-4,7-
methano-indazole, (pydz)H: Using the same conditions as for (iqdz)H,
starting from ethyl picolinate and (1R)-(+)-camphor, the title com-
pound was obtained as white crystals (yield 34 %).

Spectral Data: MS (EI), m/z 253, M*. 'TH NMR (500 MHz, CDCl;,
294 K): 6 [ppm] 8.58 (d, J = 5.5 Hz, 1H), 7.69 (ddd, J =7.8,7.5,1.8,7.53
(d, J = 7.8 Hz, 1H), 7.15 (ddd, J = 7.5, 5.5, 1.3 Hz, 1H), 3.03 (d, J =
4.5 Hz, 1H), 2.14 (m, 1H), 1.87 (m, 1H), 1.35 (m, 1H), 1.24 (m, 1H) 1.31
(s, 3H), 0.98 (s, 3H), 0.71 (s, 3H). *C NMR (125 MHz, CDCl3, 294 K):
o [ppm] 167.6, 149.2, 149.1, 136.9, 133.5, 124.6, 122.1, 120.5, 61.2, 50.3,
48.2,33.5,27.2, 20.5, 19.3, 10.5. Anal. Calcd. for C;cH;oN5: C 75.85, H
7.56, N 16.59. Found: C 76.07, H 7.48, N 16.60.

Synthesis of Pt(pydz), (2): Using the same conditions as for Pt(iqdz),
(1), starting from K,PtCl, and the ligand (pydz)H, the title compound
2 was obtained as a yellow powder (yield 50 %).

Spectral Data of 2: MS (FAB), m/z 700, M*. '"H NMR (500 MHz,
CDCl;, 294 K): 6 [ppm] 10.72 (brs, 2H), 7.82 (dd, J = 7.5, 7.5 Hz, 2H),
7.52 (d, J = 8.0 Hz, 2H), 7.22 (brs, 2H), 3.03 (d, J = 4.0 Hz, 2H), 2.13
(m, 2H), 1.86 (m, 2H), 1.35-1.44 (m, 2H), 1.19 (m, 2H), 1.42 (s, 6H),
0.97 (s, 6H), 0.78 (s, 6H). >*C NMR (125 MHz, CDCl3, 294 K): § [ppm]
164.5,155.0, 152.8, 142.5, 138.7, 126.1, 120.9, 118.2, 61.8, 50.9, 47.9, 33.8,
27.8, 20.8, 19.7, 11.2. Anal. Calcd. for C3;H36NgPt: C 54.93, H 5.19, N
12.01. Found: C 54.85, H 5.22, N 11.91.

X-Ray Structural Analysis: Single-crystal X-ray diffraction data were
measured on a Bruker Smart charge-coupled device (CCD) diffrac-
tometer using (Mo K) radiation (1 = 0.71073 A). The data collection
was executed using the SMART program. Cell refinement and data re-
duction were carried out with the SAINT program. The structure was
determined using the SHELXTL/PC program and refined using full-
matrix least squares. All non-hydrogen atoms were refined anisotropi-
cally, whereas hydrogen atoms were placed at the calculated positions
and included in the final stage of refinements with fixed parameters.

Selected Crystal Data of 1. CyoHy4oNePt, M = 799.87, monoclinic,
space group P 2,/n, a = 6.8567(3), b = 18.4625(9), ¢ = 15.5327(8) A, 8 =
95.824(1)°, V = 1956.6(16) A, Z =2, ppearca = 1.358 mgm™, F(000) =
800, crystal size = 040 mm x 0.10 mm x 0.03 mm, 4 (Mo Ka) =
0.7107 A, T = 295(2) K, 1 = 3.620 mm™, 18030 reflections collected
(Rint = 0.0467), final R;[I > 20(I)] = 0.0573 and wR,(all data) = 0.1552.
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The crystallographic data of this complex (excluding structure factors)
have been deposited at the Cambridge Crystallographic Data Centre
with the deposition number CCDC-238230. The data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (fax: (+44) 1223 336 033; e-mail: deposit@ccdc.cam.ac.uk).

OLED Fabrication: Charge transporting materials such as NPB
{4,4’-bis[ N-(1-naphthyl)-N-phenylamino]biphenyl} and Alqs [tris(8-hy-
droxyquinolinato)aluminium(i)], as well as the host material CBP
(4,4-N,N’-dicarbazolyl-1,1"-biphenyl) were synthesized according to lit-
erature procedures [26], and were sublimed twice through a tempera-
ture-gradient sublimation system before use. BCP (2,9-dimethyl-4,7-di-
phenyl-1,10-phenanthroline) was obtained from Aldrich. Patterned
ITO-coated glass substrates (sheet resistance < 30 ©/[7) with an effec-
tive individual device area of 3.14 mm? were cleaned by sonication in a
detergent solution, water, and ethanol, separately, and then dried by a
flow of nitrogen. The substrates were further treated with oxygen plas-
ma for 3 min before being loaded into the vacuum chamber. Various
organic layers were deposited sequentially at a rate of 0.1-0.3 nm/s un-
der a pressure of 2 x 10~ torr in an Ulvac Cryogenic deposition system.
Phosphorescent dopants were co-evaporated with CBP via two inde-
pendent sources. A thin layer of LiF (1 nm) and a thick layer of Al
(150 nm) followed as the cathode. The current-voltage-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 Hita-
chi F4500 spectrofluorimeter. The active area of the device was
3.14 mm? and that of the silicon photodiode was 100 mm? The device
was placed close to the photodiode such that all the forward light went
to the photodiode. The external quantum efficiency was calculated ac-
cording to the method described before [27]. The luminous flux [Im] is
defined [28] by

P, = ijlpc,/lv(/l)d”{ (1)

where K, is the maximum luminous efficiency (683 Im/W), P, is the
spectral concentration of radiant flux, V(1) is the relative photopic lu-
minous efficiency function; the luminance [cd/m?] is defined by P,/ma,
where a is the device area; the luminous efficiency [cd/A] is defined by
P,/nl, where I is the current; power efficiency is defined as P,/IV,
where V' is the applied voltage.
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