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Abstract

A potential dianionic chelate, 5,5'-bis(trifluoromethyl)-2H,2'H-3,3'-bipyrazole
(bipzH,) and 5,5'-(1-methylethylidene)-bis(3-trifluoromethyl-1H-pyrazole) (mepzH,),
were synthesized from Claisen condensation employing ethyl trifluoroacetate with
2,3-butanedione and with 3,3-dimethyl-2,4-pentanedione, followed by hydrazine
cyclization. These chelates were then utilized in preparation of four emissive Pt(ll)
metal complexes [Pt(tbbpy)(bipz)] (1), [Pt(msbpy)(bipz)] (2), [Pt(tbbpy)(mepz)] (3)
and  [Pt(msbpy)(mepz)] (4), where tbbpy and msbpy represent
4,4'-di-t-butyl-2,2'-bipyridine and 4,4'-dimesityl-2,2'-bipyridine, respectively. Single
crystal X-ray structural analyses on 2 and 3 were executed to unveil the basic
coordination geometry around the Pt(ll) center as well as the m-it stacking interaction
in solid state. These complexes are essentially non-emissive in solution (Q. Y. = 0.2 ~
0.4%), but are highly luminescent in solid state with Q. Y. of 52% and 83% and Tps Of
368 ns and 8.37 us for 1 and 3, respectively. Their photophysical properties were
measured and discussed under the basis of computational approaches. For
application, non-doped organic light emitting diodes (OLEDs) were fabricated using 1
and 3 as emitter, exhibiting red-orange emission with maximum luminance of 43000
cd-m'z, EQE of 19.0 %, CE of 21.0 cd-A™ and PE of 15.5 Im-W'l, and yellow emission
with maximum luminance of 5100 cd-m'z, EQE of 7.1 %, CE of 21.0 cd-A* and PE of
11.3 Im-W'1, respectively. The particularly higher OLED efficiencies of 1 versus 3
highlight the design principle of Pt(ll) based phosphors, particularly for fabrication of

non-doped OLED architecture.

Introduction
Transition-metal based light-emitting materials have been receiving considerable
attention owing to their potential in fabrication of the highly efficient organic light

1-10

emitting diodes (OLEDs) and other optoelectronic devices. During the past two

-2 -
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decades, much endeavor has been devoted to designing such phosphors with
various emission hues and functionalities. Chromophoric chelates bearing single
pyridyl group and anionic pendent such as functional cyclometalate and azolate have
been extensively applied to build up the robust coordination frameworks for which
the associated electronic properties can be fine-tuned.'™ *? Representative examples
include the Ir(Ill) metal complexes such as [Ir(pig)s(acac)],*® [Ir(ppy).(acac)] (acac =
acetylacetonate)™ and [Ir(dfppy)a(pytz)] (pigH: 2-phenylisoquinoline, ppyH:
2-phenylpyridine, dfppyH: 2,4-difluorophenylpyridine and pytzH:
3-trifluromethyl-5-(2-pyridyl)-1,2,4-triazole),”> among which all chelates are
monoanionic and the resulting metal complexes are brightly emissive in both fluid
and solid states, allowing the fabrication of efficient OLEDs that showed the
anticipated RGB chromaticity.

The second class of chelates is ascribed to those with no net anionic charge, e.g.,

22-24 25,26

diolefin,*® diimine,”** bis-carbene or diphosphine, which are equally useful
in making luminescent metal complexes with versatile structural designs and diverse
electronic properties. In yet another approach, from the viewpoint of formal charge
residing on the chelate, metal complexes assembled with dianionic bidentate
chelates should be of equal importance. The incorporation of dianion chelates is
believed to alter the properties of metal complexes per se (cf. those with
mono-anionic or neutral chelates), particularly from the practical concerns of
stability and/or spectral tunability.

— NN

R,yP PR,

diolefin diimine bis-carbene diphosphine
However, reports regarding dianion chelated metal complexes are sparse.
Documented precedence may be ascribed to the dianionic 2,2’-biphenyl, which is

27,28

capable of affording well characterized Ir(lll) and Pt(ll) metal phosphors, while

dianionic chelates were utilized in synthesis of specialized Pt(ll) and Pd(ll)

-3 -
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29-31

phosphors. As another example, 2,2’-biimidazole might have potential to serve

as the dianionic chelate; unfortunately, due to the lack of electron withdrawing

32, 33

groups, it tends to retain both of its protons or only affords partial

deprotonation after coordination to the transition metal.*®

Me
Me
N CF3 / 3 L
OO O "0 e
NH HN N —NH HN-N N-NH HN\N
biphenyl diimidazole bipzH, mepzH,

In the present work, our aims are focused on the preparation of stable
luminescent metal complexes with potentially dianionic chelates such as bipyrazole

with dual CF3 substituents,®* *°

e.g. bipzH, and mepzH,. We also expect these metal
complexes would reveal distinctive photophysical properties compared with the
traditional metal phosphors with monoanionic chelates, particularly in the

fabrication of non-doped organic light emitting diodes (OLEDs). Detail of results and

discussion are elaborated in the following sections.

Experimental section:

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. The 4,4'-dimesityl-2,2'-bipyridine
(msbpy) was synthesized according to procedures in literature.?® All reactions were
monitored by TLC with pre-coated silica gel plates (Merck, 0.20 mm with fluorescent
indicator UV254). Flash column chromatography was carried out using silica gel
obtained from Merck (230-400 mesh). Mass spectra were obtained on a JEOL
SX-102A instrument operating in electron impact (El) or fast atom bombardment
(FAB) mode. *H and *°F NMR spectra were recorded on a Bruker-400 or INOVA-500
instrument. Elemental analysis was carried out with a Heraeus CHN-O Rapid

Elementary Analyzer.
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Synthesis of bipzH,: To a dried THF (50 mL) solution of sodium methoxide (0.69
g, 12.79 mmol) were added ethyl trifluoroacetate (1.82 g, 12.82 mmol) and
2,3-butanedione (0.50 g, 5.81 mmol) at 0 °C under nitrogen atmosphere. The
resulting mixture was stirred at RT for 24 h under N,. The solvent was stripped off,
while the residue was taken into excess ethyl acetate. The solution was then
neutralized with dilute HCl solution to pH ~ 4, washed with water three times, dried
over MgS0, and concentrated by rotary evaporation. The obtained solid was next
treated with hydrazine monohydrate (1.4 mL, 29.12 mmol) in refluxing ethanol for 24
h. Flash column chromatography (ethyl acetate : hexane = 1 : 1) gave the product
(0.43 g, 1.59 mmol, 27 %).

Selected spectral data of bipzH,. MS (El), observed (actual): m/z 270 (270) [M]".
'H NMR (400 MHz, acetone-ds, 298K): 6 13.53 (s, 2H), 7.16 (s, 2H). *°F (470 MHz,
CDCls, 294 K): 6 -62.74 (s, CF3). Anal. Calcd. for CgH4FgN4: C, 35.57; N, 20.74; H, 1.49.

Found: C, 35.29; N, 20.93; H, 1.27.

Synthesis of mepzH,: To a THF (50 mL) suspension of sodium methoxide (0.53 g,
9.8 mmol) were added ethyl trifluoroacetate (1.22 g, 8.59 mmol) and
3,3-dimethyl-2,4-pentanedione (0.50 g, 3.91 mmol) at 0 °C under nitrogen. The
resulting mixture was stirred at RT for 24 h under N, and stripped to dryness under
vacuum. The residue was taken into the excess of ethyl acetate. The solution was
washed with dilute HCl solution and deionized water, dried over MgSO, and
concentrated by rotary evaporation. Finally the crude product was treated with
hydrazine monohydrate (0.5 mL, 9.70 mmol) in refluxing ethanol for 24 h. Flash
column chromatography (ethyl acetate : hexane = 1 : 1) afford mepzH, (0.22 g, 0.70
mmol, 18 %).

Selected spectral data of mepzH,. MS (El), observed (actual): m/z 312 (312) [M]".
'H NMR (400 MHz, acetone-dgs, 298K): 6 12.71 (s, 2H), 6.55 (s, 2H), 1.86 (s, 6H). *°F

NMR (470 MHz, acetone-ds, 294 K): 6 -62.48 (s, CF3). Anal. Calcd. for Cy1H1gFgNa4: C,

-5 -
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42.32; N, 17.94; H, 3.23. Found: C, 42.38; N, 17.62; H, 3.75.

Synthesis of [Pt(tbbpy)(bipz)] (1): A mixture of Pt(DMSQO),Cl, (600 mg, 1.5 mmol)
and tbbpy (429 mg, 1.6 mmol) in 20 mL of 2-methoxyethanol was refluxed for 3 h to
afford the intermediate complex Pt(tbbpy)Cl,. Without further purification, to this
reaction mixture were added bipzH, (500 mg, 1.6 mmol) and NaOAc (396 mg, 4.8
mmol), and then refluxed for 4 h. After cooling back to RT, the precipitate was filtered,
washed with water, ethanol and diethyl ether to afford an orange product, which was
purified by vacuum sublimation at 300 °C. Yield: 71 %.

Selected spectral data of 1. MS (FAB. **°Pt), observed (actual): m/z 732 (731)
[M+1]*. *H NMR (400 MHz, CDCls, 294 K): 6 10.47 (d, Jun = 6 Hz, 2H), 7.73 (s, 2H), 7.46
(d, Juy = 6 Hz, 2H), 6.34 (s, 2H), 1.46 (s, 18H). *°F NMR (470 MHz, CDCls, 294 K): &
-60.6 (s, CF3). Anal. Calcd. for CygHpeFgNgPt: C, 42.68; N, 11.49; H, 3.58. Found: C,
42.87; N, 11.28; H, 3.41.

Synthesis of [Pt(msbpy)(bipz)] (2). Using the procedure described for 1, the
reaction of Pt(DMSO),Cl,, msbpy and bipzH, in 2-methoxyethanol afforded the Pt(ll)
product [Pt(msbpy)(bipz)], which was sublimed at 300 °C to afford an orange solid.
Yield: 73 %.

Selected spectral data of 2. MS (FAB. **°Pt), observed (actual): m/z 856 (855)
[M+1]*. *H NMR (400 MHz, CDCls, 294 K): 6 11.13 (d, Jun = 6 Hz, 2H), 7.77 (s, 2H), 7.59
(d, Jun = 6 Hz, 2H), 6.98 (s, 4H), 6.59 (s, 2H), 2.33 (s, 6H), 2.06 (s, 12H). *°F NMR (470
MHz, CDCls, 294 K): 6 -60.7 (s, CF3). Anal. Calcd. for C3gH3gFgNgPt: C, 50.53; N, 9.82; H,
3.53. Found: C, 50.19; N, 9.73; H, 3.77.

Selected crystal data of 2: C3gH3oFsNgPt; M = 1025.60; T = 150(2) K; A(Mo-K,) =
0.71073 A; monoclinic; space group = P2:/n; a = 11.3477(11), b = 17.9505(16), ¢ =
19.3631(18) A, B = 95.698(2)°; V = 3924.7(6) A% Z = 4; peaica = 1.736 g-cm>; p = 3.913
mm™%; F(000) = 2016; crystal size = 0.37 x 0.25 x 0.20 mm?>; 27188 reflections
collected, 8997 independent reflections (Ri,: = 0.0462), max. and min. transmission =

0.5083 and 0.3254, restraints / parameters = 0 / 502, GOF = 1.045, final R1[/ > 25(/)] =

-6 -
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0.0444 and wR(all data) = 0.1268, largest diff. peak and hole = 1.459 and -1.876
e-A™.

Synthesis of [Pt(tbbpy)(mepz)] (3). Using the procedure described for 1, the
reaction of Pt(DMSO),Cl,, tbbpy and mepzH, afforded the Pt(ll) product complex
[Pt(tbbpy)(mepz)], which was sublimed at 300 °C to afford a light yellow solid. Yield:
62 %.

Selected spectral data of 3. MS (FAB. '*°Pt), observed (actual): m/z 774 (773)
[M+1]*. *H NMR (400 MHz, CDCls, 294 K): & 9.80 (d, Jun = 6 Hz, 2H), 8.00 (s, 2H), 7.28
(d, Jun = 6 Hz, 2H), 6.27 (s, 2H), 1.74 (s, 6H), 1.16 (s, 18H). °F NMR (470 MHz, CDCls,
294 K): 6 -60.2 (s, CF3). Anal. Calcd. for CyoHs,FsNgPt: C, 45.02; N, 10.86; H, 4.17.
Found: C, 44.72; N, 10.79; H, 4.33.

Selected crystal data of 3: CygH3,FsNgPt; M = 858.62; T = 150(2) K; A(Mo-K,) =
0.71073 A; orthorhombic; space group = Pbcn; a = 14.7879(6), b = 18.8945(7), ¢ =
23.5291(10) A; V= 6574.3(5) A%; Z = 8; peaica = 1.735 g-cm™>; W = 4.496 mm?; F(000) =
3376; crystal size = 0.20 x 0.20 x 0.15 mm3; 48712 reflections collected, 7558
independent reflections (Ri,; = 0.0675), max. and min. transmission = 0.5520 and
0.4667, restraints / parameters = 10 / 425, GOF = 1.043, final Ry[/ > 25(/)] = 0.0370
and wR;(all data) = 0.0879, largest diff. peak and hole = 1.354 and -1.058 e-A™>.

Synthesis of [Pt(msbpy)(mepz)] (4). Using the procedure described for 1, the
reaction of K,PtCl;, msbpy and mepzH, afforded the Pt(ll) complex
[Pt(msbpy)(mepz)], which was sublimed at 300 °C to afford a yellow solid. Yield: 52
%.

Selected spectral data of 4. MS (FAB. **°Pt), observed (actual): m/z 898 (897)
[M+1]*. *H NMR (400 MHz, CDCls, 294 K): 6 10.28 (d, Jun = 6 Hz, 2H), 7.78 (s, 2H), 7.50
(d, Juy = 6 Hz, 2H), 6.96 (s, 4H), 6.40 (s, 2H), 2.32 (s, 6H), 2.04 (s, 12H), 1.95 (s, 6H). *°F
NMR (470 MHz, CDCls, 294 K): 6 -60.4 (s, CF3). Anal. Calcd. for C3gH3gFsNgPt-H,0: C,

51.15; N, 9.18; H, 4.18. Found: C, 51.32; N, 9.34; H, 4.64.
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X-ray Structural Analysis. All single-crystal X-ray diffraction data were
measured on a Bruker Smart CCD diffractometer using A(Mo-K,) radiation (A =
0.71073 A). The data collection was executed using the SMART program. Cell
refinement and data reduction were made 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 anisotropically, whereas
hydrogen atoms were placed at the calculated positions and included in the final
stage of refinements with fixed parameters. CCDC-1413686 and 1413687 contain the
supplementary crystallographic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre via

http://www.ccdc.cam.ac.uk.

Spectroscopic and Dynamic Measurements. Steady-state absorption and
emission spectra were recorded with a Hitachi (U-3900) spectrophotometer and an
Edinburgh Fluorescence spectrometer (FLS920-t module), respectively. Both
wavelength-dependent excitation and emission response of the fluorimeter have
been calibrated. A configuration of front-face excitation was used to measure the
emission of the solid sample, in which the cell was made by assembling two
edge-polished quartz plates with various Teflon spacers. A combination of
appropriate filters was used to avoid interference from the scattering light. To
determine the phosphorescence quantum vyield in solution. Coumarin 480 (Amax =
473 nm, Q.Y. = 0.87 in methanol) was used as the standard. To obtain the PL
guantum vyield in solid state, the emission was collected via an integrating sphere,
and the quantum yield was calculated according to a reported method.*’ For lifetime
measurement, data were fitted by the sum of exponential functions with a temporal
resolution of ~300 ps by using a nonlinear least-squares procedure in combination
with an iterative convolution method.

DFT Methodology: The molecular structures of monomers were optimized in

vacuum, using the software Avogadro®® to enter the starting geometry. The

-8 -
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molecular structures of dimers were optimized starting from the crystal structures
with the Pt-Pt distance fixed. Then the structures were optimized, in CH,Cl,, starting
from the optimized structure from vacuum. All calculations were carried out using

1*° of theory

the Gaussian 09 program>® with the hybrid B3LYP functional leve
together with 6-31+G* basis set for C, H, N and F atoms and LANL2DZ basis set for Pt.
Time-dependent DFT calculations (TD-DFT) were performed using Gaussian 09
program with a polarizable continuum model (PCM) in CH,Cl,.** The 70 lowest singlet
electronic transitions were calculated and processed with the GaussSum software
package.*?

OLED Fabrication and Measurement. All devices were fabricated on commercial
ITO-coated glass substrates. The ITO substrates were treated in order by ultrasonic
bath sonication of detergent, de-ionized water, isopropanol and acetone, each with a
20 min interval. Then the ITO substrates were dried with nitrogen gas and baked in
an oven at 80°C for 30 min. Subsequently, the substrates were transferred into a
thermal evaporator, where the organic, inorganic and metal functional layers were
grown layer by layer at a base pressure better than 4 x 10 Pa. The evaporation rates
were monitored with several quartz crystal microbalances located above the
crucibles and thermal boats. For organic semiconductors and metal oxides, the
typical evaporation rates were about 0.1 nm/s and for aluminum, the evaporation
rate was about 1 to 5 nm/s. The intersection of Al and ITO forms a 1 mm x 1 mm
active device area. Current density-voltage (J-V) and luminance-voltage (L-V) data
were collected with a source meter (Yokogawa GS610) and a luminance meter
(Konica Minolta LS-110) with a customized Labview program. The electroluminance

spectra were measured with a spectrophotometer (Photo Research Inc., PR-705).

Results and Discussion
Preparation and Characterization The demanded 3,3’-bipyrazole chelates, i.e.

5,5’-di(trifluoromethyl)-3,3’-bipyrazole (bipzH,) and 5,5'-(1-methylethylidene)-bis

-9 .-
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(3-trifluoromethyl-1H-pyrazole) (mepzH,), were obtained from a two-step protocol,
i.e. Claisen condensation employing ethyl trifluoroacetate and 2,3-butanedione and
from ethyl trifluoroacetate and 3,3-dimethylpentane-2,4-dione, followed by
hydrazine cyclization in refluxing ethanol. Recrystallization and sublimation were
used for purification of these products. *H NMR analysis of bipzH, gives two equal
intensity peaks at 6 13.53 and 7.16 in dg-acetone, which are assigned to the pyrazolic
NH and CH signals, respectively. In contrast, the corresponding *H NMR signals of the
pyrazolic NH and CH signals for mepzH, appeared at 6 12.71 and 6.55 in dg-acetone.
In this case, the high-field shifting of both signals is due to the electron donating
effect of the bridging methylethylidene, for which the respective methyl signal is
located at 6 1.86.

The preparation of Pt(ll) complexes were next accomplished in a two-step
sequence. Firstly, the 2,2'-bipyridine chelate (i.e. tbbpy or msbpy) was reacted with
Pt(DMSO),Cl, to afford the bipyridine intermediate, e.g. Pt(tbbpy)Cl, and
Pt(msbpy)Cl,. The intermediate obtained was then reacted with the bipyrazole
chelate (bipzH, or mepzH,) in the presence of NaOAc to afford the desired products,
i.e. [Pt(tbbpy)(bipz)] (1), [Pt(msbpy)(bipz)] (2), [Pt(tbbpy)(mepz)] (3) and
[Pt(msbpy)(mepz)] (4). The products were typically purified by column
chromatography and recrystallization. The reaction yields run up to 73%. It is notable
that all bipyridine chelates deliberately incorporated the functional substituents
t-butyl or mesityl group at the 4,4’-position, the purpose is to improve the solubility
of the Pt(ll) complexes in the solution phase. The sample purities were verified by
mass, "H and *°F NMR and elemental analyses. Their structural drawings are depicted
in Scheme 1. Notable inter-ligand H-bonding interaction between bipyridine and bipz
chelates is observed for the Pt(ll) complexes 1 and 2,** which is confirmed by the
downfield *H NMR signal observed at & 10.49 and 11.13 versus the *H NMR signal at
6 9.80 and 10.28 of the mepz-containing Pt(ll) complexes 3 and 4, respectively. It is

believed that the puckered arrangement of the mepz chelate would forfeit formation

- 10 -
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of such H-bonding around the coordination sphere of the Pt(Il) metal atom.

But But
/ \ / \
) N\ /N { \ N\ /N /
H Pt H

N-N N-N N-N N-N

N
e \ \ |
CF3 CF3 CF3 CF3
R = mesityl, (2)
But Bu! R R
/ \ / \
\ NN / \ N /
N/
/Pt\
) N NN N-N
WCFS WC%
R = mesityl, (4)

Scheme 1. Schematic drawings of the Pt(ll) complexes 1 ~ 4.

The X-ray structural analysis of 2 was conducted to show the generalized
structural arrangement and packing behavior of bipz substituted Pt(ll) complexes in
the solid state. Figure 1 shows the ORTEP diagram of 2, along with a simplified
packing diagram showing the m-mt stacking interactions between molecules in close
contact. The Pt-N(pyrazolate) bond lengths of 2 are observed to be 2.001(5) and
2.009(5) A, which are slightly longer than the Pt-N(pyrazolate) distances of 1.98 A
observed in the closely related Pt(ll) complexes, but are statistically identical to
those of the Pt-N(pyridine) distances of 2.019(5) A within the same molecule. These
metric data imply the possession of similar Pt-N bond strength between all nitrogen
donors, despite the negative charges of the pyrazolates which should interact more
strongly with the positively charged Pt(ll) metal versus the neutral pyridine
fragments. The double five-membered ring structure of the bis-pyrazolate chelate
may induce an unfavorable strain energy at the C-C linkage between the pyrazolate
fragments upon coordination, which would slightly weaken the metal-chelate

bonding. Apparently, this coordination arrangement also affects the inter-ligand

- 11 -
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bonding interaction between the msbpy and bipz chelates, for which the observed
C-H--N distances of ~2.316 A are also longer than the typical non-bonding distances
of 2.256 ~ 2.296 A observed in the relevant Pt(Il) complexes.**

Substantial intermolecular interactions were also observed in the crystal lattice,
which is shown by an anti-parallel stacking, with the bipz chelate of one molecule
residing on top of the bpy chelate of the adjacent molecule and vice versa. A short
Pt--Pt separation of 3.454 A was calculated between each half of the dimer, which is
comparable to the typical Pt-Pt contacts observed in several dimeric structures of
cyclometalated Pt(ll) complexes (3.15-3.76 A), confirming the co-existence of m-nt

stacking interaction.*™*®

Furthermore, the coordination framework around each Pt(ll)
atom is bent outward, while the mesityl substituents on bipyridine are twisted
accordingly to make more room for the CF; substituents of the bipz chelates of
adjacent molecule.

The single crystal X-ray analysis of mepz substituted Pt(ll) complex 3 was also
conducted to reveal the difference with that of the bipz-containing complexes 1 and
2. The ORTEP diagram and metric parameters are depicted in Figure 2. As can be
seen, all Pt-N distances are more-or-less identical with each other as expected,
except that the N-Pt-N bite angle of the mepz chelate (84.55°) is slightly greater than
that of the corresponding tbpy chelate (79.49°), or that of the bipz chelate in 2
(78.3°), due to the puckered arrangement of the mepz chelate. This coordination
configuration is also consistent with the *H NMR spectral data, showing absence of
the inter-ligand C-H-::N bonding interaction. Furthermore, the pair of closest
molecules in the crystal lattice now adopt a nearly 90° rotated conformation, rather
than the parallel alignment as observed in 2. Most importantly, the elongated Pt:--Pt
contact of 4.505 A eliminates the possibility for substantial intermolecular Pt---Pt
stacking interaction.

Photophysical Characterization. The UV-Vis absorption spectra of all Pt(ll)

complexes in CH,Cl, solution are shown in Figure 3, while pertinent data are listed in

- 12 -
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Table 1. The intense short wavelength absorptions (< 330 nm) are due to the
intra-ligand m-mt* transitions, while the long wavelength absorptions between 330 -
420 nm could be tentatively assigned to the admixture of metal-to-ligand (bipyridine)
charge transfer (MLCT) and ligand-to-ligand charge transfer transitions (LLCT), i.e. the

4951 1t is notable that the

transition from pyrazolate-metal fragment to bipyridine.
absorption onset of the lower energy bands follows a trend of 1 ~3 <2 ~ 4 in terms
of wavelength, together with an increase in absorptivity for the msbpy coordinated
Pt(ll) complexes 2 and 4. This trend is consistent with both the greater
electronegativity and m-conjugation of mesityl groups, which would afford the
detected bathochromic shift and hyperchromic effect. Moreover, the lowest energy
absorption band of 1 and 2 is coincident with that of 3 and 4, respectively, showing
the indistinguishable electronic character exerted by both bipz and mepz chelates in
solution.

Moreover, these Pt(ll) complexes exhibited relatively weak emission in CH,Cl,
solution with quantum yield (@) in the range 0.2 ~ 0.4%. As can be seen, the bipz Pt(ll)
complexes 1 and 2 showed a much broadened emission band with peak maxima
located at 633 and 629 nm, while the mepz substituted Pt(ll) complexes 3 and 4
displayed a distinctive structured profile with the first peak maxima (Eq.g) located at
476 and 475 nm, respectively. Generally speaking, the red-shifted and structureless
emission profile displayed by complexes 1 and 2 could be due to both the enhanced
LLCT contribution in CH,Cl, solution as showed by the DFT calculation (vide infra) and
the possible existence of intermolecular m-mt stacking interaction, the latter is
essential for triggering the so-called metal-metal-to-ligand charge transfer (MMLCT)

transition.>2®!

However, at the conc. of 107 M, their excitation spectra are essentially
identical to the absorption spectra, implying the absence of stacked dimer or higher
oligomers.

The existence of favorable m-it stacking interaction can be further confirmed by

recording the emission spectra in PMMA polymer matrix with different doping levels.
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As shown in Figure 4, complexes 3 and 4 bearing mepz chelates showed the
concentration independent spectral patterns that also resemble their solution
spectra. This result may be attributed to the lack of intermolecular interaction up to a
concentration of 5 wt.% in PMMA matrix. In sharp contrast, Pt(ll) complexes 1 and 2
showed notable aggregation at a much lowered concentration of 0.2 and 0.5 wt.%,
respectively. Upon increase to 5 wt.%, the monomer emission is completely
guenched for Pt(ll) complex 1 and substantially suppressed for 2. These results are
consistent with the facile formation of dimer or even oligomer for the bipz Pt(ll)
complexes 1 and 2 in PMMA. In fact, dual phosphorescence has been also detected
in solution state for the class of dinuclear and polynuclear Pt(ll) complexes, for which
the nature of excited state (e.g. monomeric emission or MMLCT) is controlled by the
bridging ligand and, hence, the Pt---Pt spacing.>* %% &3

Figure 5 shows the emission spectra of Pt(ll) complexes 1 — 4 as neat powder,
for which the emission quantum yields are substantially greater than those recorded
in solution state at RT. In general, the higher emission efficiency is attributable to the
rigid environment in the solid state, which then destabilizes the metal centered dd

excited states and increases the corresponding emission efficiency.” %

Moreover,
the mepz coordinated complexes 3 and 4 retain a much blue-shifted emission profile
versus their bipz counterparts 1 and 2. These photophysical properties, together with
the multiple vibronic bands and longer emission lifetime (tops = 8370 and 2180 ns)
observed, symbolize the possession of higher degree of the intra-ligand m-m*
transition and reduced MLCT contribution in the emitting excited states.®*®
Remarkably, both the bipz complexes 1 and 2 show a distinctive structureless
emission with much red-shifted peak maxima centered at 633 and 629 nm and with
significantly shorter lifetime of 368 and 370 ns, respectively. Apparently, these
discrepancies are induced by the favorable Pt:--Pt stacking interaction expected for

the planar geometry of Pt(ll) complexes, for which the X-ray structural analysis of 2

has unambiguously confirmed the formation of dimeric architecture with shortened

- 14 -
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Pt--Pt separation of 3.484 A. Moreover, since the t-butyl substituents in 1 are much
smaller than the mesityl substituents in 2, it is possible that the Pt(ll) complex 1
should be more susceptible to form the aggregated dimer or even higher nuclearity
oligomer in the solid state. Hence, the stronger intermolecular stacking interaction
expected for both Pt(ll) complexes 1 and 2 would result in a higher degree of
red-shifting in emission versus that of the mepz substituted complexes 3 and 4. In
fact, the spectroscopic characteristics of complexes 1 and 2 are consistent with the
aforementioned MMLCT excited state character that is detected in many strongly
aggregated Pt(Il) metal complexes.>®°

Theoretical Calculations. All calculations were carried out using the hybrid
B3LYP functional level of theory together with 6-31+G* basis set for C, H, N and F
atoms and LANL2DZ basis set for Pt. This has proven to be successful with Pt
complexes without a long-range separated charge-transfer system.”®

The contributions from component parts of the molecules to selected molecular
orbitals are shown in Table S1 with numerical values detailed in Tables S3 - 6. Table
S2 gives the corresponding orbital energies. For all four complexes, the LUMO and
LUMO+1 are more than 93% located on the bpy ligand. For 1 and 2, the HOMO is
more than 90% located on the bipz with the HOMO-1 and HOMO-2 distributed on
the Pt metal and bipz. For 3 and 4, the HOMO shows a lower contribution of about
70% from the mepz with 30% on Pt. The HOMO-1 is distributed on the Pt metal and
mepz while the HOMO-2 is mainly on the mepz. When replacing bipz with mepz, the
HOMO energy decreased while the LUMO remained the same due to the location of
the LUMO on the bipyridine component for all complexes.

Time-dependent DFT (TD-DFT) calculations were also performed and the
simulated absorption spectra matched well with the experimental spectra. The 70
lowest-energy singlet-singlet transitions are summarized in Tables S7-10 and a
representation of the low-energy excited states and transitions is shown in Figure 6.

The first two electronic transitions from HOMO = LUMO and HOMO-1 = LUMO,

- 15 -
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respectively, for 1 and 2, both have very low oscillator strength (less than 0.01) and
correspond to the tail in the experimental spectra. The first strong band (oscillator
strength > 0.2), which is the third excited state, is mainly due to HOMO-2 - LUMO,
with mixed MLCT and LLCT character. For 3 and 4, the first electronic transition from
HOMO - LUMO is also very weak. The second, more intense, transition is mainly
due to HOMO-1 = LUMO, with some contribution from HOMO-3 = LUMO, and
again possesses mixed MLCT and LLCT character. Qualitatively, we can see a similarity
between HOMO-2 for 1,2 and HOMO-1 for 3,4 (Figure 6), consistent with the
different character of the lowest strong transition for 1,2 and 3,4, respectively.

Triplet excited states, which are generally lower in energy, are very important in
the heavy transition metal complexes, due to spin-orbit coupling introduced by the
central heavy metal which favors the formation of low-lying triplet excited states.
Thus, the lowest triplet excited state was also optimized and the estimated emission
energy determined by subtracting the total energy of the Sy state from that of the
minimized T, state, both at the minimized T, state geometry. The results are
summarized in Table S11 and shown pictorially on Figure 6. These calculations
predict a lower-energy emission for 1,2 compared with 3,4, and this can be
correlated with the lower-energy HOMO for 3 and 4 that also leads to a lower S;. This
suggests that the solution red-shift of emission for 1 and 2 compared with 3 and 4 is
largely intrinsic to the molecules, rather than being attributable to aggregation. The
aggregation then leads to a further red-shift in keeping with the experimental results
shown in Figure 5.

To probe the role of aggregation, we carried out calculations on dimers of 1 with
the Pt-Pt distance fixed at 3.484 A or 3.44 A during optimization (Table $12). This
showed a lowering of energy as the Pt-Pt distance was shortened of -0.19 eV and
-0.24 eV per complex respectively compared with the isolated monomer. This
stabilization is consistent with the aggregation in solution and solid state observed

during the photophysical studies.

- 16 -
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Non-doped OLED Performance of 1 and 3. The high quantum efficiency of 1 and
3 in neat film encouraged us to fabricate the corresponding electrophosphorescent
devices. A non-doped structure of ITO/MoO3 (2 nm)/
1,4-bis(1-naphthylphenylamino)-biphenyl (NPB) (25 nm)/
1,3-bis(9-carbazolyl)benzene (mCP) (8 nm)/ 1 or 3 (40 nm)/
tris[3-(3-pyridyl)mesityl]borane (3TPYMB) (50 nm)/LiF (1 nm)/Al was used, where
NPB was used as the hole-transporting material; mCP was employed to facilitate hole
into the emitting layer; 3TPYMB was utilized as electron-transporting material; MoO3
and LiF served as hole- and electron-injecting materials, respectively . The current
density-voltage-luminance  (J-V-L)  characteristics, current efficiency/power
efficiency/EQE versus current density and EL spectra of the devices were shown in
Figure 7. As shown in Figure 7a, the turn-on voltages (at 1 cd-m?) for 1 and 3 are 4.1
V and 5.1 V, respectively, which can be ascribed to the difference between the
conductivities of 1 and 3 as can be seen from the large difference in the current
densities of 1 and 3. Maximum luminance levels for 1 and 3 were about 43000 cd-m™
and 5100 cd-m™. As can be seen in Figure 7b, maximum EQE of 19.0 % and 7.1 %,
maximum CE of 21.0 cd-A™ and 21.0 cd-A'l, and maximum PE of 15.5 Im-W* and 11.3
Im-W™ were achieved for 1 and 3, respectively. It is remarkable that the EQE for the
non-doped device of 1 is already comparable or even superior to the doped results

7% Moreover, at high

based on the red-emitting Pt(ll) and Ir(lll) counterparts.
current density of 100 mA-cm™ (12800 cd-m?, 10.6 V), the EQE value still remained
as high as 12.8%, indicating the low efficiency roll-off characteristic of 1. As a
comparison, the device for 3 shows much lower efficiency and pronounced efficiency
roll-off (with an EQE of 1.7 % at 100 mA-cm™). The difference between 1 and 3 is
assumed to be mainly caused by the large difference between the exciton dynamics.
Complex 1 shows a much shorter triplet exciton lifetime of 368 ns (as shown in Table

1), which is 20 times shorter than that of 3. In addition to the balanced carrier

transport, a shorter exciton lifetime helps to reduce the non-radiative losses, such as
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triplet-triplet annihilation (TTA) and triplet-polaron annihilation (TPA), which is the
key to maintain a high EQE.”® The electroluminescence spectra of 1 and 3 are shown
in Figure 7c. Slightly red shift of 7 nm were found for both 1 and 3 and the CIE 1931

coordinates for 1 and 3 are found to be (0.63, 0.37) and (0.27, 0.52), respectively.

Conclusion.

In conclusion, we have synthesized four highly emissive Pt(Il) metal complexes
assembled using charge-neutral bipyridine-based chelate and a dianionic
heteroaromatic counterpart, such as bipz and mepz. Both the photophysical
measurement and DFT calculation showed the existence of the mixed MLCT and
ligand-to-ligand charge transfer (LLCT) character in their lowest energy triplet excited
states, which is different from typical Pt(ll) complexes with dominant MLCT and
intra-ligand charge transfer (ILCT) contribution. Apparently, the dianionic chelate is
the key for changing the observed electronic properties. Despite of this intrinsic
difference, Pt(ll) complexes 1 and 3 showed efficient emission in solid state, with Q. Y.
of 52% and 83% and 1,,s of 368 ns and 8.37 us, respectively. Notably, non-doped
OLEDs employing the planar Pt(ll) phosphor 1 exhibited red-orange emission with
max. luminance of 43000 cd-m?, EQE of 19.0 %, CE of 21.0 cd-A™ and PE of 15.5
Im-W™, which are much superior to the data recorded for the yellow-emitting Pt(ll)
reference complex 3 with a non-planar molecular geometry (c.f. max. luminance of
5100 cd-m?, EQE of 7.1 %, CE of 21.0 cd-A™ and PE of 11.3 Im-W). The high OLED
efficiencies of 1 could be derived from the balanced carrier transport as well as the
shortened lifetime in the sub-microsecond region. This information is of uttermost
useful to a better design of transition-metal based phosphors, particularly for

fabrication of non-doped OLED architecture.
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Table 1. Selected photophysical properties of Pt(ll) complexes 1 — 4.

abs kmax[a] (8 X | em 7\«max (0] Tobs kr[C] knr[C]

10*, M*em™) | (nm)® (%) | (ns)® | (s) (s)

265 (1.79), 377 (0.2); |(22); (9.1 x 10%) | (4.5 x 10')
(580); [633]

(0.57) [52] | [368] [1.4 x 10°] | [1.3 x 10°]

273 (2.10), 386 (0.4); |(12); (3.3 x 10°) | (8.3 x 10')
(578); [629]

(0.67) [10] [[370] |[2.7x10°] | [2.4 x 10°]
(476, 505, 540);

268 (1.93), 368 (0.2); |(6.5); | (3.1 x 10°) | (1.5 x 10%)
[471, 502, 535,

(0.53) [83] | [8370] |[9.9x10% | [2.0x10%
581]
(475, 508, 540);

277 (2.60), 377 (0.4); |(8.7); | (4.6 x10°) | (1.1 x 10%)
[484, 512, 548,

(0.66) [66] |[2180] |[3.0x10°] |[1.6x10°]
597]

[a] UV-Vis spectra were recorded in CH,Cl, solution at 1 x 10~ M. [b] PL data
measured in CH,Cl, and in solid state as neat powder at RT are depicted in
parentheses and square bracket, respectively. [c] k; and k. were calculated according

to the equations, k. = @ /Tops and knr = (1/Tobs) — k-
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Figure 1. (top) Structural drawing of 2 with thermal ellipsoids shown at the 50%
probability level. (bottom) Diagram showing the molecular stacking and closest
Pt---Pt contact. Selected bond distances: Pt-N(2) = 2.001(5), Pt-N(3) = 2.009(5), Pt-N(5)
= 2.019(5), Pt-N(6) = 2.019(5), N(1)--H(9) = 2.313 and N(4)--H(18) = 2.319 A, and

bond angles: N(2)-Pt-N(3) = 78.3(2) and N(5)-Pt-N(6) = 79.7(2)°.

- 20 -
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Figure 2. (top) Structural drawing of 3 with thermal ellipsoids shown at the 50%
probability level. (bottom) Diagram showing the molecular stacking and closest
Pt---Pt contact. Selected bond distances: Pt-N(1) = 2.021(4), Pt-N(2) = 2.025(4), Pt-N(4)
= 1.994(4) and Pt-N(5) = 2.012(4) A, and bond angles: N(1)-Pt-N(2) = 79.49(15) and

N(4)-Pt-N(5) = 84.55(15)°.
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Figure 3. UV-Vis absorption and normalized emission spectra of Pt(Il) complexes 1 —4

recorded in CH,Cl, solution at 1 x 10~ M at RT.
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Figure 4. The normalized emission spectra of Pt(ll) complexes 1 — 4 (i.e. a — d)

recorded in doped PMMA thin film.
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Figure 5. The normalized emission spectra of Pt(ll) complexes 1 — 4 recorded in

CH,CI; and as thin film of neat powder at RT.
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(3), is particular suitable for fabrication of non-doped OLEDs.
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