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Experimental section

General. 'H and >C NMR spectra were recorded on an Avance III 500 spectrometer
(Bruker Biospin, Germany). MALDI-TOF mass spectra were obtained on an Autoflex
I spectrometer (Bruker Daltonics, Germany) in reflection/positive mode with dithranol
as a matrix. Elemental analysis was performed on a MT-5 CHN analyzer (Yanaco,
Japan) at the Service Center of Elemental Analysis of Organic Compounds at Kyushu
University. Solvents and starting materials were purchased from Sigma-Aldrich (USA),
Tokyo Chemical Industry (Japan), or Wako Chemicals (Japan), and used without further
purification. 2-(2'-Pyridyl)imidazole (PyIm),Sl 2-(2'-Quinolyl)imidazole (QuIm),*' and
2-(5-tetrazolyl)quinoline) (QuTz) 5 were synthesized according to the literature.
Synthesis. 2-(2'-Quinolyl)imidazole (Qulm). 2-Quinoline carboxaldehyde (1.45 g,
9.23 mmol) in EtOH (20 mL) was added to a solution of glyoxal (1.3 mL, 40% aq.
solution) in EtOH (10 mL) at 0 °C. Ice-cold ammonia (3.7 mL, 28% aq. solution) was
added rapidly. The mixture was stirred at 0 °C for 1 h and then allowed to warm to r.t.
The mixture was extracted with Et,O (50 mLXx3), dried over Na,SO4, and the solvent
was evaporated. The residue was heated under reflux in EtOH (30 mL) in the presence
of charcoal for 2 h. After filtration, the solvent was evaporated under reduced pressure
and dried in vacuo. Recrystallization from CHCls/n-hexane gave Qulm as a yellow
powder: yield 0.90 g (50%). 'H NMR (CDCls, 500 MHz): & 10.59 (s, 1H), 8.31 (d, J =
8.6 Hz, 1H), 8.23 (d, J= 8.6 Hz, 1H), 8.03 (d, /= 8.5 Hz, 1H), 7.82 (d, /= 8.1 Hz, 1H),
7.72 (t, J = 5.6 Hz, 1H), 7.53 (t, J = 5.9 Hz, 1H), 7.30 (s, 1H), 7.22 (s, 1H). >C NMR
(CDCl3, 125 MHz): 6 148.4, 147.5, 146.6, 137.5, 137.2, 130.0, 128.7, 128.0, 127.9,
126.5, 118.8, 118.1. MALDI-TOF-MS: m/z 195.81 (M").

[Cu(PyIm)(DPEphos)|BF4 (1). A mixture of [Cu(CH3CN)4]BF4 (0.43 g, 1.37 mmol)
and bis[2-(diphenylphosphino)phenyljether (0.80 g, 1.37 mmol) in CHCI; (10 mL) was
stirred at room temperature for 1 h and then added to a solution of Pylm (0.20 g, 1.38
mmol) in CHCI; (5 mL). The reaction mixture was stirred for an additional 1 h and then
filtered. The yellow filtrate was concentrated to ~2 mL. n-Hexane was added to the
surface of the solution, resulting in yellow crystals of 1; yield 1.03 g (90%). Anal. Calcd
for Cas.4H354BCy1 2CuF4N3OP; (i.e., [Cu(Pylm)(DPEphos)|BF4-0.4CHCIs): C, 60.47; H,
4.05; N, 4.77%. Found: C, 60.32; H, 4.02; N, 4.71%.

[Cu(Qulm)(DPEphos)|BF4 (2). A mixture of [Cu(CH3CN)4]BF4 (0.19 g, 0.59 mmol)
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and bis[2-(diphenylphosphino)phenyl]ether (0.35 g, 0.59 mmol) in CHCl; (5 mL) was
stirred at room temperature for 1 h and then added to a solution of Qulm (0.12 g, 0.59
mmol) in CHCI; (5 mL). The reaction mixture was stirred for an additional 1 h and then
filtered. The yellow filtrate was concentrated to ~2 mL. n-Hexane was added to the
surface of the solution, resulting in a yellow powder of 2; yield 0.42 g (80%). Anal.
Caled for Cu59H379BCly7CuF4N;OP, (i.e., [Cu(Qulm)(DPEphos)]BF4-0.9CHCl;): C,
59.23; H, 3.85; N, 4.24%. Found: C, 59.16; H, 3.84; N, 4.04%.
[Cu(QuTz)(DPEphos)|BF4 (3). A mixture of [Cu(CH3CN)4]BF4 (0.20 g, 0.64 mmol)
and bis[2-(diphenylphosphino)phenyl]ether (0.38 g, 0.64 mmol) in CHCl; (5 mL) was
stirred at room temperature for 1 h and then added to a solution of QuTz (0.13 g, 0.64
mmol) in CHCl; (5 mL). The reaction mixture was stirred for an additional 1 h and then
filtered. The yellow filtrate was concentrated to ~2 mL. n-Hexane was added to the
surface of the solution, resulting in yellow crystals of 3; yield 0.45 g (79%). Anal. Calcd
for Cye.5H35sBCi1 sCuF4NsOP; (i.e.. [Cu(QuTz)(DPEphos)|BF4-0.5CHCls): C, 59.05; H,
3.78; N, 7.41%. Found: C, 59.22; H, 3.91; N, 7.56%.

X-ray Crystallography. X-ray structural analysis was performed at the Center of
Advanced Instrumental Analysis, Kyushu University. A single crystal suitable for X-ray
analysis was protected by araldite, attached to a glass fiber, and mounted on a
goniometer head. The measurements were carried out at 268 K using a Bruker SMART
APEX CCD detector with graphite-monochromated Mo-Ko. radiation (A = 0.71073 A)
and a 2 kW rotating anode generator. The data frames were integrated using SAINT
(Version 6.45) and merged to give a unique data set for the structure determination.
Empirical absorption corrections were carried out using SADABS.*’ The structure was
solved by direct methods and refined by a full-matrix least-squares technique on all F2
data using the SHELX suite of programs.>* Non-hydrogen atoms were refined with
anisotropic displacement factors. Hydrogen atoms were placed at calculated positions
and included in the structure factor calculation but not refined.

DFT calculation. DFT calculations were performed using Gaussian 03 at the B3LYP

level

For 1 and 2, the ground state geometry was optimized and molecular orbitals
were calculated using 6-31+G* as a basis set for C, H, N, O and P atoms and
LANL2DZ for Cu. For 3, the ground state geometry was inferred from the crystal

structure, and only molecular orbitals were calculated using the same method described
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for 1 and 2.

Photophysical measurements. Absorption spectra were measured with an
ultraviolet-visible-near infrared (UV-vis-NIR) absorption spectrometer (PerkinElmer,
Lambda 950-PKA, USA). Photoluminescence spectra were measured with a
photoluminescence spectrometer (Horiba Jovan Yvon, FluoroMax-4). PL quantum
efficiency was measured with an absolute photoluminescence quantum yield
measurement system (Hamamatsu, C9920-02, Japan). PL quantum efficiency and
lifetime at a range of temperatures were measured with a streak camera system
(Hamamatsu, C4334, Japan).

OLED fabrication and measurement. PEDOT:PSS (Clevious P VP. AI4083, H. C.
Starck, Germany) was deposited as a hole injection layer onto a pre-cleaned indium tin
oxide (ITO) substrate by spin-coating, yielding a layer with a thickness of ~40 nm. The
PEDOT:PSS layer was baked at 200 °C for 10 minutes to remove any residual solvent.
A solution of Cu complex and PYD2 in CH,Cl, was spin-coated on top of the
PEDOT:PSS layer, yielding a film that was ~30 nm thick. DPEPO with a thickness of
~50 nm was deposited by thermal evaporation as an electron transport layer. LiF with a
thickness of ~0.7 nm and Al with a thickness of ~100 nm were deposited by thermal
evaporation as an electron injection layer and cathode, respectively. Current
density—voltage-luminance characteristics of the OLEDs were measured at ambient
temperature using a semiconductor parameter analyzer (Agilent, E5273A, USA) and an
optical power meter (Newport, 1930C, USA). EL spectra of the OLEDs were obtained
on a multichannel spectrometer (Ocean Optics, USB2000, USA).
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Fig. S1 HOMO and LUMO distributions of (a) 1, (b) 2 and (c) 3.
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Table S1  Lifetime data of 10 wt% 1 in PYD2. They are obtained using
two-exponential decay function I = Aexp(-t/ 7))+ Aexp(-t/ 7).

T/K %/ us 7,/ us A A, Ty | US

300 14 25 1.15 0.18 15.5

250 24 45 0.88 0.27 28.9

200 45 98 0.74 0.35 62.0

150 74 164 1.42 0.49 97.1

100 110 280 0.65 0.16 143.6
50 122 393 1.29 0.25 166.0

Table S2  Lifetime data of 10 wt% 2 in PYD2. They are obtained using
two-exponential decay function 7 = Aexp(-t/ )+ Aexp(-t/ 7).

T/K %/ us 7,/ us A A, Tove | US
300 145 549 1.26 0.10 174.7
250 198 794 0.90 0.20 306.4
200 278 885 0.80 0.26 426.9
150 369 975 0.80 0.29 530.2
100 411 1026 0.77 0.29 579.3
50 447 1111 0.78 0.24 603.2

Table S3  Lifetime data of 10 wt% 3 in PYD2. They are obtained using
two-exponential decay function I = Aexp(-t/ )+ Asexp(-t/ 7).

T/K %/ us 7,/ us A A Tye | US
300 181 869 1.11 0.11 243.0
250 237 950 0.85 0.23 388.8
200 375 1392 0.77 0.29 653.2
150 649 1651 0.74 0.26 909.5
100 804 2090 0.85 0.15 996.9

50 847 2184 0.87 0.15 1043.6
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Table S4 @, @, and Dy of 10 wt% 1 in PYD2.

T/K 2 & Deotal
300 0.20 0.05 0.25
250 0.21 0.12 0.33
200 0.22 0.20 0.42
150 0.27 0.21 0.48
100 0.39 0.21 0.60

50 0.43 0.23 0.66

Table S5 @, @, and Pyyea of 10 Wt% 2 in PYD?2.

T/K 2 & Pootal
300 0.21 0.06 0.27
250 0.17 0.14 0.31
200 0.17 0.17 0.34
150 0.20 0.19 0.39
100 0.21 0.20 0.41

50 0.24 0.18 0.42

Table S6 @, @, and Dy of 10 Wt% 3 in PYD?2.

T/ K ¢f ¢s ¢tota|
300 0.24 0.12 0.36
250 0.17 0.18 0.35
200 0.18 0.25 0.43
150 0.22 0.20 0.42
100 0.26 0.11 0.37

50 0.22 0.09 0.31
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Fig. S2 (a) Temperature dependence of the lifetime (7. .) of 1 (blue), 2
(green) and 3 (red) in PYD2 films. (b) Temperature dependence of the rate of
radiative decay (k;) for 1 (blue), 2 (green) and 3 (red) in PYD?2 films.
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films. (b) Temperature dependence of the lifetime () of 1 (blue), 2 (green) and 3 (red)
in PYD2 films. (c) Temperature dependence of the rate of radiative decay (k) for 1
(blue), 2 (green) and 3 (red) in PYD?2 films. (d) Temperature dependence of k¢ for 1
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Fig. S4 (a) Temperature dependence of @, for 1 (blue), 2 (green) and 3 (red) in
PYD2 films. (b) Temperature dependence of the lifetime (7)) of 1 (blue), 2
(green) and 3 (red) in PYD2 films. (c) Temperature dependence of the rate of
radiative decay (k;s) for 1 (blue), 2 (green) and 3 (red) in PYD2 films. (d)
Temperature dependence of k. for 1 (blue), 2 (green) and 3 (red) in PYD2 films.
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Fig. S5 (a) Dependence of current efficiency on current density for OLEDs
with the structure ITO/PEDOT:PSS (40 nm)/X wt% of Cu complex:PYD2 (30
nm)/DPEPO (50 nm)/LiF (0.7 nm)/Al (100 nm). (b) Dependence of power
efficiency on current density for OLEDs with the structure ITO/PEDOT:PSS (40
nm)/X wt% of Cu complex:PYD2 (30 nm)/DPEPO (50 nm)/LiF (0.7 nm)/Al
(100 nm).
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Fig. S6 J-V characteristics for OLEDs with the structure ITO/PEDOT:PSS (40
nm)/X wt% of Cu complex:PYD2 (30 nm)/DPEPO (50 nm)/LiF (0.7 nm)/Al
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