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ABSTRACT: Two mononuclear cuprous complexes [Cu(PNNA)(POP)]-
BF4 (1) and [Cu(PNNA)(Xantphos)]BF4 (2) (PNNA = 9,9-dimethyl-10-
(6-(3-phenyl-1H-pyrazol-1-yl)pyridin-3-yl)-9,10-dihydroacridine, POP =
bis[2-(d ipenylphosphino)phenyl]ether , Xantphos =4 ,5-b i s -
(diphenylphosphino)-9,9-dimethylxanthene), with intense bluish-green
luminescence based on a new diimine ligand were designed and
synthesized. Their structural, electrochemical, and photophysical properties
were characterized by single-crystal X-ray analysis, cyclic voltammetry,
temperature dependence of spectroscopy, time-dependent emission
spectroscopy, etc. The complexes exhibit high photoluminescence quantum
yields in doped films (up to 74.6%) at room temperature. Thermally
activated delayed fluorescence based on intraligand charge transfer was
observed by grafting a strong electron-donor moiety, 9,9-dimethylacridan,
on the diimine ligand, which is supported by the density functional theory calculations on two complexes. Highly efficient
solution-processed OLEDs based on these two complexes were fabricated, among which the electroluminescent device using 2 as
dopant shows a peak external quantum efficiency of 7.42%, a peak current efficiency of 20.24 cd/A, and a maximum brightness of
5579 cd/m2.

■ INTRODUCTION

Over the past decades, organic light-emitting diodes (OLEDs)
have drawn considerable attention because of their unique
advantages in lighting and display applications. On one hand,
researchers have struggled in finding luminescent dopants
which can fully utilize all excitons from two excited states
(singlet and triplet states) for luminescence in OLEDs. Thus
far, phosphorescent organometallic complexes based on
platinum group metals are the most common dopants to
achieve highly efficient OLEDs.1−3 Theoretically, 100% internal
quantum efficiency can be realized in these phosphorescent
complexes because excitons of the lowest triplet state (T1) are
relatively allowed to transit to the ground state (S0) due to the
high spin−orbit coupling (SOC) which is induced by the heavy
metal atoms. However, disadvantages of these complexes, such
as high cost, limited availability, and lack of highly efficient
blue-emitting phosphorescent emitters, limit the commercial-
ization of phosphorescent OLEDs. Recently, a lot of research
has been directed toward the discovery of low-cost and more
abundant alternatives, among which cuprous complexes have
been proved to be promising candidates.4−13 Because of the
distinct spatial separations of the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital

(LUMO), many cuprous complexes possess small energy gaps
ΔEST between the lowest excited singlet states (S1) and the
lowest triplet states (T1). The small energy gaps ΔEST ensure
efficient upconverting triplet excitons into singlet excited states,
resulting in efficient TADF emission.14−19 At the same time,
cuprous complexes frequently show high photoluminescence
quantum yields (PLQYs) by introducing significant steric
hindrance on the ligands.20−23 Theoretically, due to the small
ΔEST and high PLQYs of the cuprous complexes, we can obtain
luminescent materials with high internal electroluminescence
efficiencies compared with those of the noble-metal phosphor-
escent materials.
On the other hand, optimization of device structures is

another crucial aspect for developing high-performance and
low-cost OLEDs. Compared with vacuum vapor deposition,
solution processing is a more satisfying way for fabricating
commercialized devices because of its potential in low-cost as
well as large area manufacturing processes, for instance, spin
coating and inkjet printing. Moreover, multidopant devices, e.g.,
white-light OLEDs, can be much more easily fabricated via
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solution processing.24−28 However, because the solubility of
each functional layer must be different from each other, a
multilayer device is difficult to be formed by solution
processing. As a consequence, the injecting and transporting
balance of holes and electrons in solution-processed OLEDs is
usually difficult to realize by stacking different functional layers.
This obstacle can be overcome by using multifunctional
materials in some layers. Multifunctional hosts and dopants
are frequently used in emitting layers to balance the
transporting of carriers. For instance, the carbazole modules
with excellent characteristics of hole transporting and high
triplet levels have been widely integrated into Ir(III) complexes
and host materials for highly efficient OLEDs.29−33 However,
this strategy has been rarely adopted in OLEDs based on
luminescent cuprous complexes so far.
In this paper, we present two strongly bluish-green-emitting

Cu(I) complexes, [Cu(PNNA)(POP)]BF4 (1) and [Cu-
(PNNA)(Xantphos)]BF4 (2), which show efficient TADF
emission at room temperature. In order to improve PLQYs by
restraining the fattening distortion in the excited states and at
the same time improve the hole-transporting abilities, we
integrated a diimine ligand with 9,9-dimethylacridan which
possesses large steric hindrance and excellent hole-transporting
property. 9,9-Dimethylacridan has been widely used as a donor
moiety in pure organic TADF materials due to its strong
electron donor ability and high triplet level. The luminescence
of most cuprous complexes stems from metal to ligand charge
transfer (MLCT) transitions. Compared with pure organic
TADF materials, the metal centers of these complexes act as
donor parts of pure organic emitters, while ligands act as the
acceptors. However, when the strong electron donor, i.e., 9,9-
dimethylacridan, is introduced in the diimine ligand, the titled
cuprous complexes unusually exhibit ILCT-based emission.
High performances have been demonstrated for cost-effective
solution-processed OLEDs based on these cuprous complexes.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. Scheme 1 shows the
synthetic route of the diimine ligand PNNA. This ligand can be
easily prepared by three steps with a moderate overall yield.
The cuprous complexes 1 and 2 were prepared by reactions

of [Cu(CH3CN)4]BF4, PNNA, and the corresponding
phosphine ligands. Molecular structures of the two complexes
are shown in Figure 1. They were characterized by 1H NMR,
31P NMR, and elemental analysis. In order to evaluate the
stability of these complexes in solution, mass spectra (MS)
(Figure S1, Supporting Information) and UV−vis absorption
spectra (Figure S2, Supporting Information) were carried out
for solution samples which had been exposed to air for 10 days.
The results demonstrate that these complexes are stable even in
solution under air. Moreover, single crystals of these complexes
can still be obtained from the exposed solution samples.
Thermal gravimetric analysis (TGA) was carried out to evaluate
the thermal stability of powder samples. The decomposition
temperatures Td, corresponding to a weight loss of 5%, are 341
°C for 1 and 347 °C for 2 (Figure S3, Supporting Information).
Such high decomposition temperatures are believed to be
beneficial to device fabricating.
Single crystals suitable for X-ray diffraction analysis were

obtained by the diffusion of diethyl ether into CH2Cl2 solutions
of the complexes. The crystal structures of two complexes have
been determined by single-crystal X-ray diffraction analysis, and
their ORTEP diagrams are shown in Figure 2. Selected bond
lengths and angles are listed in Table S2 in the Supporting
Information. These cuprous complexes display irregular
tetrahedral coordination with bond angles of ∠N−Cu−N =
79.12° and ∠P−Cu−P = 116.34° for 1 and ∠N−Cu−N =
78.31° and ∠N−Cu−N = 121.64° for 2.

Photophysical Properties. Figure 3 shows UV−vis
absorption and emission spectra of the complexes in degassed

Scheme 1. Synthetic Route of Diimine Ligand PNNA

Figure 1. Molecular structure of cuprous complexes 1 (left) and 2 (right).

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.6b00763
Inorg. Chem. XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00763/suppl_file/ic6b00763_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00763/suppl_file/ic6b00763_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00763/suppl_file/ic6b00763_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00763/suppl_file/ic6b00763_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00763/suppl_file/ic6b00763_si_003.pdf
http://dx.doi.org/10.1021/acs.inorgchem.6b00763


CH2Cl2 together with absorption spectra of the free ligands in
degassed CH2Cl2. These cuprous complexes exhibit intense
absorption bands between 250 and 325 nm, which are
attributed to spin-allowed π−π* transition of both the PNNA
and the phosphine ligands.34

The weak absorption bands (325−400 nm) of two cuprous
complexes, which are also observed for the free diimine ligand,
can be mainly attributed to intraligand charge transfer (ILCT)
transition. This assignment is supported by the results of
density functional theory (DFT) calculations on two
complexes, which reveal that the electron density of the
HOMO is distributed over the acridine part of the diimine
ligand and the LUMO is mainly localized on the other part of
the diimine ligand. According to the frontier orbital analyses

(Figure 4), these cuprous complexes exhibit substantial ILCT
character which is different from the common MLCT nature
for most cuprous complexes hitherto studied. As a comparison,
the ligand PNNA shows a similar ILCT character, while it
possesses a much wider optical band gap (Eg) than those of
complexes 1 and 2.
As depicted in Figure 3, the emission spectra of these

cuprous complexes in degassed CH2Cl2 are almost the same.
Both of them emit bright yellow-green light under excitation
with UV light. The PLQYs of complexes 1 and 2 in degassed
CH2Cl2 are 16% and 19%, respectively. The Stokes shifts,
which are defined as the distance between individual excitation
and emission spectra maxima, are 148 and 145 nm for 1 and 2,
respectively. The intense luminescence in solution and small
Stokes shifts relative to many four-coordination cuprous
complexes can be attributed to significant steric hindrance of
the ligands in these complexes which obstructs efficiently the
structural flattening distortion at the excited state. In a more
rigid matrix, the geometry distortion combined with the
nonradiative quenching process in the excited state can be
further suppressed, which lead to more efficient emission. For
example, complexes 1 and 2 show strong luminescence with
PLQYs up to 69.9% and 74.6% in doped mCP film,
respectively.
Figure 5 shows the emission spectra of powder samples at

293 and 77K. The photophysical data of the cuprous complexes
are summarized in Table 1. At 293 K, complexes 1 and 2 both
emit strong bluish-green luminescence, which show individually
emissions at 493 and 475 nm with short lifetimes of 145 and 51
μs, respectively. The red-shifting emissions accompanied by
lengthening lifetimes are observed when temperature decreases.
At 77 K, two complexes exhibit red-shifted emissions at
maximum emission wavelengths of 501 (for 1) and 516 nm (for
2) with longer lifetimes of 593 (for 1) and 496 μs (for 2).
These observations indicate that luminescence of these
complexes at 77 and 293 K may result from individually
interconvertible excited states in thermal equilibrium, respec-
tively. To further investigate the decay behavior and nature of
the excited states of these cuprous complexes, lifetimes at
different temperatures between 77 and 373 K were measured.
In a situation of a fast thermal equilibrium between the S1 and
the T1 sates, the observed decay time (τobs) of the complexes
which depends on temperature can be described by the
following equation19

Figure 2. Crystal structures of complexes 1 (left) and 2 (right).

Figure 3. Absorption spectra (left) of the cuprous complexes and free
ligands in degassed CH2Cl2 (c ≈ 2 × 10−5) and emission spectra
(right) of the cuprous complexes in degassed CH2Cl2 measured at
room temperature (λexc = 370 nm).

Figure 4. Frontier molecular orbitals for complexes 1, 2, and PNNA with their relative energies from DFT calculations.
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In this equation ΔEST is the energy gap between S1 state and T1
state, kB represents the Boltzmann constant, and T represents
the absolute temperature. τ(S1) and τ(T1) are the individual
decay times of the lowest singlet excited state (S1) and the
lowest triplet state (T1). The fitting curve functionalized as eq 1
is consistent with the experimental data of decay times attained
(Figure 6). The parameters are obtained by fitting with values
of τ(S1) = 562 ns, τ(T1) = 565 μs, and ΔEST = 0.12 eV for 1
and τ(S1) = 153 ns, τ(T1) = 476 μs, and ΔEST = 0.12 eV for 2.
The fitted τ(T1) values of thecomplexes 1 and 2 approximate
the experimental values observed at 77 K, which are 593 and
495 μs. The calculated ΔEST values from fit curves agree quite
well with the estimated values which are measured by the
onsets of emission spectra at 293 and 77K. From the changes of
both luminescent spectra and emission decay behaviors at
different temperature we can conclude that there are two
thermally equilibrated emitting states, i.e., S1 and T1. As shown
in Figure 6, each of the fit curves shows a plateau at
temperatures below 130 K. For the present cuprous complexes,
the τ(T1) lifetimes correspond to the values of the plateaus. At
low enough temperatures (below 130 K, such as 77 K), the
population is predominantly frozen in the T1 state, and thus,
the cuprous complexes emit almost pure phosphorescence.
With temperature further increasing, gradually thermal

population of the upper lying S1 state occurs, and thus, the
fit curves go downward. During this process, the emissions of
these cuprous complexes stem from both S1 and T1 states,
namely, emitting TADF and phosphorescence simultaneously.
At high temperatures (>300 K), the fit curves approximate to
platforms again, which implies substantial TADF emissions.
As mentioned above, both of the cuprous complexes and the

pure organic ligand (PNNA) exhibit similar ILCT character
(Figure 4). The large spatial overlap between the HOMO and
the LUMO could lead to small ΔEST, which facilitates TADF
emission.35 In order to investigate the difference between their
TADF properties, the emission properties of PNNA were
measured in degassed and air-equilibrated toluene (Figure 7
and Table S3). In degassed toluene, PNNA exhibits a two-
component emission decay, consisting of a nanosecond-scale
prompt component (τp = 13 ns) and a microsecond-scale
delayed component (τd = 58 μs). The delayed emission can be
quenched by O2 in air-equilibrated toluene. As the delayed
emission has the same spectral profile as normal fluorescence
from the S1 state but with a longer decay time, the long-lived
emission can be assigned to TADF. The PLQY measured in
degassed toluene is 76%, which is much higher than that (29%)
measured in air-equilibrated toluene. Thus, the portions of
delayed fluorescence and prompt fluorescence in degassed
toluene are evaluated to be 62% and 38%, respectively.
Compared with pure organic compounds, prompt fluorescence
of cuprous complexes can be quenched due to their faster
intersystem crossing (ISC) and high spin−orbit coupling
(SOC) which could result in a faster population of the triplet
state.36,37

Electroluminescence Performance. To evaluate the
electroluminescence performance of these cuprous complexes,
1 and 2 were utilized for fabricating preliminary OLEDs by
solution process. The device structure is ITO (135 nm)/
PEDOT:PSS (50 nm)/20 wt % cuprous complexes:80 wt %
mCP (50 nm)/3TPYMB (50 nm)/LiF (0.8 nm)/Al (100 nm),
for which the energy level diagrams and structure drawings of
the organic materials are shown in Figure 8. mCP with good
hole-transporting ability and high triplet energy level (2.93 eV)
was used as host material. Moieties with excellent hole-
transporting ability such as carbazole and dimethylacridine in
the host and dopants should facilitate the transfer and
recombination of charge carriers in the emitting layer. A
thermally deposited electron-transporting/hole-blocking layer
of tris[3-(3-pyridyl)mesityl]borane (3TPYMB) was employed
here to confine triplet excitons and charge carriers in the
emitting layer due to its high triplet energy level, excellent
electron mobility, and low-lying HOMO level (−6.77 eV).
HOMO/LUMO levels of the cuprous complexes were

Figure 5. Emission spectra of the cuprous complexes as powders at
different temperatures (λexc= 370 nm).

Table 1. Photophysical Data of 1 and 2 at 293 and 77 Ka

1 2

powderf in mCP filmg in CH2Cl2 powderf in mCP filmg in CH2Cl2

λmax
b/nm 493 (501) 482 518 475 (516) 492 518

τc/μs 145 (593) 51.7 4.6 51 (496) 48.9 7.2
ΦPL

d 60.9% 69.9% 16% 40.7% 74.6% 19%
ΔE(S1−T1)

e/eV 0.12 0.12

aData recorded at 77 K are given in parentheses. bEmission maximum. cEmission decay time. dPhotoluminescence quantum yield (relative error
5%). eEnergy gap between S1 and T1 states determined from temperature dependence of decay time (see Figure 6). fData recorded at 77 K are given
in parentheses. g20 wt % in mCP thin film. Powder samples and solution samples were measured after excitation at 370 nm, and film samples were
measured after excitation at 342 nm.
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measured by electrochemical and optical band-gaps, which are
−5.16/−2.40 eV for 1 and −5.01/−2.24 eV for 2, respectively.
The HOMO and LUMO levels of other organic materials used
in the devices are obtained from the literature.34,38,39 The
device structures, including the doping concentration, the

thickness of the 3TPYMB layer, and the thickness of the
emitting layer, have been carefully optimized. The detailed data
for device optimization are summarized in Table S4.
Figure 9 and Table 2 show the electroluminescence

properties and numerical data. As shown in Figure 9a, devices
of two complexes emit strong bluish-green light with peak
maxima of 490 and 501 nm, respectively. No emission from the
host material or other organic layers was observed, indicating
efficient energy transfers between the guest and the host.
Device 1 using complex 1 as dopant shows a maximum
brightness of 6563 cd/m2, peak current efficiency (CE) of 14.0
cd/A, and external quantum efficiency (EQE) of 5.83%. Device
2 based on complex 2 reaches a maximum brightness of 5579
cd/m2, peak efficiency of 20.2 cd/A (CE), and 7.42% (EQE).
The current density−voltage−brightness curves of two devices
are displayed in Figure 9c. The turn-on voltages defined at a
brightness of 1 cd/m2 for devices 1 and 2 are 5.3 and 7.4 V,
respectively.
The EQE of OLEDs is generally expressed by the following

equation

γ η= × × Φ ×EQE rst PL coupling (2)

Herein, ηcoupling is the light out-coupling efficiency (ca. 20−
30%). The charge balance factor, γ, can be assumed to be 1 if
we achieve better charge balance. rst is the fraction of excitons
that is allowed to decay radiatively by spin statistics. For TADF-
based OLEDs, both singlet and triplet excitons can be
transferred into light with a theoretical rst of 100%. The two
presented complexes show high PLQYs in doped host films
(ΦPL = 69.9% for 1 and ΦPL = 74.6% for 2). According to eq 2,
much higher EQE, i.e., EQE = 14−21% for 1-based OLED and
EQE = 14.9−22.4% for 2-based OLED, could be expected for
OLEDs based on these complexes. From this perspective, the
device structure and functional layer materials should be further
optimized to achieve better device performance. In order to
effectively evaluate the current device performance, two
representative analogous complexes and corresponding
OLEDs have been chosen from refs 34 and 40 for comparison.
The PLQYs and device performance of these complexes are
listed in Table S4. Among these analogous cuprous complexes,
complex 2 in this work shows the highest PLQY in host film,
which may be due to its rigid and bulky ligands. Besides, the
bluest electroluminescence and highest brightness have been
realized in the device containing complex 2. Although complex

Figure 6. (a) Temperature dependence of the decay time for complex 1 powder. (b) Temperature dependence of the decay time for complex 2
powder. Solid line represents a fit curve according to eq 1. (Insets) Respective energy level diagrams for the two complexes.

Figure 7. Emission spectra of the ligand PNNA in toluene.

Figure 8. (a) Energy level diagrams and (b) chemical structures of the
materials used in the OLED.
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2 exhibits the highest PLQY, the efficiencies of complex 2-
based device are moderate and still need to be improved.

■ CONCLUSIONS

In conclusion, two highly efficient cuprous complexes with
bluish-green luminescence have been designed and synthesized
by using a functional diimine ligand. These complexes emit
efficient TADF at room temperature. High efficiencies up to
20.24 cd/A (CE), 7.42% (EQE), and a peak brightness of 5579
cd/cm2 were realized in the solution-processed OLED based on
complex 2 thanks to the confinement of triplet excitons and
charge carriers. Nonetheless, the devices should be further
optimized to realize better performance, especially higher
efficiencies and lower turn-on voltage. This work is currently in
progress in our lab. The functional dimethylacridine moiety on
the diimine ligand not only could lead to the uncommon ILCT
transition for the cuprous complexes but also facilitates the
transfer and recombination of charge carriers in the emitting
layer. Improved photoluminescence and electroluminescence

performance together with special photophysical properties
could be expected for cuprous complexes by introducing some
functional moieties in the ligands. The encouraging results
combined with rational design strategies in this study may
provide a guide for developing highly efficient cuprous
complexes and OLEDs.

■ EXPERIMENTAL SECTION
General Procedures. All reactions were performed under N2

atmosphere using standard Schlenk techniques unless specified.
Chemicals were purchased from commercial sources and without
further purification. Solvents were freshly distilled over appropriate
drying reagents. The complex [Cu(CH3CN)4]BF4 was prepared by
the literature procedure.41 PEDOT:PSS was purchased from Heraeus.
1H NMR and 31P NMR spectra were recorded on a Bruker Avance III
400 MHz NMR spectrometer. Elemental analyses (C, H, N) were
carried out with an Elementar Vario EL III elemental analyzer.

Synthesis and Characterization. Synthesis of 3-Phenyl-1H-
pyrazole. To a Schlenk tube with a magnetic bar was added
cinnamaldehyde (50 mmol), p-toluenesulfonyl hydrazide (60 mmol,

Figure 9. (a) EL spectra; (b) image of device 2; (c) current density−voltage−brightness (I−V−B) curves; (d) plots of external quantum efficiency
and current efficiency vs brightness.

Table 2. EL Characteristics of the OLEDs

EQE (%) CE (cd/A) Von (V)

max @100 cd/m2 max @100 cd/m2 @1 cd/m2 Bmax (cd/m
2) λ (nm) CIE1931 (x, y)

device 1 5.83 5.70 14.01 13.71 5.3 6563 490 (0.166, 0.370)
device 2 7.42 7.41 20.24 20.20 7.4 5579 501 (0.206, 0.426)
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1.2 equiv), NaOH (1.5 equiv), (n-Bu)4NBr (1.5 equiv), and distilled
water (200 mL). The reaction mixture was refluxed for 10 h in an oil
bath. After cooling to room temperature, the reaction mixture was
extracted and washed with CH2Cl2 and brine and then dried over
sodium sulfate. The crude product was purified by column
chromatography on silica gel to afford a white solid (6.4 g, 89%).
Synthesis of 5-Bromo-2-(3-phenyl-1H-pyrazol-1-yl)pyridine. 3-

Phenyl-1H-pyrazole (5 mmol) was added to a Schlenk tube filled
with distilled DMAC (20 mL), followed by addition of anhydrous
K2CO3 (10 mmol). Then 5-bromo-2-fluoropyridine (5 mmol) was
added to the mixture after the solution was stirred at room
temperature for 30 min. The mixture was reflux for 8 h in a 180 °C
oil bath. After cooling the mixture was extracted and washed with
CH2Cl2/brine. After being dried over sodium sulfate, the crude
product was purified by column chromatography on silica gel to afford
a white solid (1.44g, 96%). 1H NMR (400 MHz, CDCl3): δ 8.54 (d, J
= 2.6 Hz, 1H), 8.45 (d, J = 1.9 Hz, 1H), 8.02 (d, J = 8.7 Hz, 1H), 7.92
(d, J = 8.5 Hz, 3H), 7.45 (t, J = 7.5 Hz, 2H), 7.37 (t, J = 7.3 Hz, 1H),
6.80 (s, 1H).
Synthesis of 9,9-Dimethyl-10-(6-(3-phenyl-1H-pyrazol-1-yl)-

pyridin-3-yl)-9,10-dihydroacridine (PNNA). To a solution of 5-
bromo-2-(3-phenyl-1H-pyrazol-1-yl)pyridine (2 mmol) in distilled
toluene (8 mL) was added NaOtBu (2 mmol) and Pd(OAc)2 (0.05
mmol, 11 mg), followed by the addition of P(t-Bu)3BF4 (0.2 mmol,
0.058g). The mixture was stirred for 30 min. Then 9,9-dimethylacridan
(2 mmol) was added to the reaction tube. The reaction mixture was
refluxed for 6 h at 120 °C in an oil bath. When the reaction was carried
out for 6 h, 1,1′-bis(diphenylphosphino)ferrocene (DPPF, 0.1 mmol
0.055g) was added to that hot mixture under N2 atmosphere. Then the
reaction continued to reflux for 12 h. After cooling to room
temperature, the solvent was removed by vacuum−rotary evaporation.
The mixture was extracted and washed with CH2Cl2 and brine. After
being dried over sodium sulfate, the crude product was purified by
column chromatography on silica gel to afford a light yellow solid
(0.72g, 84%). 1H NMR (400 MHz, CDCl3): δ 8.68 (d, J = 2.6 Hz,
1H), 8.40 (dd, J = 7.2, 5.9 Hz, 2H), 7.98 (dd, J = 8.3, 1.1 Hz, 2H), 7.86
(dd, J = 8.6, 2.5 Hz, 1H), 7.49 (ddd, J = 12.4, 6.3, 4.6 Hz, 4H), 7.39
(ddd, J = 8.4, 2.4, 1.2 Hz, 1H), 7.00 (m, 4H), 6.86 (d, J = 2.7 Hz, 1H),
6.32 (dd, J = 7.9, 1.4 Hz, 2H), 1.72 (s, 6H).
Synthesis of Cuprous Complexes. The two cuprous complexes 1

and 2 were prepared according to the following general procedure: a
mixture of [Cu(CH3CN)4]BF4 and the corresponding phosphine
ligand (1 mmol POP or 1 mmol Xantphos) in CH2Cl2 (5 mL) was
stirred for 30 min at room temperature, and then PNNA (1 mmol)
was added. After the mixture was stirred for another hour, the solvent
was removed by evaporation. Single crystals of these two complexes
suitable for X-ray diffraction measurements were obtained by diffusion
of ether into CH2Cl2 solution of the cuprous complexes.
[Cu(czpzpy)(POP)]BF4 (1).

1H NMR (400 MHz, CDCl3): δ 9.04 (s,
1H), 8.57 (d, J = 8.7 Hz, 1H), 8.10 (d, J = 8.5 Hz, 1H), 7.66−7.57 (m,
3H), 7.41 (d, J = 7.0 Hz, 3H), 7.07 (dd, J = 15.9, 8.2 Hz, 8H), 7.02−
6.88 (m, 7H), 6.88−6.70 (m, 10H), 6.61 (d, J = 7.8 Hz, 2H), 5.81 (d, J
= 8.1 Hz, 2H), 5.30 (s, 1H), 3.72 (q, J = 7.0 Hz, 4H), 3.48 (q, J = 7.0
Hz, 1H), 1.23 (m, 8H). 31P NMR (162 MHz, CDCl3): δ −12.10 (s).
Anal. Calcd for C65H52BCuF4N4OP2·0.5(H2O)·0.5(CH2Cl2): C,
67.30; H,4.66; N, 4.79. Found: C, 66.98; H, 4.71; N, 4.68.
[Cu(czpzpy)(Xantphos)]BF4 (2). 1H NMR (400 MHz, CDCl3): δ

7.63 (d, J = 7.4 Hz, 1H), 7.42 (d, J = 7.6 Hz, 1H), 7.37−7.28 (m, 2H),
7.22 (t, J = 7.2 Hz, 2H), 7.08 (m, 5H), 6.97−6.56 (m, 9H), 6.39 (s,
1H), 5.49 (d, J = 8.1 Hz, 1H), 3.72 (q, J = 7.0 Hz, 8H), 1.63 (s, 3H),
1.48 (s, 9H), 1.24 (t, J = 7.0 Hz, 13H). 31P NMR (162 MHz, CDCl3):
δ −11.86 (s). Anal. Calcd for C68H56BCuF4N4OP2: C, 70.56; H, 4.88;
N, 4.84. Found: C, 69.87; H, 4.78; N, 4.79.
Electrochemical Measurements. Cyclic voltammetry measure-

ments were performed in a gastight single-compartment three-
electrode cell with a BAS Epsilon Electrochemical Analyzer at room
temperature. A glassy carbon disk and a platinum wire were selected as
the working and auxiliary electrodes, respectively. The reference
electrode was Ag/Ag+ (0.1 M of AgNO3 in CH2Cl2). The CV
measurements were carried out in anhydrous and nitrogen-saturated

CH2Cl2 solutions with 0.1 M n-tetrabutylammonium perchlorate
(TBAP) and 1.0 mM cuprous complex. The ferrocenium/ferrocene
couple was used as an internal standard.

Photophysical Measurements. UV−vis absorption spectra were
recorded with a PerkinElmer Lambda 45 UV−vis spectrophotometer.
Photoluminescence spectra at each temperature were recorded on a
HORIBA Jobin-Yvon FluoroMax-4 instrument. The lifetimes at
different temperatures were acquired on a HORIBA Jobin-Yvon
FluoroMax-4 instrument with a multichannel scaling (MCS)
peripheral equipment and a spectraLED (373 nm). The PL quantum
yields were defined as the number of photons emitted per photon
absorbed by the system and measured using a HORIBA Jobin-Yvon
FluoroMax-4 instrument equipped with an integrating sphere.

X-ray Crystallographic Analysis. Diffraction data for two
complexes were collected on a SuperNova, Dual, Cu at zero, Atlas
diffractometer equipped with graphite-monochromated Cu Kα
radiation (λ = 1.54184 Å). Structures were solved by direct methods
and refined by full-matrix least-squares methods using the SHELXL-97
program package. Hydrogen atoms were added in idealized positions.
All nonhydrogen atoms were refined anisotropically. Details of the
crystal and structure refinements are listed in Table S1. Selected bond
lengths and bond angles are listed in Table S2 in the Supporting
Information for complexes 1 and 2. CCDC 1454914 and 1454915
contain the supplementary crystallographic data for complexes1 and 2,
respectively.

Computational Methodology. Calculations on the electronic
structures of 1 and 2 were carried out using density functional theory
(DFT) with the B3LYP hybrid functional.42,43 A “double-ζ” quality
basis set consisting of Hay and Wadt’s effective core potentials
(LANL2DZ)44−46 was employed for the C, N, O, and H atoms, and a
LANL08 basis set47 was employed for the Cu and P atoms. Time-
dependent DFT (TDDFT) calculations using the B3LYP functional
were then performed on the optimized structures at ground
states.48−52 All calculations were carried out using Gaussian 03.53

Device Fabrication and Characterization. The hole-blocking
material tris[3-(3-pyridyl)mesityl]borane (3TPYMB) was prepared by
a literature procedure, and PNNA was synthesized as above
mentioned. All compounds were purified by sublimation after
recrystallization. Poly(3,4-ethylene dioxythiophene):poly(styrene sul-
fonic acid) (PEDOT:PSS) was purchased from Heraeus and filtered
through a 0.22 μm filter before use. Other materials used in the device
fabrication were purchased from commercial sources and used without
further purification. A 40 nm thick PEDOT:PSS film was first spin
coated (at 4800 rpm) on a precleaned ITO-glass substrate and then
dried at 125 °C for 25 min. The emitting layer was then overlaid by
spin coating (at 2100 rpm) a filtered 5.5 mg mL−1 CH2Cl2 solution of
a mixture of host and dopant (for device 1, 2 mg of complex 1 and 8
mg of mCP dissolved in 1.8 mL of CH2Cl2; for device 2: 2 mg of
complex 2 and 8 mg of mCP dissolved in 1.8 mL of CH2Cl2). The film
was then dried under a vacuum for 1 h at room temperature.
Successively, 10 nm of 3TPYMB, 50 nm TPBI, 0.8 nm of LiF, and 100
nm of Al were deposited in an inert chamber at a base pressure of less
than 4 × 10−4 Pa. The electroluminescence (EL) spectra were
recorded on a HORIBA Jobin-Yvon FluoroMax-4 spectrometer. The
current density−voltage−brightness (I−V−B) curves of the devices
were recorded on a Keithley 2400/2000 source meter and a calibrated
silicon photodiode. All measurements on the devices were carried out
at room temperature.
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