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A B S T R A C T   

Phosphorescent cuprous complexes (1–6) with general formula CuI(N^P) (PPh3), where N^P ¼ 2-(20-diphenyl-
phosphinophenyl)-1-phenyl-5-methoxybenzimidazole derivatives, have been designed and synthesized. The 
crystal structures of the neutral four-coordinated Cu(I) complexes are determined by single crystal X-ray 
diffraction. At 293 K, these complexes exhibit intense phosphorescence with exceptionally high photo-
luminescence quantum yields (up to 88.3%) and short decay times (4.8–55.2 μs). The emission maxima can be 
fine-tuned from 529 nm to 577 nm, depending upon the number and position of methoxy substituent on the N^P 
ligand. Especially, complex 5 exhibits phosphorescence (533 nm) with photoluminescence quantum yield of 
70.5% and decay time of 19.5 μs, implying its potential to serve as a phosphor for organic light emitting diode 
(OLED). Solution-processed OLED incorporating complex 5 as dopant emitter achieves a maximum brightness of 
7729 cd with CIE coordinates (0.4351, 0.5398), constituting a step further toward the design of cuprous com-
plexes as cheap and environmental alternatives to the luminescent noble metal complex.   

1. Introduction 

During the past decade, luminescent copper(I) complexes have 
caused significant concern because of their fascinating photophysical 
phenomena and potential applications in newly emerged technologies 
such as organic light-emitting diode (OLED), information encryption, 
solar cell, chemical sensor, and bio-imaging [1–9]. Especially, phos-
phorescent cuprous complexes could harvest both singlet and triplet 
excitons generated in OLEDs [10,11], which show great potential for 
industrial application in optoelectronic devices as cheap and environ-
mental alternatives to the luminescent noble metal Ir(III) and Pt (II) 
complexes [12–14]. Emissive copper(I) complexes have shown to adopt 
various structural features, including mononuclear [15–18], binuclear 
[19,20] and multinuclear [21–23] species. Among them, mononuclear 
copper complexes seem to be considered as an idealized electrolumi-
nescent emitters because of their high solubility in organic solvent and 
vacuum-sublimability [24–27], which is essential for manufacturing 

efficient OLEDs. 
Most of the mononuclear Cu(I) complexes have a pseudotetrahedral 

(D2d) geometry, which always undergoes the Jahn-Teller distortion in 
excited state through metal-to-ligand charge transfer (MLCT) process 
[28,29]. Such rearrangement usually results in low phosphorescence 
quantum yield. Recently, phosphine (P)-containing ligands have 
brought a great breakthrough in the emission efficiency of Cu(I) com-
plexes due to their spatial steric effect as well as strong coordinating 
ability with the soft acidic Cu(I) ion [30–32]. Specially, considerable 
attention has been focused on Cu(I) complexes consisting of N^P ligands, 
as their exceptional structural rigidity and stability could further in-
crease the photoluminescence quantum yield (Φ) [33–36]. However, 
because the spin-orbit coupling (SOC) parameter (ξ) for Cu nucleus is 
only 857 cm� 1, mononuclear Cu(I) complexes give markedly slow rates 
intersystem crossing (ISC) processes [37,38]. As a result, copper com-
plexes with high photoluminescence quantum yield as well as short 
radiative decay time are still rare. It is well known that introducing 
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heavy atom iodine (ξ(I) ¼ 5069 cm� 1) into molecule can promote the 
intersystem crossing (ISC) from the singlet to triplet excited state, which 
could open an efficient short-lived phosphorescence path [39,40]. 
Meanwhile, the formal oxidation from Cu(I) to Cu(II) upon excitation 
could be reduced due to the formation of strong Cu–I bond accompanied 
with iodide-to-copper charge transfer in excited state [41,42]. These 
facts afford a highly fruitful strategy to prepare efficient phosphorescent 
materials based on mononuclear Cu(I) complexes. 

In the current work, we have designed and synthesized a series of Cu 
(I) complexes (1–6) with 2-(20-diphenylphosphinophenyl)-1-phenyl-5- 
methoxybenzimidazole derivatives (N^P). The bulky N^P chelating 
ligand and iodine are expected to reduce the non-radiative deactivation 
process as well as achieve fast radiative rate. Besides, the introduction of 
methoxy group on the 2-phenyl has a subtle electronic and steric effect, 
which would slightly tune emission color. Furthermore, as carbazole has 
profound advantage of hole transport ability and the phosphorescence 
population [43–45], complexes 4–6 containing carbazole as a sub-
structure are synthesized. Indeed, using these strategies, the Cu(I) 
complexes realized efficient phosphorescence of up to 88.3% with life-
time shorter than 55.2 μs at 293 K. Electroluminescence behaviors with 
a maximum luminance and current efficiency of 7729 cd m� 2 and 7.53 
cd A� 1, respectively, are achieved by a simple solution-processed OLED. 
The results suggest the possibility of achieving low-cost and high bright 
OLEDs by using of environmental friendly copper(I) complexes as 
emitting materials. 

2. Results and discussion 

2.1. Synthesis 

2-(20-diphenylphosphinophenyl)-1-phenyl-5-methoxybenzimidazole 
derivatives (N^P) have been prepared according to the synthetic routes 
involving two-step reactions (Scheme 1) with moderate yields. 1H NMR, 
31P NMR and elemental analysis confirm the structures. The copper(I) 
complexes are obtained by simply adding a stoichiometric amount of 
CuI, P^N ligand and triphenylphosphine ligand in a CH3CN–CH2Cl2 
solvent mixture at room temperature (Scheme 2). The solution mixture 
affords yellow crystals by slow evaporation solution technique at 298 K. 
As a result, the species are all isolated as crystals. All the Cu(I) complexes 
are characterized by single-crystal X-ray diffraction, NMR spectroscopy 
and elemental analysis. 

2.2. Crystal structures of the copper(I) complexes 

X-ray crystallographic analyses of complexes 1–6 has been carried 
out to reveal the molecular structures and coordination environments 
around the Cu(I) atoms. The crystal parameters and refinement data for 
complexes are shown in Table S1 and Table S2 in the supporting in-
formation. ORTEP diagrams of the Cu(I) complexes are illustrated in 
Fig. 1. Selected bond lengths and angles are summarized in Table S3. 

Notably, the N^P ligands, containing different substituents, do not 
significantly influence the coordination characters: the central Cuþ ion 
is four-coordinated by bidentate P^N ligand, ancillary triphenylphos-
phine ligand and iodide. Meanwhile, the bond angles of I–Cu–P (PPh3) 
range from 106.14 (3)� to 111.75 (3)� and N–Cu–P (N^P) range from 
86.77 (16)� to 89.77 (9)�, which suggest that the monovalent Cuþ cat-
ions adopt a distorted tetrahedral geometry. 

The Cu–I bond lengths are in the range of 2.6173 (4) Å to 2.6440 (5) 
Å, which are comparable to the values reported for mononuclear Cu(I) 
complex [24]. Additionally, the P1–Cu1–P2 bond angles are in the 
ranges of 118.57 (4)� to 124.32 (4)�, which are typical for related Cu(I) 
complexes [46,47]. It is worth noting that the steric hindrance effect and 
electron effect resulting from the presence of the methoxy group slightly 
affect the dihedral angles between the 2-benzene ring and the mean 
plane of benzimidazole in the complexes structure (1: 41.679�, 2: 
44.617�, 3: 42.943�). As a result, the N–Cu–P (N^P) band angles are 
89.09 (8)o, 89.45 (9)o and 87.98 (7)o, which suggest that the order of 
increasing distortion from idealized tetrahedral geometry is 2 < 1<3. 
Meanwhile, the methoxy substituents result in shorter Cu1–P1 bond 
lengths (2: 2.2853 (11) Å and 3: 2.2696 (8) Å) than that of 1 (2.2944 (9) 
Å). In addition, the introduction of carbazole moiety exerts some steric 
hindrance effect, which lead to slightly decreased dihedral angles be-
tween the 2-benzene ring and benzimidazole moiety: 36.377� for 4, 
40.036� for 5 and 37.643� for 6. Obviously, the dihedral angle of 5 
decrease slightly less (4.581�) than those of the others (5.302� for 4 and 
5.3� for 6), comparing with the dihedral angle of the corresponding 2, 1 
and 3, respectively. Consequently, the Cu1–P1 distances increase in the 
following order: 6 (2.2674 (17) Å) < 4 (2.2698 (8) Å) < 5 (2.2805 (10) 
Å), which do not follow the same trend of the complexes without 
carbazole substituent (3 < 2 < 1). The bite angles N–Cu–P (N^P) suggest 
that the distortion degree of the geometry slightly increase in the order 
of 5 < 4 < 6. The distortion degree of the geometries suggest that 
photoluminescence quantum yields of 2 and 5 would be higher than 
those of the others. As illustrated in Fig. S1 in the supporting informa-
tion, crystal packing of the complexes exhibit only partially overlapping 
between the aromatic rings with a separation of more than 3.7 Å (1, 2, 4 
and 5), which rules out any significant π–π interactions between the 
molecules [14,48]. Obviously, these phenomena could be ascribing to 
the rigid structure and large steric hindrance of the N^P ligands. 

2.3. Photophysical properties and theoretical calculations 

The UV/Vis absorption spectra of P^N ligands and Cu(I) complexes 
1–6 are investigated in CH2Cl2 solution at ambient temperature. The 
absorption maxima (λabs) and the related molar extinction coefficients 
(ε) are summarized in Table S4. Due to the structural similarity, all 
complexes show similar ligand-centered transitions. The absorption 
spectra of complex 2 and 5 together with their corresponding free li-
gands are shown in Fig. 2 and discussed as a representative example, 
while the spectra of others can be found in Fig. S2 and Fig. S3 in the 

Scheme 1. Synthetic Procedures for Ligands.  
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supporting information. 
Both complexes display similar intense absorption bands in the lower 

wavelength range up to ca.240 nm with molar absorption coefficient (ε) 
more than 5 � 104 M� 1 cm� 1, which can be assigned to the spin allowed 
intraligand charge transfer (ILCT) transitions localized on the N^P and 
PPh3 ligands. They are followed by a slow decline at around 260 nm, 
which are also considered as the typical π-electron response of the li-
gands. The broad shoulders at about 307 nm (for 2) and 309 nm (for 5) 
with ε > 1 � 104 M� 1 cm� 1 exhibit slightly red-shifted features 
compared to that of the relative free N^P ligand, which suggest these 
moderate absorptions could be attributed to the predominant ILCT 
transitions within N^P ligand mixed with some metal-to-ligand charge 
transfer (MLCT) and halide-to-ligand charge transfer (XLCT). Notably, 
complex 5 exhibits structured absorption bands between 290 and 380 
nm, which could be attributed to allowed transitions within the 

carbazole moiety [49–51]. Similar phenomena are also observed in the 
absorption spectra of 4 and 6. Moreover, broad and weak low-energy 
absorption tails over 350 nm, which are not observed in the corre-
sponding free ligands spectra, which might be attributed to the charge 
transfer transitions including MLCT and XLCT transitions. 

The assignment of absorptions at long wavelengths over 260 nm is 
further supported by the density functional theory (DFT) and time- 
dependent density functional theory (TDDFT) calculations at B3LYP/ 
LANL2DZ (Cu, I)/6-31G**(C, H, N, O, P) level. The optimized structures 
in the ground state (S0) correlate well to the X-ray structures (Fig. S4 and 
Table S5), which ensure the accuracy of DFT studies. The calculated low 
energy absorptions of complexes 2 and 5 are showed in Fig. 2b and c, 
respectively. The relative data are summarized in Table S6 and Table S7. 
The calculated results for the other complexes are shown in Fig. S2, 
Fig. S3, Table S6 and Table S7. 

Scheme 2. Synthetic Procedures for Cu(I) Complexes 1-6.  

Fig. 1. ORTEP drawing of the complexes with ellipsoids at the 30% probability level. Hydrogen atoms are omitted for clarity.  

Fig. 2. (a) UV–vis absorption spectra of 2 and 5 together with the corresponding free ligands in CH2Cl2 solution (1 � 10� 5 M) at room temperature. Simulated 
absorption spectra with vertical excitation energies and oscillator strengths for 2 and 5 are depicted in (b) and (c), respectively. 
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According to the calculation, the absorption onsets at lower energies 
after 350 nm can be ascribed to the electronic transitions of highest 
occupied molecular orbital (HOMO, H) to lowest unoccupied molecular 
orbital (LUMO, L) and HOMO-1 to LUMO (Fig. 3, Fig. S5 and Table S6). 
On the basis of the orbital compositions analysis (Table S8), it can be 
seen that the iodide, copper ion and N^P ligand contribute significantly 
to the HOMO and HOMO-1. Meanwhile, HOMO-1 is also distributed 
over the PPh3 ligand. On the other hand, the LUMO of the complexes is 
mainly localized on the N^P ligand (>95%). Consequently, the absorp-
tion tails (>350 nm) of the complexes in experiment can reasonably be 
assigned to a predominantly mixture of MLCT and XLCT transitions 
together with some contributions of ligand (PPh3)-to-ligand (N^P) 
charge transfer (LLCT) transition. Furthermore, the HOMO-LUMO en-
ergy gaps of these complexes are affected by the substitutions on the N^P 
ligands, which increase in the order of 6 < 4<1 < 3<2 < 5. 

Besides, the calculated strong absorptions of the complexes, ranging 
between 260 nm and 350 nm, are in good agreement with the experi-
mental results. The calculated absorption bands peaking at 265–275 nm 
are consistent with the observed in the UV spectra as an additional 
shoulder located in ca.260 nm. The lower energy electronic transitions 
occurring at 300–350 nm agree well with the broad shoulders appeared 
at 285–350 nm in experiment, are mainly N^P ligand-centered ILCT in 
nature together with some contributions of MLCT and XLCT. 

All the complexes in powder show bright luminescence with maxima 
(λem) from 529 to 577 nm at 293 K when they are excited under the 
wavelengths of excitation maxima (λex) (Fig. 4 and Table 1). The broad 
without vibronic progression emission spectra imply that the lumines-
cence generates from charge-transfer (CT) state involving MLCT and 
XLCT, which has been widely observed previously in related Cu(I) iodine 
complexes [52,53]. As expectedly, the methoxy substitutions play an 
interesting role in tuning the luminescent wavelengths: the emission 
maxima of complex 2 (529 nm) bearing 40-methoxy group shows a 
significantly blue shift of 1014 cm� 1 compared with that of complex 1 
(559 nm), while complexes 3 (556 nm) with 50-methoxy group only 
exhibits a slightly blue shift (96 cm� 1) in luminescence relative to 1 
(559 nm). Similar phenomena have also been found in the carbazole 
substituted complexes 5 (533 nm) < 6 (564 nm) < 4 (577 nm), sug-
gesting that the methoxy group could finely tune the emission peaks of 
the complexes. Furthermore, comparing emission spectra between 1 and 
4, 2 and 5, 3 and 6, it is found that the carbazole substitution results in a 
slightly red shift of emission maxima. The relative ordering of the 
emission energies correlates well with the HOMO-LUMO gaps in the 
absorption spectra. Importantly, all the complexes present high photo-
luminescent quantum yields (Φ) from 31.1% to 88.3%, especially for 
complex 2 (88.3%) and 5 (70.5%). Additionally, 2 and 5 are endowed 
with larger radiative decay rate (Kr) than non-radiative decay rate (Knr), 

justifying their high photoluminescent quantum yields. 
The luminescence lifetimes (τobs) of the complexes have proved to be 

single exponential in the range of 4.8–55.2 μs at 293 K (Fig. S6 and 
Fig. S7), confirming the strong spin-orbit coupling (SOC) mediated by 
the heavy atoms (Cu and I). On the basis of the microsecond photo-
luminescence decay times and large Stokes shifts (6207-9892 cm� 1), the 
emissions of the complexes are probably assigned as phosphorescence 
involving MLCT and XLCT state [54–56]. Furthermore, the emission 
maxima of the complexes are slightly blue-shifted when cooling from 
293 K to 77 K, as similarly reported for related Cu(I) complexes, which 
are possibly due to the ground state of the Cu(I) complex is more sta-
bilized in energy at low temperature [57,58]. Simultaneously, the 
luminescent decay kinetics of complexes reveal the lifetimes at 77 K are 
also in the microsecond range, which are only 1–6 times longer than that 
at 293 K (Table 1). These temperature-dependent behaviors demon-
strate that the photoluminescece of 1–6 arises from triplet charge 
transfer (3CT) state [57,59]. Notably, complex 5 shows phosphorescence 
with a high Φ of 70.5% and a short decay time (19.5 μs), which is 
comparable to those of phosphorescent emitters with noble metals, 
demonstrating its potential optoelectronic applications. 

2.4. Electroluminescent properties 

Impelled by the outstanding advantages of complex 5, doped OLEDs 
are fabricated by hybrid solution-processing method to evaluate the 
electroluminescent (EL) properties of 5. The bottom-emitting device 
structure is configured as follows: glass/ITO/PEDOT:PSS (40 nm)/x wt 
% 5: CBP (30 nm)/TPBI (40 nm)/LiF (1 nm)/Al (150 nm). In the device 
configuration, PEDOT: PSS (poly (3,4-ethylenedioxythiophene): poly 
(styrenesulfonate)) serves the function of hole-transporting material, 
CBP (4,40-bis(carbazale-9-yl)biphenyl) acts as the host material for the 
phosphorescent emitter, TPBI (1,3,5-tris(N-phenylbenzimidazole-2-yl) 
benzene) is employed as the electron transport material, and LiF plays 
the role of electron injection. Additionally, in order to understand the 
effect of 5 doping concentrations on OLED performance, four OLEDs 
with 5 concentrations of 5 wt% (device A), 10 wt% (device B), 20 wt% 
(device C) and 40 wt% (device D) are designated. The EL characteristics 
of every device are depicted in Fig. 5, and the data are summarized in 
Table 2. 

The profiles of EL spectra of the devices A-D are nearly identical with 
an emission maximum at 558 nm, which are red-shifted (841 cm� 1) with 
respect to the PL spectrum in powder. It is commonly acknowledged that 
the minor shifts is likely due to “solvent” effects of the host matrices [12, 
60]. But closer inspection of the CIE1931 coordinates (Table 2) indicates 
that the electroluminescence color is slightly red-shifted, which could be 
explained by the combination of aggregation and solvation effects [49]. 

Fig. 3. The calculated low-energy transitions for 2 and 5 and the relative frontier molecular orbitals (contributions > 25%).  
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Additionally, no emission from the host material or other organic layers 
is detected as well as the maximum emissions are stable under different 
driving voltages, implying that energy transfer from the CBP to 5 is 
sufficient. 

The current density (J)-voltage-luminescence characteristics of the 
devices demonstrate that the turn-on voltages (recorded at a luminance 
of 1 cd m� 2) are similar (ca. 5.6 V). By comparing four devices, it is 
found that the device A has achieved the relatively higher EL perfor-
mance, which gives a maximum brightness of 7729 cd m� 2 at 13.8 V, a 
peak current efficiency (CE) of 7.53 cd A� 1 and a maximum external 
quantum efficiency (EQE) of 2.38% (Table 2). Obviously, despite the 
high brightness, the efficiencies of the OLED based on 5 are undesirable, 
especially compared with the pretty good photoluminescent quantum 
yield, which may be caused by the geometry rearrangement at excited 
state of 5 in the host. On the other hand, an interesting finding is that the 
devices with different doping concentrations (5%–40%) exhibit only a 
minor decrease in the efficiency and nearly identical electrolumines-
cence color, suggesting that the molecule are favorable for OLED 
applications. 

3. Conclusions 

A series of luminescent Cu(I) iodide complexes (1–6) of general 
formula CuI(N^P) (PPh3) have been designed and fabricated. At 293 K, 
all complexes in powder exhibit broad and featureless emission bands 
with peak maxima in the range 529–577 nm, which show that the 
introduction of methoxy substitution could fine-tune the luminescent 
wavelengths. Meanwhile, the photophysical behavior of these com-
plexes at 293 K and 77 K demonstrates that they are typical phospho-
rescence material. Notably, the combined effects of strong coordinating 
ability (N^P and I) and the synergistic heavy atom effects (I and Cu) of 
the complexes (1–6) result in highly efficient phosphorescence with 
photoluminescence quantum yields of 41.7%, 88.3%, 31.1%, 41.3%, 
70.5% and 34.6% at short emission decay times (τ) of 14.2 μs, 55.2 μs, 
12.8 μs, 4.8 μs, 19.5 μs and 10.5 μs, respectively, which support the 
proposed design strategy. Bright electroluminescence of up to 7729 cd 
m� 2 has been observed based on phosphor 5 as dopant in a simple 
solution-processed OLED. Although the devices with different doping 
concentrations (5%–40%) exhibited inferior efficiency, high brightness 
(>6500 cd m� 2) as well as nearly consist emission color and efficiency 

Fig. 4. Normalized excitation and emission spectra of complexes 1–6 in powder at 293 K and the normalized photoluminescence spectra of the complexes at 77 K.  

Table 1 
Photophysical data for the Cu(I) complexes in powder.  

Complex T ¼ 293 K T ¼ 77 K 

λex/ 
nm 

λem/ 
nm 

τobs/ 
μs 

Φ/% Kra/ 
104 

s� 1 

Knrb/ 
104 s� 1 

λem/ 
nm 

τobs/ 
μs 

1 415 559 14.2 41.7 2.95 4.12 558 32.5 
2 368 529 55.2 88.3 1.60 0.21 521 75.0 
3 390 556 12.8 31.1 2.43 5.40 555 33.7 
4 400 577 4.8 41.3 8.66 12.30 564 27.8 
5 349 533 19.5 70.5 1.21 0.50 522 58.5 
6 376 564 10.5 34.6 3.30 6.23 556 39.0 

a kr ¼ Φ/τobs. 
b knr ¼ 1/τobs – kr. 

Fig. 5. (a) EL spectra for the devices. (b) Current density (J)-Voltage-Luminance characteristics. (c) Current Efficiency (CE)-Luminance and external quantum ef-
ficiency (EQE)-Luminance characteristics. 

Table 2 
EL performances of devices with complex 5.  

Device λEL/ 
nm 

Lmax
a/cd 

m� 2 
CEmax

b/cd 
A� 1 

EQEmax
c/ 

% 
CIE1931 (x, y) 

A 558 7729 7.53 2.38 (0.4351, 
0.5398) 

B 558 7724 6.68 2.12 (0.4387, 
0.5378) 

C 558 6846 6.82 2.19 (0.4426, 
0.5350) 

D 558 5671 7.25 2.35 (0.4439, 
0.5338)  

a Maximum luminance. 
b Maximum CE. 
c Maximum EQE. 
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are observed. These encouraging results manifest highly efficient elec-
troluminescence could be expected for this kind of cuprous complexes 
by further strengthening the rigidity of the molecular structure to 
decreasing the non-radiative transitions in doped OLEDs. 

4. Experimental section 

4.1. Methods 

The solvents tetrahydrofuran (THF), acetonitrile (CH3CN) and 
dichloromethane (CH2Cl2) were freshly distilled from appropriate dry-
ing agents prior to use. All other commercially available solvents and 
reagents were used as received. All air and moisture sensitive reactions 
were carried out under an argon atmosphere with standard vacuum line 
techniques. 1H NMR and 31P NMR spectra were measured on a Bruker 
400 MHz NMR spectrometer. Elemental analyses for C, H, and N were 
carried out by employing Vario EL III Elemental Analyzer. UV–vis ab-
sorption spectra were acquired on a Varian Cary 5000 UV–vis–NIR 
spectrophotometer. Steady state excitation and emission spectra, pho-
toluminescent lifetime as well as the absolute quantum efficiency of the 
complexes were collected by Edinburgh Instruments FLS980 
spectrometer. 

4.2. Synthesis 

4.2.1. Synthesis of ligands 
Synthesis of HF1. 4-methoxy-2-nitrodiphenylamine (18.0 mmol, 

4.40 g) and 2-fluorobenzaldehyde (19.1 mmol, 2.37 g) were dissolved in 
5:1C2H5OH/H2O mixture. Na2S2O4 (90.0 mmol, 15.67 g) was added to 
the solution, and then the mixture was stirred at 75 �C for 5 h. After 
cooling, the mixture was poured into water, and extracted with ethyl 
acetate. The organic solvent was removed under reduced pressure to 
give a brown oil. The crude product was purified by column chroma-
tography with hexane/ethyl acetate as eluent to afford the sample as a 
white powder (yield: 4.0 g, 70%) 1H NMR (400 MHz, CDCl3) δ 7.65 (td, 
J ¼ 7.4, 1.8 Hz, 1H), 7.46–7.35 (m, 5H), 7.26–7.17 (m, 4H), 7.00–6.93 
(m, 2H), 3.91 (s, 3H). Anal. Calcd/%: C, 75.46; H, 4.75; N, 8.80. Found: 
C, 75.40; H, 4.73; N, 8.83. 

Synthesis of HF2. This compound was prepared by using the method 
described for the synthesis of HF1. Yield 75%.1H NMR (400 MHz, 
CDCl3) δ 7.54 (t, J ¼ 8.4 Hz, 1H), 7.48–7.34 (m, 4H), 7.25–7.18 (m, 3H), 
6.93 (dd, J ¼ 8.8, 2.4 Hz, 1H), 6.74 (dd, J ¼ 8.6, 2.4 Hz, 1H), 6.50 (dd, J 
¼ 11.9, 2.4 Hz, 1H), 3.90 (s, 3H), 3.80 (s, 3H). Anal. Calcd/%: C, 72.40; 
H, 4.92; N, 8.04. Found: C, 72.47; H, 4.93; N, 8.02. 

Synthesis of HF3. This compound was prepared by using the method 
described for the synthesis of HF1. Yield 74%.1H NMR (400 MHz, 
CDCl3) δ 7.47–7.36 (m, 4H), 7.27 (d, J ¼ 1.6 Hz, 1H), 7.24 (d, J ¼ 8.9 Hz, 
2H), 7.15 (dd, J ¼ 5.4, 2.9 Hz, 1H), 6.95 (dd, J ¼ 8.9, 2.4 Hz, 1H), 
6.93–6.82 (m, 2H), 3.90 (s, 3H), 3.77 (s, 3H). Anal. Calcd/%: C, 72.40; 
H, 4.92; N, 8.04. Found: C, 72.37; H, 4.91; N, 8.06. 

Synthesis of CBF1. This compound was prepared by using the 
method described for the synthesis of HF1. Yield 65%; 1H NMR (400 
MHz, CDCl3) δ 8.15 (d, J ¼ 7.7 Hz, 2H), 7.76 (td, J ¼ 7.4, 1.7 Hz, 1H), 
7.66–7.62 (m, 2H), 7.52–7.37 (m, 9H), 7.35–7.26 (m, 3H), 7.10–6.99 
(m, 2H), 3.93 (s, 3H); Anal. Calcd/%: C, 79.49; H, 4.59; N, 8.69; Found: 
C, 79.57; H, 4.59; N, 8.67. 

Synthesis of CBF2. This compound was prepared by using the 
method described for the synthesis of HF1. Yield 60%; 1H NMR (400 
MHz, CDCl3) δ 8.16 (d, J ¼ 7.7 Hz, 2H), 7.70–7.60 (m, 3H), 7.52–7.47 
(m, 2H), 7.46–7.42 (m, 4H), 7.41–7.29 (m, 4H), 7.00 (dd, J ¼ 8.9, 2.4 
Hz, 1H), 6.82 (dd, J ¼ 8.6, 2.4 Hz, 1H), 6.58 (dd, J ¼ 11.9, 2.4 Hz, 1H), 
3.93 (s, 3H), 3.84 (s, 3H); Anal. Calcd/%: C, 77.18; H, 4.71; N, 8.18; 
Found: C, 77.06; H, 4.69; N, 8.20. 

Synthesis of CBF3. This compound was prepared by using the 
method described for the synthesis of HF1. Yield 63%; 1H NMR (400 
MHz, CDCl3) δ 8.15 (d, J ¼ 7.7 Hz, 2H), 7.67–7.62 (m, 2H), 7.53–7.48 

(m, 2H), 7.46–7.37 (m, 6H), 7.34–7.29 (m, 2H), 7.28–7.26 (m, 1H), 7.03 
(dd, J ¼ 8.9, 2.4 Hz, 1H), 6.98–6.93 (m, 2H), 3.93 (s, 3H), 3.83 (s, 3H); 
Anal. Calcd/%: C, 77.18; H, 4.71; N, 8.18; Found: C, 77.23; H, 4.72; N, 
8.16. 

Synthesis of L1. A mixture of HF1 (1.59 g, 5.00 mmol) and potassium 
diphenylphosphide (10.5 ml, 0.5 M in THF, 5.25 mmol) in dry THF (20 
ml) was refluxed under argon atmosphere for 24 h. After cooling to room 
temperature, the THF was removed under reduced pressure. CH3OH (35 
ml) was added to the residue, affording a white precipitate. The final 
product was re-crystalized from CH2Cl2/CH3OH solution and dried 
under vacuum at 40 �C for 5 h. Yield: 1.75 g, 72%. 1H NMR (400 MHz, 
CDCl3) δ 7.55–7.50 (m, 1H), 7.40–7.26 (m, 4H), 7.25–7.16 (m, 11H), 
7.11–7.07 (m, 1H), 7.02–6.96 (m, 4H), 6.92 (dd, J ¼ 8.8, 2.4 Hz, 1H), 
3.88 (s, 3H). 31P NMR (162 MHz, CDCl3) δ � 12.94 (s). Anal. Calcd/%: C, 
79.32; H, 5.20; N, 5.78. Found: C, 79.35; H, 5.19; N, 5.76. 

Synthesis of L2. This compound was prepared by using the method 
described for the synthesis of L1. Yield 69%; 1H NMR (400 MHz, CDCl3) 
δ 7.42 (dd, J ¼ 8.5, 4.1 Hz, 1H), 7.32–7.26 (m, 4H), 7.25–7.14 (m, 9H), 
7.02 (td, J ¼ 7.6, 1.7 Hz, 4H), 6.92–6.85 (m, 2H), 6.60–6.55 (m, 1H), 
3.88 (s, 3H), 3.63 (s, 3H). 31P NMR (162 MHz, DMSO) δ � 13.71 (s). 
Anal. Calcd/%: C, 77.03; H, 5.29; N, 5.44. Found: C, 77.10; H, 5.28; N, 
5.42. 

Synthesis of L3. This compound was prepared by using the method 
described for the synthesis of L1. Yield 65%; 1H NMR (400 MHz, CDCl3) 
δ 7.31 (d, J ¼ 2.4 Hz, 1H), 7.25–7.15 (m, 12H), 7.12 (t, J ¼ 2.9 Hz, 1H), 
7.00 (dd, J ¼ 8.6, 3.3 Hz, 1H), 6.96–6.86 (m, 6H), 3.89 (s, 3H), 3.78 (s, 
3H). 31P NMR (162 MHz, CDCl3) δ � 15.19 (s). Anal. Calcd/%: C, 77.03; 
H, 5.29; N, 5.44. Found: C, 77.15; H, 5.27; N, 5.43. 

Synthesis of L4. This compound was prepared by using the method 
described for the synthesis of L1. Yield 78%; 1H NMR (400 MHz, CDCl3) 
δ 8.16 (d, J ¼ 8.5 Hz, 2H), 7.68–7.63 (m, 1H), 7.58–7.53 (m, 2H), 
7.48–7.36 (m, 9H), 7.35–7.29 (m, 3H), 7.23–7.16 (m, 6H), 7.15–7.11 
(m, 1H), 7.07–6.97 (m, 5H), 3.91 (s, 3H). 31P NMR (162 MHz, CDCl3) δ 
� 12.44 (s). Anal. Calcd/%: C, 81.34; H, 4.96; N, 6.47. Found: C, 81.26; 
H, 4.98; N, 6.46. 

Synthesis of L5. This compound was prepared by using the method 
described for the synthesis of L1. Yield 72%; 1H NMR (400 MHz, CDCl3) 
δ 8.17 (d, J ¼ 7.7 Hz, 2H), 7.61–7.53 (m, 3H), 7.49–7.40 (m, 6H), 
7.38–7.28 (m, 4H), 7.24–7.17 (m, 6H), 7.10–7.02 (m, 4H), 7.00–6.94 
(m, 2H), 6.63–6.59 (m, 1H), 3.90 (s, 3H), 3.67 (s, 3H). 31P NMR (162 
MHz, CDCl3) δ � 11.27 (s). Anal. Calcd/%: C, 79.51; H, 5.04; N, 6.18. 
Found: C, 79.45; H, 5.06; N, 6.17. 

Synthesis of L6. This compound was prepared by using the method 
described for the synthesis of L1. Yield 75%; 1H NMR (400 MHz, CDCl3) 
δ 8.17 (d, J ¼ 7.7 Hz, 2H), 7.60–7.54 (m, 2H), 7.52–7.47 (m, 2H), 
7.46–7.38 (m, 5H), 7.35–7.30 (m, 3H), 7.24 (t, J ¼ 3.0 Hz, 1H), 
7.20–7.13 (m, 6H), 7.07–6.93 (m, 7H), 3.91 (s, 3H), 3.84 (s, 3H). 31P 
NMR (162 MHz, CDCl3) δ � 14.64 (s). Anal. Calcd/%: C, 79.51; H, 5.04; 
N, 6.18. Found: C, 79.60; H, 5.02; N, 6.20. 

4.2.2. Synthesis of cuprous complexes 
General Procedure. Upon stirring, a solution of CuI (1.0 mmol) in 

CH3CN (10 ml) was added to a solution of N^P ligand (1.05 mmol) in 
CH3CN (15 ml)/CH2Cl2 (15 ml). Then, PPh3 (1.02 mmol) was added to 
the solution, and the reaction mixture was stirred for 1.5 h at room 
temperature. The resultant solution was left unperturbed for ca.2–3 
weeks at 298 K until a lot of yellow crystals emerged. The afforded 
products were isolated by filtration, washed with small amounts of 
CH3CN/CH2Cl2 (1:1) and dried under vacuum at 50 �C. Yields: 43–70% 
(based on Cu). 

Complex 1 (C50H40N2OP2CuI): yield: 51%. 1H NMR (400 MHz, 
CDCl3) δ 8.17 (d, J ¼ 2.4 Hz, 1H), 7.47 (t, J ¼ 8.6 Hz, 7H), 7.40–7.27 (m, 
10H), 7.24–7.06 (m, 14H), 7.03 (t, J ¼ 7.3 Hz, 1H), 6.98–6.93 (m, 2H), 
6.92 (s, 1H), 6.82 (dd, J ¼ 8.9, 2.4 Hz, 1H), 3.71 (s, 3H); 31P NMR (162 
MHz, CDCl3) δ � 4.12 (s), � 17.61 (s). Anal. Calcd/%: C, 64.07; H, 4.30; 
N, 2.99. Found: C, 64.16; H, 4.29; N, 2.98. 
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Complex 2 (C51H42N2O2P2CuI): yield: 60% 1H NMR (400 MHz, 
CDCl3) δ 8.18 (s, 1H), 7.48 (t, J ¼ 7.8 Hz, 8H), 7.41–7.27 (m, 10H), 7.19 
(t, J ¼ 6.7 Hz, 11H), 6.94–6.77 (m, 4H), 6.57 (dd, J ¼ 8.7, 2.7 Hz, 1H), 
6.50 (dd, J ¼ 7.4, 2.6 Hz, 1H), 3.71 (s, 3H), 3.57 (s, 3H); 31P NMR (162 
MHz, CDCl3) δ � 3.91 (s), � 16.95 (s). Anal. Calcd/%: C, 63.33; H, 4.38; 
N, 2.90. Found: C, 63.41; H, 4.37; N, 2.91. 

Complex 3 (C51H42N2O2P2CuI): yield: 70% 1H NMR (400 MHz, 
CDCl3) δ 8.18 (d, J ¼ 2.1 Hz, 1H), 7.49 (t, J ¼ 8.6 Hz, 7H), 7.39 (s, 4H), 
7.29 (t, J ¼ 6.9 Hz, 7H), 7.17 (t, J ¼ 6.9 Hz, 11H), 6.97–6.78 (m, 4H), 
6.72 (dd, J ¼ 8.6, 2.5 Hz, 1H), 6.51–6.44 (m, 1H), 3.69 (s, 3H), 3.39 (s, 
3H).; 31P NMR (162 MHz, CDCl3) δ � 4.25 (s), � 18.58 (s). Anal. Calcd/ 
%: C, 63.33; H, 4.38; N, 2.90. Found: C, 63.26; H, 4.36; N, 2.91. 

Complex 4 (C62H47N3OP2CuI): yield: 43% 1H NMR (400 MHz, 
CDCl3) δ 8.24 (d, J ¼ 2.0 Hz, 1H), 8.16 (d, J ¼ 7.7 Hz, 2H), 7.59–7.41 (m, 
11H), 7.38–7.26 (m, 12H), 7.25–7.14 (m, 11H), 7.14–7.03 (m, 5H), 6.91 
(dd, J ¼ 8.9, 2.4 Hz, 2H), 3.75 (s, 3H); 31P NMR (162 MHz, CDCl3) δ 
� 3.94 (s), � 17.75 (s). Anal. Calcd/%: C, 67.55; H, 4.30; N, 3.81. Found: 
C, 67.50; H, 4.31; N, 3.81. 

Complex 5 (C63H49N3O2P2CuI): yield: 65% 1H NMR (400 MHz, 
CDCl3) δ 8.24 (d, J ¼ 1.8 Hz, 1H), 8.16 (d, J ¼ 7.7 Hz, 2H), 7.61–7.41 (m, 
12H), 7.40–7.27 (m, 11H), 7.20 (t, J ¼ 7.1 Hz, 10H), 7.08 (d, J ¼ 8.9 Hz, 
2H), 6.99 (dd, J ¼ 8.6, 4.5 Hz, 2H), 6.89 (dd, J ¼ 8.9, 2.4 Hz, 1H), 6.71 
(dd, J ¼ 8.7, 2.7 Hz, 1H), 6.57 (dd, J ¼ 7.3, 2.6 Hz, 1H), 3.74 (s, 3H), 
3.62 (s, 3H); 31P NMR (162 MHz, CDCl3) δ � 4.12 (s), � 17.31 (s). Anal. 
Calcd/%: C, 66.82; H, 4.36; N, 3.71. Found: C, 66.83; H, 4.37; N, 3.70. 

Complex 6 (C63H49N3O2P2CuI): yield: 56% 1H NMR (400 MHz, 
CDCl3) δ 8.24 (d, J ¼ 2.1 Hz, 1H), 8.16 (d, J ¼ 7.7 Hz, 2H), 7.60 (d, J ¼
7.9 Hz, 2H), 7.55–7.41 (m, 10H), 7.38–7.27 (m, 11H), 7.19 (t, J ¼ 7.2 
Hz, 10H), 7.12 (d, J ¼ 8.9 Hz, 2H), 7.00–6.89 (m, 3H), 6.80 (dd, J ¼ 8.6, 
2.6 Hz, 1H), 6.61–6.56 (m, 1H), 3.73 (s, 3H), 3.57 (s, 3H); 31P NMR (162 
MHz, CDCl3) δ � 4.31 (s), � 19.03 (s). Anal. Calcd/%: C, 66.82; H, 4.36; 
N, 3.71. Found: C, 66.75; H, 4.34; N, 3.72. 

4.3. Single crystal X-ray crystallography 

The diffraction data for 1–4 were collected on an Oxford Xcalibur 
four-circle diffractometer using graphite-monochromatized Mo-Kα (λ ¼
0.71073 A) and Cu-Kα (λ ¼ 1.54178 A) radiation for 1–3 and 4, 
respectively. The X-ray diffraction data for 5 and 6 were performed on a 
Rigaku XtaLAB Pro four-circle diffractometer with Cu-Kα radiation (λ ¼
1.54184 Å). Data collection and reduction were processed using the 
program CrysAlisPro [61]. The crystal structures of 1–6 were solved by 
direct methods using SHELXS [62] within Olex2 GUI [63], and the 
non-hydrogen atoms were refined anisotropically by full-matrix 
least-squares method on F2 with SHELXL program [64]. All hydrogen 
atoms were placed in calculated positions and refined in a riding model 
along with attached atoms. CCDC 1978807–1978,812 contain the sup-
plementary crystallographic data for the complexes, which can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre 
via www.ccdc.cam.ac.uk/data_request/cif. 

4.4. Theoretical calculations 

All the calculations were performed using the Gaussian 09 program 
package [65]. The geometries obtained from the X-ray diffraction 
studies served as the initial structures for the optimization. The mole-
cules in the electronic ground state (S0) were fully optimized without 
symmetry constraint using density functional theory (DFT) method with 
B3LYP hybrid exchange correlation functional [66–70]. 
Time-dependent DFT (TD-DFT) calculations were performed on the 
subsequent structures using the same method to understand the ab-
sorption transition. In these calculations, a ‘‘double-ζ’’ quality basis set 
(LANL2DZ) was employed to describe the Cu and I atoms [71,72], and 
the other atoms C, H, O, N and P are described by 6–31G** [73,74]. 
Visualization of the optimized structures and frontier molecular orbitals 
were obtained by GaussView 5.0 program. The simulated absorption 

spectra were supported by using the Multiwfn 3.4.1 program [75]. 

4.5. Fabrication and characterization of OLEDs 

Indium-tin-oxide (ITO) coated glass substrates with a sheet resis-
tance of 20 Ω per square were thoroughly cleaned and treated with UV- 
zone before use. PEDOT:PSS was spin-coated onto the ITO substrate at a 
speed of 3000 rpm, and then the substrate was annealed at 120 �C for 20 
min in an oven. After the substrate was cooled to room temperature, 5 
and CBP in chlorobenzene solution was filtered through 0.25 μm pore 
filter and then overlaid by spin coating on the substrate at 2000 rpm. The 
sample was transferred to a vacuum evaporation system. The other 
layers were deposited onto the substrates by thermal evaporation under 
a high vacuum (<5 � 10� 4 Pa). The electroluminescence spectra and CIE 
coordinates were performed by PR650 spectra scan spectrometer. The 
current density and luminance versus driving voltage characteristics 
were carried out on a programmable source meter (Keithley 2614B). 
Current efficiency (CE) and External quantum efficiency (EQE) were 
calculated based on the current density (J)-voltage-luminescence char-
acteristic and EL spectrum. 
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