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ABSTRACT A binuclear Cu(l) complex [Cu(PCNP)(mepypz)].(BF4), (1, PCNP = 2,6-bis(diphenylphosphine)-
benzonitrile, mepypz = 2-methyl-6-(1H-pyrazol-3-yl)-pyridine was synthesized from the reaction of Cu(CH;CN),BF,,

PCNP and mepypz in CH,CI, at room temperature. The compound was characterized by NMR, UV-vis and X-ray

single-crystal structure analysis. It crystallizes in monoclinic space group P2;/c with a = 14.0139(5), b = 11.8149(3),
¢ = 27.1248(10) A, = 96.686(4)< V = 4460.6(3) A%, Z = 2, M, = 1561.97, D, = 1.163 g/cm®, F(000) = 1600.0, y =
1.774 mmt, GOOF = 1.071, the final R= 0.0523 and wR = 0.1412 for 7919 observed reflections with | > 24(1). The
Cu atoms in the complex are four-coordinated and adopt a distorted tetrahedral coordination geometry. In the solid

state, the complex exhibits yellowish-green emission with a peak wavelength of 546 nm, a lifetime of 390 us, and a

quantum yield of 0.45 at room temperature. The temperature-dependent investigation of luminescent properties

suggests that the complex emits thermally activated delayed fluorescence (TADF) at room temperature.

Keywords: Cu(l) complex, crystal structure, photoluminescence, DFT calculation;
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1 INTRODUCTION

Organic light-emitting diode (OLED) has been widely
concerned because of its low energy consumption, wide
temperature range, self-illumination and other advantages.
Emissive materials play important roles in OLED. In order to
obtain high efficiency OLED devices, a large number of
excellent emissive materials have been designed and
synthesized, including Cu(l) emissive materials®™=!. Copper-
based luminescent materials usually exhibit small singlet-
triplet energy gap, which can promote reverse intersystem
crossing (RISC) and thermal activated delayed fluorescence
(TADF) emission®®l. In theory, 100% internal quantum
efficiency can be obtained. In addition, compared with noble-
metal phosphorescent materials, copper-based luminescent
materials take the advantages of abundant resources and low

price. Therefore, the luminescent Cu(l) complexes have

become a research hotspot®*3. In this work, we synthesized
a novel TADF dinuclear Cu(l) complex [Cu(PCNP)-
(mepypz)],(BF,), from the reaction of [Cu(CH3;CN),]BF,4, N-
ligand 2-methyl-6-(1H-pyrazol-3-yl)-pyridine(mepypz) and
P-ligand 2,6-bis(diphenylphosphine)-benzonitrile (PCNP).
The synthesis, structure, spectroscopic characterization and
theoretical calculation of the new compound are reported
herein.

2 EXPERIMENTAL

2.1 Materials and instruments

Chemicals were purchased from commercial companies
and used directly without further purification. The N-ligand
mepypz was prepared by literature procedure™. 'H NMR
and 3P NMR spectra were measured by a Bruker Avance 111
400MHz NMR spectrometer. Elemental analyses (C, H, N)
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were performed with an Elemental Vario EL Il elemental
analyzer. The UV-vis absorption spectra were recorded using
a Perkin-Elmer Lambda-365 UV/vis spectrophotometer.
Photoluminescence spectra were measured by a HORIBA
Jobin-Yvon FluoroMax-4 spectrometer. The lifetime of
samples was recorded on the same fluorimeter with a multi-
channel scaling (MCS) peripheral equipment and a spectra
LED pulsed source (373 nm). The PL quantum yields of
powder samples were measured by FluoroMax-4-equipped
with an integrating sphere.
2.2.1 Synthesis of 2,6-bis(diphenylphosphine)-
benzonitrile

The ligand was synthesized by a modified procedure
referenced to literatures™™ . First, a mixture of triphenyl-
phosphine (2.62 g, 10 mmol) and sodium (0.92 g, 40 mmol)
in dry THF (60 mL) was refluxed under nitrogen for 24 h to
get dark red NaPPh, solution. Then, the NaPPh, solution was
transferred to a dry Schlenk tube, and 2,6-difluoro-benzo-
nitrile (0.70 g, 5 mmol) was added. The mixture was refluxed
for 2 hours and then stirred at room temperature for further
12 hours under nitrogen. At the end of the reaction, 2 mL
methanol was added to the solution. Subsequently, the
mixture was stirred for about 30 minutes and filtered. The
filtrate was extracted with dichloromethane (3 <50 mL). The
organic phase was washed with brine and dried with
anhydrous magnesium sulfate. The solvent was removed
under vacuum. Finally, the crude product was purified by
column chromatography to give the pure product as a white
solid. *"H NMR (400 MHz, DMSO-dg) § 7.57 (t, J = 7.8 Hz,
1H), 7.43 (dd, J = 3.8, 2.9 Hz, 12H), 7.27~7.15 (m, 8H), 6.85
(dd, J = 7.8, 2.8 Hz, 2H).*'P NMR (162 MHz, chloroform-d)
0-8.14 (s).
2.2.2 Synthesis of complex

[Cu(PCNP)(mepypz)]>(BF4) (1)

A mixture of [Cu(CHs;CN),]BF,; (31 mg, 0.1 mmol), P-
ligand (47 mg, 0.1 mmol) and N-ligand (16 mg, 0.1 mmol) in
CH,CI, (5 mL) was stirred at room temperature for 1 h, and
then the solution was filtered. Ethyl ether was slowly added
into the filtrate. About one week later, the crystalline product
was obtained in a yield of 62%. *H NMR (400 MHz, DMSO-
dg) 0 8.11 (d, J = 1.4 Hz, 2H), 7.92 (d, J = 6.0 Hz, 4H), 7.62
(d, J = 7.8 Hz, 2H), 7.56~7.20 (m, 44H), 7.17 (d, J = 2.0 Hz,
2H), 6.98 (t, J = 6.9 Hz, 4H), 2.13 (s, 6H). 3P NMR (162
MHz, DMSO-dg) J -3.81 (s). Anal. Calcd. for
CaoHeaNgP4CU,B,Fg: C, 61.51; H, 4.13; N, 7.17%. Found: C,
61.60; H, 4.18; N, 7.10%.

2.3 Structure determination

A colorless crystal of complex 1 with dimensions of 0.08
mm % 0.12 mm > 0.15 mm was used for X-ray diffraction
analysis. Diffraction data of the complex were collected on a
SuperNova, Dual, Cu at zero, Atlas diffractometer equipped
with graphite-monochromated CuKa radiation (1 = 1.5478 A).
A total of 34615 reflections were collected at 100.01(15) K in
the range of 6.374<26<151.98°by using an w-scan mode,
of which 9010 were unique with R;;; = 0.0334 and 7919 were
observed with | > 24(l). The structure was solved by direct
methods with SHELXS-97 and refined by full-matrix least-
squares methods with SHELXL-97 program package™”. All
of the non-hydrogen atoms were located with successive
difference Fourier synthesis. Hydrogen atoms were added in
idealized positions. The non-hydrogen atoms were refined
anisotropically. The final R = 0.0523, wR = 0.1412 (w =
1[6(F,2) + (0.0674P)? + 7.6539P], where P = (F,2 + 2F;2)/3,
S = 1.071, (A/6)max = 0.001, (Ap)max = 0.532 and (Ap)min =
~0.596 e/A3. Selected bond lengths and bond angles from X-

ray structure analysis are listed in Table 1.

Table 1. Selected Bond Lengths (A) and Bond Angles (9
Bond Dist. Angle 9
Cu(1)-P(1) 2.2639(7) P(1)-Cu(1)-P(2)’ 132.35(3)
Cu(1)-P(2)’ 2.2757(7) N(2)-Cu(1)-P(1) 105.52(7)
Cu(1)-N(1) 2.146(2) N(2)-Cu(1)-P(2)’ 108.04(7)
Cu(1)-N(2) 2.072(2) N(1)-Cu(1)-N(2) 78.58(10)
N(1)-Cu(1)-P(1) 110.20(7)
N(1)-Cu(1)-P(2)’ 108.86(7)
it x, 14y, 1z

2.4 Computational methodology
The optimization of geometrical structure of complex 1
was obtained by density functional theory (DFT)&2% ysing

the hybrid Becke three-parameter Lee-Yang-Parr (B3LYP)
functional®® 22, The structural data used for calculation are

from X-ray crystal structure. In all calculations, the
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relativistic effective core potential (RECP) and the associated
basis set Lanl08 (f) and Lanl08(d)®®®!, which are the revised
version of original Hay-Wadt basis set, were employed for
the Cu(l) atoms, and all-electron basis set of 6-31G* was
used for other non-metal atoms of P, N, C, and H. All the

calculations of complexes were carried out by Gaussian 094,

Visualization of the optimized structures and frontier
molecular orbitals were performed by GaussView. The
Multiwfn 2.4 program® was used to analyzed the partition
orbital composition.

3 RESULTS AND DISCUSSION

From the reaction of Cu(CH3;CN),BF,, P-ligand and N-
ligand with the molar ratio of 1:1:1 in CH,Cl,, complex 1
was synthesized. Complex 1 is air stable both in the solid
state and in solution. It has been characterized by several

LB P \
B il
CN
S| l\N/
\ pn” J} g\Ph S
- h h

methods, including X-ray crystallography and spectroscopic
methods.

Fig. 1 shows its molecular structure and ORTEP diagram.
The X-ray crystallographic study reveals that complex 1
crystallizes in the monoclinic space group P2,/c with Z = 2,
and only half of the molecule is crystallographically
independent. 1 is a [Cuy(NN),(PP),]** type symmetrical
binuclear structure. The copper atoms are tetra-coordinated
with nitrogen and phosphorus atoms. At present, there are
relatively few reports of similar structures. The angles of N—
Cu-P are all close to the tetrahedral value of 109.5< but the
angle of N(1)-Cu(1)-N(2) (78.58(10)) largely deviates from
the typical tetrahedral value owing to the small bite angle of
the N-ligand. Therefore, the copper atoms exhibit a distorted
tetrahedral coordination geometry. The distances of Cu-P and

Cu-N are within the normal ranges as compared to those
[26]

found in the similar Cu(l) complexes

Fig. 1. Molecular structure (left) and ORTEP diagram (right) of complex 1. Thermal ellipsoids are drawn
at 50% probability. Hydrogen atoms and anions are not displayed for clarity
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Fig. 2. UV-vis absorption spectra of complex 1, N ligand and P ligand in CH,CI; at room temperature
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Fig. 2 shows the UV-vis absorption spectra of complex 1,
the N-ligand and the P-ligand in CH.,CI, (c = 2x10° M) at
ambient temperature. Compared with the ligands, the
absorption spectrum of complex 1 is more intense. 1 exhibits
intense absorption in the region below 345 nm, which can be
assigned to spin-allowed z-z* transition in the N- and P-
ligands. The absorption band from 350 to 400 nm, which is
unconspicuously observed for the ligands, is assigned to d-z*

transitions which mainly involve d(Cu)-z*(PP) metal-to-

ligand charge-transfer (MLCT) transitions. The perspective is
supported by the DFT calculations (Fig. 3). The compositions
of selected Frontier orbitals are listed in Table 2. Orbital
component analyses indicate that the orbital of HOMO
contains P-ligand (60.98%), Cu (33.14%) and N-ligand
(5.88%). The LUMO localizes mainly on the P-ligand
(90.28%). According to the computational results, the lower
lying transitions for complex 1 consist mainly of MLCT
characters.

LUMO
Fig. 3. HOMO, HOMO-1, LUMO, and LUMO+1 of complex 1 trom DFT calculations

LUMO+1

Table 2. Partition Orbital Composition Analyses for the Frontier Molecular Orbitals of Complex 1
Energy (au.) P-ligand Cu N-ligand
HOMO-1 -0.363 62.41% 31.47% 6.12%
HOMO -0.360 60.98% 33.14% 5.88%
LUMO -0.210 90.28% 7.72% 2.00%
LUMO+1 -0.208 95.85% 2.81% 1.34%
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Fig. 4. Emission spectra of complex 1 in the solid state at 77 and 298 K
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Fig. 4 shows the emission spectra of complex 1 in solid
state at 298 and 77 K. The excitation wavelength is 390 nm.
At 298 K, complex 1 shows yellowish-green emission with
photoluminescence quantum yield of 45%. With the decrease
of temperature from 298 to 77 K, a red shift of the emission
peak from 546 to 570 nm is observed. Fig. 5 displays the
transient decay curves of complex 1 in the solid state at
different temperature. As shown in Fig. 5, with the rise of
temperature, the decay time of the complex reduced rapidly,
which means that the emission of complex 1 originates from
two inter-convertible excited states (S; and T,) in thermal
equilibrium. The shift of the emission spectra and the change
of decay lifetime indicate that complex 1 is a TADF material.

In order to figure out the nature of emission, the lifetime at
varied temperature between 77 and 298 K was measured and
the results are summarized in Fig. 6. For thermally
equilibrated states, the observed decay time of complex 1
which depends on temperature can be described by the

following equation/?-2%):

the Boltzmann constant, and T represents the absolute
temperature. t(S;) and t(T;) are the individual decay time of
S, and T, states. The parameters are obtained from the fitting
curve, and summarized in the inset of Fig. 6. The fit value of
7(Ty) is 8420 ps, which is close to the measured value of 8676
us at 77 K. It means that the phosphorescence is the main
emission because of the low rate of reverse intersystem
crossing (Krisc) with temperature decreasing to 77 K. The fit
7(S1) value is 212 ns, which is four orders of magnitude
smaller than the fitted value of z(T,). The fitted value of AEgt
is 0.18 eV, in good agreement with 0.10 eV determined from
the emission spectra. The small AEgt can promote thermally
activated conversion from T; to S;, which is a necessary
condition for designing excellent TADF materials. The
separation of electron cloud distribution between HOMO and
LUMO can effectively reduce AEst. In order to design
excellent TADF materials, HOMO and LUMO should be
separated appropriately in space®®®. It can be seen from Fig. 3
that the orbitals of HOMO and LUMO achieve a good
separation. Therefore, the small AEgr, the separation of

1 AE
1+ zexp(— 1)
Tobs = I B AE HOMO and LUMO orbitals and the high luminescence
(1) + 37(5,) exp(— K;F) quantum yield further demonstrate that complex 1 has good
In this equation, AEgr is the energy gap between the lowest TADF properties.
singlet excited state (S;) and the lowest triplet state (T;), kg is
= 298K
1000 < = 257K
217K
E
Z 100 -
3
=
S0
)
J {
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Fig. 5. Transient decay curves of complex 1 at different temperature at 217, 257 and 298 K
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Fig. 6. Temperature dependence of the decay time for complex 1 powder

In conclusion, a new dinuclear emissive cuprous complex experimental and theoretical studies of the complex

1 was obtained, which exhibits high luminescence quantum properties indicate that the complex is a TADF material.

yield and short decay lifetime at room temperature. The
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