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Luminescent Cu(l) complexes are promising emitting materials for electroluminescent
devices due to their low cost and abundant resources, as well as high emission
efficiency. It is well-known that N-heterocyclic carbenes (NHCs) are excellent ligands for
transition metal complexes. To investigate the photophysical properties of Cu(l)-NHC
complexes, a series of new mononuclear four-coordinate Cu(l) complexes supported
by the diphosphine ligand bis[2-(diphenylphosphino)phenyllether (POP) and the NHC
ligands, consisting of imidazolylidene and pyrimidine units, were synthesized and fully
characterized. To tune the photophysical properties of these Cu(l)-NHC complexes,
the NHC ligands were attached with electron-withdrawing/donating groups (fluorine,
chlorine, methyl and methoxyl) at the pyrimidine unit. Al of these Cu(l)-NHC complexes
adopt the typical distorted tetrahedral configuration. The electron-donating groups can
lead to shorter Cu-N bond distances and longer Cu-C bond distances compared to
the electron-withdrawing groups. Theoretical calculation results show that the highest
occupied molecular orbitals are mainly distributed on the Cu(l) ion, POP, and carbene
unit, while the lowest unoccupied molecular orbitals are mostly located on the pyrimidine
unit of NHC ligands. The lowest energy electronic transitions of these Cu(l)-NHC
complexes are mainly the metal-to-ligand charge transfer transition and ligand-to-ligand
charge transfer transition. These Cu(l)-NHC complexes in solid state show tunable
emissions from 530 to 618 nm with efficiencies of 0.5-38.1% at room temperature.
The photophysical behaviors of these complexes at 298 and 50 K match well with the
thermally activated delayed fluorescence (TADF) characteristics.

Keywords: Cu(l) complexes, N-heterocyclic carbene, thermally activated delayed fluorescence, crystal structures,
theoretical calculations

INTRODUCTION

Since the efficient organic-light emitting diodes (OLEDs) and light-emitting electrochemical
cells (LEECs) based on Cu(I) complexes were reported by Wang group and Armaroli group
(Zhang et al., 2004; Armaroli et al., 2006), respectively, luminescent Cu(I) complexes have been
attracting considerable attention as the emitting materials for electroluminescent (EL) devices
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(Volz et al., 2014; Gneuf$ et al., 2015; Hofbeck et al., 2015;
Kobayashi et al., 2016; Brunner et al., 2017; He et al., 2017; Huang
etal.,2017; Suetal., 2017; Brown et al., 2018; Mohankumar et al.,
2018; Schinabeck et al., 2018; Jia et al., 2019). According to the
recent reports, most of Cu(I) complexes show thermally activated
delayed fluorescence (TADF) due to small energy gaps (AEsr)
between the lowest singlet state (S;) and the lowest triplet states
(T1) (Gneuf et al., 2015; Hofbeck et al., 2015; Kobayashi et al.,
2016; Brunner et al., 2017; Huang et al., 2017; Su et al., 2017;
Mohankumar et al., 2018; Schinabeck et al., 2018; Jia et al., 2019).
As we all know, singlet and triplet excitons are formed in a ratio of
1:3 during EL device operation. In the EL devices based on TADF
materials, T; excitons can be translated to S; excitons through
reverse intersystem crossing (RISC), and all S; excitons will be
converted into photons by the spin-allowed S;— Sy transition
(Wang K. et al,, 2017; Shi et al., 2018). Thus, the EL devices
using TADF Cu(I) complexes as emitters can utilize both singlet
and triplet excitons to generate photons resulting in high EL
efficiencies. For this reason, TADF Cu(I) complexes are seen as
promising alternatives to the phosphorescent complexes based
on noble metals, such as Ir(III) and Pt(II) complexes.

Photophysical properties of the homoleptic Cu(I) complexes
supported by diimine ligands (general formula [Cu(N"N),]T)
have always been the focus of research for a long time (Simon
etal., 1996; Felder et al., 2001; Kovalevsky et al., 2003; Kalsani and
Schmittel, 2006; Leydet et al., 2007). Although many significant
research results were obtained, these Cu(I) complexes only show
very low emission efficiencies. In 2002, McMillin group used
a chelating diphosphine ligand to prepare heteroleptic Cu(I)
complexes first, which brought a great breakthrough in the
emission efficiency of luminescent Cu(I) complexes (Cuttell et al.,
2002; Kuang et al., 2002). For example, the photoluminescence
quantum yield (¢pr) of [Cu(dbp)(POP)]* is hundreds-fold
larger than those of [Cu(N"N),]*, where POP = bis[2-
(diphenylphosphino)phenyl]ether, dbp = 2,9-di-n-butyl-1,10-
phenanthroline. In recent years, lots of luminescent heteroleptic
Cu(I) complexes supported by chelating diphosphine ligands and
diimine ligands (general formula [Cu(P"P)(N"*N)]*) have been
successfully developed, and efficient EL devices based on this
kind of Cu(I) complexes have been fabricated (Cheng et al., 2015;
Osawa et al., 2015; Liang et al., 2016; Lin et al., 2017; Zhang et al.,
2017; Alkan-Zambada et al., 2018; Keller et al., 2018; Liu et al.,
2018; Brunner et al., 2019).

It is well known that N-heterocyclic carbenes (NHCs)
are excellent ligands for transition metal complexes because
of their strong o-donating ability and modest m-accepting
ability. Moreover, it has been proven that two- and three-
coordinate Cu(I) complexes supported by NHC ligands can give
efficient TADF or phosphorescence (Krylova et al., 2012; Leitl
et al., 2014; Marion et al, 2014; Elie et al., 2016; Nishikawa
et al,, 2016; Hamze et al, 2017; Lu et al., 2018). In view of
these findings, we synthesized several four-coordinate Cu(I)-
NHC complexes with efficient TADF by replacing the diimine
ligands in Cu(P"P)(N"N)]T with the chelating NHC ligands
consisting of imidazolylidene and pyridine (Wang et al., 2016,
2018), and the Zhao group also carried out similar research
(Liu et al, 2017; Wang J. et al, 2017; Xu et al, 2018).

In this paper, we designed a series of new chelating NHC
ligands, in which the imidazolylidene unit is connected with
the pyrimidine unit (Scheme 1). Five luminescent Cu(I)-NHC
complexes supported by these NHC ligands and the diphosphine
ligand POP were successfully synthesized and fully characterized.
Research results indicate that the electron-withdrawing/donating
groups at pyrimidine unit can effectively tune the photophysical
properties of these Cu(I)-NHC complexes, and the emission
behaviors of these complexes at 50 K and 298 K match well with
TADEF characters.

EXPERIMENTAL

General Methods

'H NMR, *C NMR, and *'P NMR spectra were recorded on
the Bruker Avance 400 spectrometer and Bruker Avance 500
spectrometer. 'H and '*C chemical shifts are referenced to the
internal tetramethylsilane (8§ = 0 ppm) and 3!P chemical shifts
were referenced to the external 85% phosphoric acid (8 = 0
ppm). Mass spectra (MS) were obtained on a Bruker Bruker
APEX II FT-ICR instrument. Elemental analysis was performed
on a Vario III elemental analyzer. UV-visible absorption spectra
were recorded on a Hitachi U-3010 UV-vis spectrophotometer.
Photoluminescence (PL) spectra, emission lifetimes, and absolute
emission quantum yields were recorded on an Edinburgh FLS980
spectrometer equipped with an integrating sphere.

Synthesis

All starting materials were purchased from commercial suppliers
and used as received. Solvents are analytical grade and used
without further purification unless otherwise stated.

=N — K,CO =N
—\ 2 3 /ﬁ
R‘<: Bt N N —————— R—<: >N
L " DMSO, 70°C =N

R=H(1),Cl(2),F (3)
Methyl (4), Methoxyl (5)

;
=N ~ ~
{R{N/)—N/\;vah} (PFe)

R=H (6), CI(7), F (8)
Methyl (9), Methoxyl (10)

1) Benzyl chloride, 100 °C
2) KPFg, Acetone, RT

1,2,3,4,5

Ph a
Ph ph
N B
Cu, POP /3
6,7,8,9,10 —— — » [N)\Cu/ o (PFo)
0,
CHCN.70°C | K~ \
! Z /
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R = H, [Cu(Pmim)(POP)](PFg)
Cl, [Cu(CI-Pmim)(POP)](PFg)
F, [Cu(F-Pmim)(POP)](PFg)
Methyl, [Cu(Me-Pmim)(POP)](PFg¢)
Methoxyl, [Cu(MeO-Pmim)(POP)](PFg)

SCHEME 1 | Synthesis routes of the Cu(l)-NHC complexes.
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2-(1H-imidazol-1-yl)pyrimidine (1)

2-bromopyrimidine (790 mg, 5 mmol), imidazole (680 mg, 5
mmol), K,CO3 (1.39 g, 10 mmol) and DMSO (15 mL) were added
in a round-bottomed flask, then the reaction mixture was stirred
vigorously for 24 h at 70°C. After cooling, ethyl acetate (30 mL)
was added to the mixture, and then the organic solution was
washed with water, dried over anhydrous MgSO4 and evaporated
with a rotary evaporator. The residue was purified by column
chromatography using ethyl acetate/dichloromethane (1:1 v/v)
as a eluent to give the desired product as white powder. Yield:
569 mg (78%). 'H NMR (400 MHz, CDCl3) 8 (ppm): 8.70 (2H, d,
J=4.8),8.63 (1H,s),7.90 (1H, s), 7.21 (1H, t, ] = 4.8), 7.18 (1H,
s). MS (m/z, ESI): 147.1 [M+H]™.

5-chloro-2-(1H-imidazol-1-yl)pyrimidine (2)
2-bromo-5-chloropyrimidine (965mg, 5 mmol), imidazole
(680mg, 5 mmol), K;CO3 (1.39g, 10 mmol) and DMSO
(15mL) were added in a round-bottomed flask, then the
reaction mixture was stirred vigorously for 24h at 70°C. After
cooling, ethyl acetate (30 mL) was added to the mixture, and
then the organic solution was washed with water, dried over
anhydrous MgSO4 and evaporated with a rotary evaporator.
The residue was purified by column chromatography using ethyl
acetate/dichloromethane (1:1 v/v) as eluent to give the desired
product as white powder. Yield: 730 mg (81%). I'H NMR (400
MHz, CDCl3) § (ppm): 8.57 (2H, s), 8.50 (1H, s), 7.77 (1H, s),
7.10 (1H, s). MS (m/z, ESI): 181.0 [M+H]*.

5-fluoro-2-(1H-imidazol-1-yl)pyrimidine (3)
2-bromo-5-fluoropyrimidine (885mg, 5 mmol), imidazole
(680mg, 5 mmol), K,CO3 (1.39g, 10 mmol) and DMSO
(15mL) were added in a round-bottomed flask, then the
reaction mixture was stirred vigorously for 24 h at 70°C. After
cooling, ethyl acetate (30 mL) was added to the mixture, and
then the organic solution was washed with water, dried over
anhydrous MgSOy, and evaporated with a rotary evaporator.
The residue was purified by column chromatography using ethyl
acetate/dichloromethane (1:1 v/v) as eluent to give the desired
product as white powder. Yield: 697 mg (85%). I'H NMR (400
MHz, CDCl3) 8 (ppm): 8.57 (2H, s), 8.55 (1H, s), 7.83 (1H, d, ] =
0.8),7.17 (1H, d, ] = 0.4). MS (m/z, ESI): 165.1 [M+H]*.

2-(1H-imidazol-1-yl)-5-methylpyrimidine (4)
2-bromo-5-methylpyrimidine (865mg, 5 mmol), imidazole
(680mg, 5 mmol), K,CO3 (1.39g, 10 mmol) and DMSO
(15mL) were added in a round-bottomed flask, then the
reaction mixture was stirred vigorously for 24 h at 70°C. After
cooling, ethyl acetate (30 mL) was added to the mixture, and
then the organic solution was washed with water, dried over
anhydrous MgSO4 and evaporated with a rotary evaporator.
The residue was purified by column chromatography using ethyl
acetate/dichloromethane (1:1 v/v) as eluent to give the desired
product as white powder. Yield: 576 mg (72%). T'H NMR (400
MHz, CDCl3) 3 (ppm): 8.58 (1H, s), 8.49 (2H, s), 7.86 (1H, s),
7.15 (1H, ), 2.33 (3H, s). 13C NMR (100 MHz, CDCl3) § (ppm):
158.66, 153.18, 136.09, 130.58, 128.40, 116.55, 15.21. HRMS (m/z,
ESI): 161.0823 [M+H] ™.

2-(1H-imidazol-1-yl)-5-methoxypyrimidine (5)
2-bromo-5-methoxypyrimidine (945mg, 5 mmol), imidazole
(680mg, 5 mmol), K,CO3 (1.39g, 10 mmol) and DMSO
(15mL) were added in a round-bottomed flask, then the
reaction mixture was stirred vigorously for 24h at 70°C. After
cooling, ethyl acetate (30 mL) was added to the mixture, and
then the organic solution was washed with water, dried over
anhydrous MgSO4 and evaporated with a rotary evaporator.
The residue was purified by column chromatography using ethyl
acetate/dichloromethane (1:1 v/v) as eluent to give the desired
product as white powder. Yield: 616 mg (70%). 'H NMR (400
MHz, CDCl3) 8 (ppm): 8.52 (1H, s), 8.34 (2H, s), 7.82 (1H, s),
7.15 (1H, s), 3.95 (3H, s). 3C NMR (100 MHz, CDCl3) 8 (ppm):
151.97, 148.79, 144.63, 135.88, 130.46, 116.60, 56.47. HRMS (m/z,
ESI): 177.0772 [M+H] .

Compound 6

In a round-bottomed flask, a mixture of benzyl chloride (1.27 g,
10 mmol) 2-(1H-imidazol-1-yl)pyrimidine (584 mg, 4 mmol)
was refluxed at 100°C for 2h. After the excess benzyl chloride
was evaporated under vacuum, the residue was put in acetone
(20 mL). Then KPFg (1.84 g, 10 mmol) was added and stirred for
3 h. The precipitate KCI was filtrated and the organic solvent was
evaporated with a rotary evaporator to give the desired product as
white powder. Yield: 1.31 g (85%). 'H NMR (400 MHz, Acetone-
D6) & (ppm): 10.16 (1H, s), 9.04 (2H, d, ] = 4.8), 8.52 (1H,
s), 7.96 (1H, s), 7.77 (1H, t, ] = 4.8), 7.64-7.62 (2H, m), 7.49—
7.41 (3H, m), 5.78 (2H, s). >*C NMR (100 MHz, Acetone-D6)
d (ppm): 160.86, 153.42, 136.52, 134.61, 130.17, 130.13, 129.72,
124.72, 123.49, 120.75, 54.57. Anal. Calcd. for C4H3F¢N4P: C
43.99, H 3.43, N 14.66; Found: C 44.07, H 3.46, N 14.69.

Compound 7

In a round-bottomed flask, a mixture of benzyl chloride (1.27 g,
10 mmol) 5-chloro-2-(1H-imidazol-1-yl)pyrimidine (720 mg, 4
mmol) was refluxed at 100°C for 2h. After the excess benzyl
chloride was evaporated under vacuum, the residue was put in
acetone (20 mL). Then KPFs (1.84g, 10 mmol) was added and
stirred for 3 h. The precipitate KCI was filtrated and the organic
solvent was evaporated with a rotary evaporator to give the
desired product as white powder. Yield: 1.38 g (83%). 'H NMR
(400 MHz, Acetone-D6) & (ppm): 10.17 (1H, s), 9.11 (2H, s),
8.50 (1H, s), 7.99 (1H, s), 7.63-7.61 (2H, m), 7.48-7.45 (3H, m),
5.79 (2H, s). 3C NMR (100 MHz, Acetone-D6) § (ppm): 159.20,
151.60, 136.81, 134.55, 132.51, 130.23, 130.16, 129.75, 124.92,
120.99, 54.67. Anal. Calcd. for C14H;,CIFgN,P: C 40.35, H 2.90,
N 13.45; Found: C 40.42, H 2.88, N 13.48.

Compound 8

In a round-bottomed flask, a mixture of benzyl chloride (1.27 g,
10 mmol) 5-fluoro-2-(1H-imidazol-1-yl)pyrimidine (656 mg, 4
mmol) was refluxed at 100°C for 2h. After the excess benzyl
chloride was evaporated under vacuum, the residue was put in
acetone (20 mL). Then KPFs (1.84g, 10 mmol) was added and
stirred for 3 h. The precipitate KCl was filtrated and the organic
solvent was evaporated with a rotary evaporator to give the
desired product as white powder. Yield: 1.30 g (81%). 'H NMR
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(400 MHz, Acetone-D6) § (ppm): 10.14 (1H, s), 9.06 (2H, s), 8.50
(1H, s), 7.98 (1H, s), 7.62-7.56 (2H, m), 7.47-7.43 (3H, m), 5.79
(2H, s). 1*C NMR (100 MHz, Acetone-D6) 3§ (ppm): 159.00 (J =
261.4), 149.27, 148.72 (J = 24), 136.68, 134.60, 130.21, 130.16,
129.73, 124.85, 121.07, 54.61. Anal. Calcd. for Ci4H 2 F7Ny4P: C
42.01, H 3.02, N 14.00; Found: C 42.08, H 3.04, N 14.03.

Compound 9

In a round-bottomed flask, a mixture of benzyl chloride (1.27 g,
10 mmol) 2-(1H-imidazol-1-yl)-5-methylpyrimidine (640 mg, 4
mmol) was refluxed at 100°C for 2h. After the excess benzyl
chloride was evaporated under vacuum, the residue was put in
acetone (20mL). Then KPF¢ (1.84¢g, 10 mmol) was added and
stirred for 3 h. The precipitate KCI was filtrated and the organic
solvent was evaporated with a rotary evaporator to give the
desired product as white powder. Yield: 1.39 g (88%). 'H NMR
(400 MHz, Acetone-D6) § (ppm): 10.10 (1H, s), 8.87 (2H, s), 8.47
(1H, s), 7.94 (1H, s), 7.64-7.61 (2H, m), 7.47-7.41 (3H, m), 5.77
(2H, s), 2.46 (3H, 5). '>*C NMR (100 MHz, Acetone-D6) 3 (ppm):
160.48, 151.60, 136.22, 134.66, 133.81, 130.16, 130.13, 129.73,
124.61, 120.65, 54.53, 15.14. Anal. Calcd. for C;5H;5FsN4P: C
45.46, H 3.82, N 14.14; Found: C 43.35, H 3.79, N 14.11.

Compound 10

In a round-bottomed flask, a mixture of benzyl chloride (1.27 g,
10 mmol) 2-(1H-imidazol-1-yl)-5-methoxypyrimidine (704 mg,
4 mmol) was refluxed at 100°C for 2h. After the excess benzyl
chloride was evaporated under vacuum, the residue was put
in acetone (20mL). Then KPF¢ (1.84g, 10 mmol) was added

and stirred for 3h. The precipitate KCl was filtrated and the
organic solvent was evaporated with a rotary evaporator to give
the desired product as white powder. Yield: 1.47 g (89%). 'H
NMR (400 MHz, Acetone-D6) 3 (ppm): 10.04 (1H, s), 8.70
(2H, s), 8.43 (1H, s), 7.94 (1H, s), 7.63-7.61 (2H, m), 7.48-
7.43 (3H, m), 5.76 (2H, s), 4.09 (3H, s). *C NMR (100 MHz,
Acetone-D6) § (ppm): 155.41, 146.59, 146.32, 135.84, 134.73,
130.13, 129.71, 124.56, 120.68, 57.53, 54.46. Anal. Calcd. for
Ci5H15FsN4OP: C 43.70, H 3.67, N 13.59; Found: C 43.61, H
3.63, N 13.56.

[Cu(Pmim)(POP)](PFg)

Under N, atmosphere, compound 6 (382 mg, 1 mmol), copper
powder (77 mg, 1.2 mmol) and POP (538 mg, 1 mmol) reacted
in CH3CN (10mL) at 70 °C overnight. After cooling, the
resulting mixture was filtered, then the filtrate was collected
and evaporated under vacuum. The residue was dissolved in
dichloromethane/ethanol solution, and product was obtained
as a pale-yellow crystal by slowly evaporating the solvent.
Yield: 0.54g (55%). 'H NMR (500 MHz, CD3;CN) 8 (ppm):
845 (2H, d, ] = 5.0), 807 (1H, d, | = 2.0), 7.39-
7.26 (7H, m), 7.32-7.13 (16H, m), 7.07-6.96 (8H, m), 6.80
(2H, d, ] = 7.5), 6.68-6.64 (2H, m), 5.14 (2H, s); 13C
NMR (125 MHz, CD3CN) 8§ (ppm):158.75, 158.18, 158.14,
158.09, 155.33, 135.72, 134.19, 133.50, 132.86, 132.20, 130.23,
129.99, 128.81, 128.77, 127.99, 125.10, 123.89, 123.77, 123.66,
122.85, 120.52, 119.75, 117.96, 54.94; 3'P NMR (202 MHz,
CD3CN) 3 (ppm): —9.75 (s), —144.62 (quint). Anal. Calcd. for

FIGURE 1 | Crystal structures of the Cu(l)-NHC complexes (A) [Cu(Pmim)(POP)](PFg), (B) [Cu(CI-Pmim)(POP)](PFg), (C) [Cu(F-Pmim)(POP)](PFg), (D)
[Cu(Me-Pmim)(POP)](PFg), (E) [Cu(MeO-Pmim)(POP)](PFg) (30% probability ellipsoids, H atoms, solvent molecules and PFg ion are omitted).
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Cs50H49CuFgN4OP3: C 61.07, H 4.10, N 5.70; Found: C 61.19, H
4.15, N 5.68.

[Cu(CI-Pmim)(POP)](PFe)

Under N, atmosphere, compound 7 (416 mg, 1 mmol), copper
powder (77 mg, 1.2 mmol) and POP (538 mg, 1 mmol) reacted
in CH3CN (10mL) at 70°C overnight. After cooling, the
resulting mixture was filtered, then the filtrate was collected
and evaporated under vacuum. The residue was dissolved in
dichloromethane/ethanol solution, and product was obtained as
a yellow crystal by slowly evaporating the solvent. Yield: 0.64 g
(63%). 'H NMR (500 MHz, CD3CN) 3 (ppm): 8.31 (2H, s),
8.03 (1H, d, J = 2.0), 7.51-7.35 (7H, m), 7.33-7.15 (14H, m),
7.13 (1H, d, ] = 2.0), 7.09-6.92 (8H, m), 6.83 (2H, d, ] = 7.5),
6.69-6.63 (2H, m), 5.19 (2H, s); *C NMR (125 MHz, CD3CN)
8 (ppm):164.33, 158.02, 157.97, 157.92, 156.73, 153.40, 135.54,
134.22, 133.77, 132.73, 132.32, 130.45, 130.00, 128.80, 128.44,
128.07, 125.23, 123.63, 123.51, 123.08, 120.34, 118.21, 55.10; >'P
NMR (202 MHz, CD3CN) 3 (ppm):—9.53 (s),—144.63 (quint).
Anal. Calcd. for C50H39CICUF6N4OP3: C 59.00, H 3.86, N 5.50;
Found: C 59.13, H 3.82, N 5.47.

[Cu(F-Pmim)(POP)](PFs)

Under N, atmosphere, compound 8 (400 mg, 1 mmol), copper
powder (77 mg, 1.2 mmol) and POP (538 mg, 1 mmol) reacted
in CH3CN (10mL) at 70°C overnight. After cooling, the
resulting mixture was filtered, then the filtrate was collected
and evaporated under vacuum. The residue was dissolved in
dichloromethane/ethanol solution, and product was obtained as
a yellow crystal by slowly evaporating the solvent. Yield: 0.59 g
(59%). Yield: 59%. "H NMR (500 MHz, CD3CN) & (ppm): 8.29
(2H,s), 8.03 (1H, d, ] = 2.0), 7.49-7.35 (7H, m), 7.33-7.27 (14H,
m), 7.13 (1H, d, ] = 2.0), 7.08-6.95 (8H, m), 6.82 (2H, d, ] = 7.5),
6.69-6.64 (2H, m), 5.17 (2 H, s); >*C NMR (125 MHz, CD3CN) 3
(ppm): 158.06, 158.01, 157.96, 156.12 (J = 258.5), 151.52, 146.28
(J = 24), 135.61, 134.22, 133.66, 132.82, 132.31, 130.36, 130.03,
128.85, 128.05, 127.55, 125.22, 123.62, 123.51, 123.39, 120.41,
118.29, 54.99; 3'P NMR (202 MHz, CD3CN) § (ppm): —9.79 (s),
—144.64 (quint). Anal. Calcd. for C50H3z9CuF;N4OP3: C 59.97,
H 3.93, N 5.60; Found: C 59.87, H 3.89, N 5.58.

[Cu(Me-Pmim)(POP)](PFe)
Under N, atmosphere, compound 9 (396 mg, 1 mmol), copper
powder (77 mg, 1.2 mmol) and POP (538 mg, 1 mmol) reacted

TABLE 1 | Selected Bond Lengths (A) and Angles (°) of the Cu(l)-NHC complexes.

Compounds Bond lengths () Bond angles (°)
[Cu(Pmim)(POP)J(PFg) Cu01-C5 1.968(3) C5-Cu01-N1 79.10(13)
Cu01-N1 2.229(2) C5-Cu01-P1 120.97(9)
Cu01-P1 2.2470(9) C5-Cu01-P2 115.61(10)
Cuoi1-P2 2.2540(9) P1-Cu01-P2 110.64(3)
N1-Cu01-P1 107.92(7)
N1-Cu01-P2 119.39(7)
[Cu(CI-Pmim)(POP)](PFg) Cul-C46 1.957(3) C46-Cu1-N3 76.55(10)
Cu1-N3 2.367(2) C46-Cut-P1 113.50(9)
Cul-P1 2.2660(8) C46-Cu1-P2 133.30(9)
Cui-P2 2.2505(8) P1-Cu1-P2 112.22(3)
N3-Cu1-P1 108.23(6)
N3-Cui-P2 97.89(6)
[Cu(F-Pmim)(POP)](PFg) Cu1-C46 1.948(2) C46-Cu1-N3 75.7409)
Cu1-N3 2.438(2) C46-Cut-P1 132.50(8)
Cu1-P1 2.2520(7) C46-Cu1-P2 113.71(8)
Cu1-P2 2.2668(7) P1-Cui1-P2 113.23(3)
N3-Cui-P1 96.58(5)
N3-Cui-P2 107.86(6)
[Cu(Me-Pmim)(POP)](PFg) Cu1-C46 1.993(3) C46-Cu1-N3 79.26(12)
Cu1-N3 2.228(3) C46-Cut-P1 118.59(9)
Cul-P1 2.2882(8) C46-Cut-P2 126.83(9)
Cul-P2 2.2542(9) P1-Cu1-P2 112.75(3)
N3-Cu1-P1 102.87(8)
N3-Cui-P2 102.52(8)
[Cu(MeO-Pmim)(POP)](PFg) Cul1-C46 2.083(6) C46-Cu1-N3 77.79(18)
Cu1-N3 2.216(4) C46-Cu1-P1 119.07(13)
Cui1-P1 2.2735(12) C46-Cu1-P2 125.53(14)
Cui-P2 2.2509(14) P1-Cul1-P2 113.45(5)
N3-Cu1-P1 104.64(11)
N3-Cul-P2 102.59(11)
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in CH3CN (10mL) at 70°C overnight. After cooling, the
resulting mixture was filtered, then the filtrate was collected
and evaporated under vacuum. The residue was dissolved in
dichloromethane/ethanol solution, and product was obtained as
a colorless crystal by slowly evaporating the solvent. Yield: 0.66 g
(66%). 'H NMR (500 MHz, CD3CN) § (ppm): 8.20 (2H, s), 8.04
(1H, d, ] = 2.0), 7.48-7.34 (7H, m), 7.32-7.26 (14H, m), 7.11 (1H,
d, J = 2.5), 7.08-6.94 (8H, m), 6.80 (2H, d, ] = 7.5), 6.69-6.65
(2H, m), 5.16 (2 H, s), 2.19 (3H, 5); ?CNMR (125 MHz, CD3CN)
8 (ppm): 158.26, 158.15, 158.10, 158.06, 153.55, 135.78, 134.16,
133.65, 132.77, 132.20, 130.30, 129.87, 129.69, 127.98, 127.51,
125.11, 123.90, 123.79, 122.62, 120.39, 117.86, 54.94, 14.09; 3'P
NMR (202 MHz, CD3CN) & (ppm): —9.43 (s), —144.63 (quint).
Anal. Calcd. for Cs51H4CuF¢N4OP3: C 61.42, H 4.24, N 5.62;
Found: C 61.31, H 4.20, N 5.65.

[Cu(MeO-Pmim)(POP)](PFs)

Under N; atmosphere, compound 10 (412 mg, 1 mmol), copper
powder (77 mg, 1.2 mmol) and POP (538 mg, 1 mmol) reacted
in CH3CN (10mL) at 70°C overnight. After cooling, the
resulting mixture was filtered, then the filtrate was collected
and evaporated under vacuum. The residue was dissolved in
dichloromethane/ethanol solution, and product was obtained as
a greenish crystal by slowly evaporating the solvent. Yield: 0.65¢g
(64%). 'H NMR (500 MHz, CD3CN) & (ppm): 8.00 (1H, d, ] =
2.0), 7.99 (2H, s), 7.50-7.38 (7H, m), 7.36-7.28 (14H, m), 7.10
(1H, d, J = 2.0), 7.08-6.89 (8H, m), 6.83 (2H, d, ] = 7.5), 6.65—
6.62 (2H, m), 5.25 (2H, s), 3.56 (3H, s); 13C NMR (125 MHz,
CD3CN) 3 (ppm): 158.06, 157.98, 157.93, 152.25, 135.88, 134.17,
133.60, 132.67, 132.25, 130.26, 128.89, 128.71, 127.97, 127.54,
125.21, 123.82, 123.70, 122.51, 120.32, 117.83, 56.28, 55.03; >'P
NMR (202 MHz, CD3CN) § (ppm): —9.44 (s), —144.65 (quint).
Anal. Calcd. for Cs1H4CuFgN4O,P3: C 60.45, H 4.18, N 5.53;
Found: C 60.33, H 4.12, N 5.56.

X-Ray Crystallographic Analysis
Diffraction data for these complexes were collected on a Bruker
SMART APEX-II CCD diffractometer with Mo Ka radiation (.

=0.71 073 A). The data were corrected for Lorentz polarization
factors as well as for absorption. Structures were solved by direct
methods and refined by full-matrix least-squares methods on
F? with the SHELXL-97 program. All non-hydrogen atoms
were refined anisotropically, while H atoms were placed in
geometrically calculated positions. CCDC reference numbers
for  [Cu(Pmim)(POP)](PFs),  [Cu(Cl-Pmim)(POP)](PF),
[Cu(F-Pmim)(POP)](PFs), [Cu(Me-Pmim)(POP)](PF¢) and
[Cu(MeO-Pmim)(POP)](PF¢) are 1852674, 1852675, 1852676,
1852677 and 1852678, respectively.

Theoretical Calculations

Density functional theory (DFT) calculations were performed
with B3LYP functional using Gaussian 09 program. The 6-31G*
basis set was used for C, N, H, O, E Cl and P, and the LanL2DZ
was used for Cu. Geometric parameters obtained from X-ray
analyses were used as a starting point for geometry optimization
in the ground state, and frequency calculations were performed
to confirm the optimized structures to be true minima on the
potential energy surfaces. Time-dependent density functional
(TD-DFT) calculations used the optimized geometries. The hole
and electron distributions were analyzed by using the multiwfn
3.5 program.

RESULTS AND DISCUSSION

Synthesis and Structures

Scheme 1 shows the synthesis routes of these Cu(I)-NHC
complexes. The N-arylated imidazoles (1, 2, 3, 4, 5) and the
imidazolium salts (6, 7, 8, 9, 10) were synthesized through the
reported method (Wang et al., 2015, 2016). The target Cu(I)-
NHC complexes were synthesized by the simple one-pot method
reported by Zhao group (Liu et al., 2017; Wang J. et al,, 2017;
Xu et al,, 2018). All of these complexes are very stable to air and
moisture in a solid state at room temperature. The structures of
these complexes were characterized by 'H NMR, 1*C NMR, and
3P NMR, and the characteristic signal peaks from methylene,
methyl, methoxyl groups in the NHC ligands and phosphorus

LUMO

HOMO

=

i
%

[Cu(Pmim)(POP)]*

[Cu(CI-Pmim)(POP)] *

[Cu(F-Pmim)(POP)] *

FIGURE 2 | Calculated molecular orbitals for the Cu(l)-NHC complexes. The “+” denotes a positive charge. Figure shows the DFT calculation results. The DFT
calculations were performed without regard to the hexafluorophosphate anion in these complexes.

[Cu(Me-Pmim)(POP)]*  [Cu(MeO-Pmim)(POP)]*
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atoms in the ligand POP and hexafluorophosphate anion can be
observed clearly in the NMR spectra. Furtherly, the structures of
these complexes were confirmed by X-ray crystallography.

All of these complexes adopt the distorted tetrahedral
configuration (Figure 1), the bond lengths and bond angles
around central Cu(I) ions are listed in Table1. It can be
found that the Cu-N bond lengths are in agreement with
the electron-effect of substituents at the pyrimidine unit of
NHC ligands. The electron-donating methyl and methoxyl
groups lead to shorter Cu-N bond lengths, while the electron-
withdrawing chlorine and fluorine groups lead to longer Cu-N
bond lengths, 2.216(4) A for [Cu(MeO-Pmim)(POP)](PF¢)
< 2228(3) A for [Cu(Me-Pmim)(POP)](PFs) < 2.229(2)
A for [Cu(Pmim)(POP)](PFs) < 2.367(2) A for [Cu(Cl-
Pmim)(POP)](PF¢) < 2.438(2) A for [Cu(F-Pmim)(POP)](PFs).
It is interesting that the Cu-C bond lengths show an opposite
trend to Cu-N bond lengths. The average Cu-P bond lengths

[Cu(Pmim)(POP)](PF )
[Cu(CI-Pmim)(POP)](PF )
[Cu(F-Pmim)(POP)](PF )
[Cu(Me-Pmim)(POP)](PF,)
[Cu(MeO-Pmim)(POP)](PF,)

. : . ; . T . : .
250 300 350 400 450 500
Wavelength (nm)

FIGURE 3 | Absorption spectra of the Cu(l)-NHC complexes in CHoClo
solution at room temperature.

104 —— [Cu(Pmim)(POP)]PF
—— [Cu(CI-Pmim)(POP)]PF,

_ — [Cu(F-Pmim)(POP)]PF

g 0.8 —— [Cu(Me-Pmim)(POP)]PF,

= [Cu(MeO-Pmim)(POP)IPF,
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FIGURE 4 | Photoluminescence spectra of the Cu(l)-NHC complexes in solid
state at room temperature.

fall in the range 2.2505 —2.2712 A, which are similar to those
of reported four-coordinate Cu(I)complexes (Kuang et al.,
2002; Gneufd et al, 2015; Liang et al, 2016; Brunner et al.,
2017, 2019; Huang et al, 2017; Zhang et al., 2017; Alkan-
Zambada et al., 2018; Keller et al., 2018). The dihedral angles
between the imidazolylidene rings and pyrimidine rings in
NHC ligands are 5.5(5)°, 15.5(4)°, 17.3(3)°, 5.1(4)°, and 9.2(6)°
for [Cu(Pmim)(POP)](PFg), [Cu(Cl-Pmim)(POP)](PF¢),
[Cu(F-Pmim)(POP)](PFs), [Cu(Me-Pmim)(POP)](PF¢) and
[Cu(MeO-Pmim)(POP)](PFs), respectively.

Theoretical Calculations

To gain insight into the electronic structures of these complexes,
we carried out DFT calculations using the geometric parameters
obtained from X-ray analyses as a starting structure. These
complexes have similar molecular orbitals (MO) as shown in
Figure 2. The highest occupied molecular orbitals (HOMOs)
are mainly distributed on the Cu(I) ion and the ligand
POP, moreover, the imidazolylidene unit also has a certain
amount of contributions to HOMOs. In contrast, the lowest
unoccupied molecular orbitals (LUMOs) are mostly located on
the pyrimidine unit and sparingly located on the imidazolylidene
unit, while the central Cu(I) ion and the ligand POP have
minimal contributions. It can be found that the overlaps
between the HOMOs and LUMOs of these complexes are
very small, which matches with the MO character of TADF
materials (Yang et al, 2017; Wang et al., 2019). The TD-DFT
calculation results show that the S; and T; excitations of these
complexes mainly involve the HOMO— LUMO transition and
HOMO— LUMO-+1 transition, while the T, excitations involve
the lower bonding orbitals and higher anti-bonding orbitals,
such as HOMO-1— LUMO, HOMO-1— LUMO+1, HOMO-
3— LUMO and so on (Table S1). On the basis of TD-DFT
results, we analyzed the hole and electron distributions of these
complexes at the S; and T states. The analysis results show that
the lowest energy electronic transitions of these complexes are
mainly metal-to-ligand charge transfer (MLCT) transition and

10 _— [Cu(F’mim)(POF’)]F’F6
—_— [Cu(CI-Pmim)(POP)]PF6

. —_— [Cu(F-Pmim)(POF’)]F’F6

3 08 —— [Cu(Me-Pmim)(POP)JPF,

i': [Cu(MeO-Pmim)(POP)]F‘F6
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FIGURE 5 | Photoluminescence spectra of the Cu(l)-NHC complexes in solid
state at 50K.
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ligand-to-ligand charge transfer (LLCT) transition (Figure S1).
These calculation results are essentially in agreement with our
previous reports and similar to those of other heteroleptic four-
coordinate Cu(I) complexes with TADF (Gneuf3 et al.,, 2015;
Wang et al,, 2016, 2018; Huang et al., 2017; Lin et al., 2017).

Photophysical Properties

The UV-visible absorption spectra of these complexes in
dichloromethane solution at room temperature are shown in
Figure 3. All of these complexes exhibit intense absorption bands
in the wavelength range <330nm, which can be assigned to
the m-7t* transitions of ligands. By comparing with absorption
spectra of the free ligand POP and the NHC ligand precursors
6, 7, 8, 9 and 10 (Figure S2), the weaker absorption bands (&
< 085 x 10* M~! cm™!) over 330nm of these complexes
can be attributed to the charge transfer (CT) transitions, which
include the MLCT and LLCT transitions according to the above
calculation results. Because the emission of Cu(I) complexes
can be quenched by Jahn-Teller distortion and solvent-induced
exciplex (Scaltrito et al., 2000), these complexes do not show
luminescence in organic solutions at room temperature.

All of these complexes exhibit obvious emissions in solid
state at room temperature, the emission peaks are located
at 570nm for [Cu(Pmim)(POP)](PFs), 618 nm for [Cu(Cl-
Pmim)(POP)](PFs), 616nm for [Cu(F-Pmim)(POP)](PFs),
530nm for [Cu(Me-Pmim)(POP)](PFs) and 542nm for
[Cu(MeO-Pmim)(POP)](PFs), respectively (Figure4). The
photoluminescence spectra of these complexes are broad
and unstructured which matches with the CT character of
emissive state. It is clear that the electron-withdrawing groups
(fluorine and chlorine)/electron-donating groups (methyl and
methoxyl groups) at the pyrimidine unit of NHC ligands can
significantly red-shift/blue-shift emission wavelength. DFT
calculation results show that the LUMOs of these complexes
mostly locate on the pyrimidine unit of NHC ligands (Figure 2),
and it is well-known that electron-withdrawing groups can
lower LUMO levels and electron-donating groups can raise
LUMO levels, which should be the main reason of the emission
wavelength red/blue-shifting for these complexes. Similar to
previous our reports on Cu(I)-NHC complexes (Wang et al.,
2018), the weaker electron-donating methyl group leads to a

shorter emission wavelength in comparison with the stronger
electron-donating methoxyl group. The reason should be
that the imidazolylidene units of these NHC ligands have
contributions to both HOMOs and LUMOs, because it means
that electron-donating groups can raise HOMO levels as well as
LUMO levels. For a similar reason, the emission wavelength of
[Cu(CI-Pmim)(POP)](PFe) is slightly longer than that of [Cu(F-
Pmim)(POP)](PFs). The absolute photoluminescence quantum
yields were measured to 7.4% for [Cu(Pmim)(POP)](PFs),
0.5% for [Cu(Cl-Pmim)(POP)](PFs), 0.9% for [Cu(F-
Pmim)(POP)](PFs), 38.1% for [Cu(Me-Pmim)(POP)](PFs), and
20.1% for [Cu(MeO-Pmim)(POP)](PF¢), respectively. It can
be found that the electron-withdrawing/donating groups can
obviously decrease/increase the emission efficiencies, which is
similar to previous our reports on Cu(I)-NHC complexes (Wang
etal., 2016, 2018).

All of these complexes show microsecond-scale emission
lifetimes, 6.3 ws for [Cu(Pmim)(POP)](PFg), 2.8 s for [Cu(Cl-
Pmim)(POP)](PF¢), 4.5 ws for [Cu(F-Pmim)(POP)](PFg), 20.9
ws for [Cu(Me-Pmim)(POP)](PFg¢), and 9.6 s for [Cu(MeO-
Pmim)(POP)](PF¢), respectively. To understand the emissive
states of these complexes, photophysical properties under low-
temperature condition were measured. The photoluminescence
spectra of these complexes in solid state at 50K are shown
in Figure5. The emission spectra measured at 50K exhibit
obvious red-shift (3-25 nm) compared to those acquired at room
temperature (298 K). The emission lifetimes increased by a factor
of about 3-10 when these complexes are cooled from 298 to 50 K
(Table 2, Figure S3). Moreover, all of these complexes exhibit
relatively small AEgt from 0.15 to 0.36 eV (Table 2). The smaller
AEgr, red-shift of photoluminescence spectra and increase of
emission lifetimes upon decreasing measurement temperature
implies that emissions of these complexes at room temperature
are TADF.

CONCLUSIONS

In summary, five new cationic mononuclear four-coordinate
Cu(I) complexes consisted of the diphosphine ligand POP and
the NHC ligands with imidazolylidene and pyrimidine units were
successfully synthesized. The electron-donating groups at the

TABLE 2 | Emission data of the Cu(l)-NHC complexes in solid state at 298 and 50 K.

Complex 208 K 50 K S5 (eV) T (eV) AEgt (eV)
Xem (nm) 72 (us) 2P (%) Aem (nm) 72 (s)

[Cu(Pmim)(POP)](PFg) 570 6.3 7.4 586 30.6 2.86 2.61 0.25

[Cu(CI-Pmim)(POP)|(PFg) 618 2.8 05 643 10.5 2.55 2.40 0.15

[Cu(F-Pmim)(POP)](PFg) 616 45 0.9 638 15.8 2.65 2.48 0.17

[Cu(Me-Pmim)(POP)|(PFg) 530 20.9 38.1 552 72.8 3.11 2.75 0.36

[Cu(MeO-Pmim)(POP)|(PFg) 542 9.6 20.1 545 100.3 3.12 2.78 0.34

aAverage lifetime which is calculated by the equation tae = Y Aiti/>_A; with A; as the pre-exponential factor for the lifetime. The individual emission lifetimes are listed in Table S2.

b Absolute photoluminescence quantum yield with relative error = +10%.
CEstimated from the onset wavelength of emission spectra measured at 298 K.
9Estimated from the onset wavelength of emission spectra measured at 50 K.
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pyrimidine unit of NHC ligands can significantly strengthen the
Cu-N bonds and weaken the Cu-C bonds in these complexes,
contrarily, the electron-withdrawing groups can lead to longer
Cu-N bonds and shorter Cu-C bonds. Theoretical calculations
show that these complexes have spatially separated HOMOs
and LUMOs, and the lowest energy electronic transitions are
mainly MLCT transition and LLCT transition. These complexes
in solid state show wavelength-tunable emissions, the electron-
donating/withdrawing groups at pyrimidine unit of the NHC
ligands can significantly blue/red-shift emission wavelength
and can obviously decrease/increase the emission efficiencies.
The photophysical behaviors at 298 K and 50K indicate that
emissions of these Cu(I) complexes at room temperature
are TADF.
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