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Abstract
High efficiency copper(I) halide complexes containing rigid diphosphine ligand
have attracted much attention. However, rigid bidentate phosphine ligands were rarely

reported so far and limited to structural symmetric diphosphines. Here, a series of
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four-coordinate =~ mononuclear  copper(I)  halide  complexes  containing
non-symmetrically  substituted bidentate phosphine and PPhs Ligands,
CuX(dpts)(PPh3) [dpts = 2-trimethylsilyl-3,4-bis(diphenylphosphine)thiophene, X =1
(1), Br (2), CI (3)] and in comparison to CuX(dppt)(PPhs) [dppt =
3,4-bis(diphenylphosphino)thiophene, X =1 (4), Br (5), Cl (6)], were synthesized, and
their molecular structures and photophysical properties were investigated. The
introduction of trimethylsilyl group into diphosphine ligand, not only greatly
improves the solubility of the complexes, but also quantum efficiency, and fine-tunes
the emission color as well. These complexes exhibit intense bluegreen to yellowish
green emissions in powder state at room temperature and have peak wavelengths at
485-535 nm with microsecond lifetimes (t = 4.8-48.9 ps, ® = 0.03-0.52). The
emission of the complexes 1—6 mainly originates from MLCT (metal to ligand charge
transfer), XLCT (halide to ligand charge transfer) and intraligand transitions.
Solution-processed, nondoped and doped devices of complex 2 exhibit yellow green
emission with CIE(x,y) of (0.43, 0.51). The nondoped device gives a maximum
external quantum efficiency (EQE) of 7.74 % and a maximum luminance of 234
cd/m?. These promising results open the door to solution-processed, efficient TADF
(thermally activated delayed fluorescence) OLED (organic light-emitting diode)

devices with ultra-soluble and abundant copper emitters.

Keywords: Mononuclear; Copper(I) halide complexes; Ultra-soluble; TADF;

Bidentate phosphine.



1. Introduction

Phosphorescent complexes of noble metals, such as iridium, have attracted much
attention due to their potential applications as organic light-emitting diodes (OLEDs)
[1-5]. As an attractive alternative to expensive and less abundant heavy metals,
luminescent Cu(I) complexes have become popular over the past few decades [6-16].
This opens the door to large-scale fabrication of OLED. The low lying MLCT excited
states and small singlet-triplet energy gap (A Esrt ), can effectively harvest triplet
excitons for thermally activated delayed fluorescence (TADF) emission [17-19]. With
the capability to harvest both the singlet and triplet excitons, the Cu(I) complexes with
TADF have been regarded as promising emitters in electroluminescent devices

[20-21].

Recently, TADF materials based on neutral Cu(I) halide complexes with
different structural motifs, such as tetrahedral or trigonal coordinated mono-, di- and
multinuclear Cu(I) complexes have been studied [22-26]. A three-coordinate Cu(I)
halide complex reported by Osawa et al. gave the external quantum efficiency (EQE)
over 20% in vacuum-deposited OLEDs [23,24]. Comparing with most literatures
dealing with vacuum-processed devices, there are only a few reports on neutral Cu(I)
halide complexes fabricated as OLEDs by industrial solution-processing techniques

[27-32].

TADF materials are often too insoluble to allow the solution-processed devices

prepared by spin-coating. Based on our previous work [33], in order to increase the



solubility of the materials, we used a non-symmetrically substituted diphosphine
ligand 2-trimethylsilyl-3,4-bis(diphenylphosphine)thiophene (dpts) to increase the
solubility of the materials (Scheme 1). The introduction of flexible and
electron-donating group trimethylsilyl into 3,4-bis(diphenylphosphine)thiophene
(dppt), not only increases the solubility of Cu(I) halide complexes, but also quantum
efficiency and fine-tunes the emission maxima. We report here a series of neutral
luminescent = mononuclear  four-coordinate  copper(I)  halide = complexes

CuX(dpts)(PPhs) [dpts = 2-trimethylsilyl-3,4-bis(diphenylphosphine)thiophene, X = I

(1), Br (2), Cl 3)] and CuX(dppt)(PPh3) [dppt
3,4-bis(diphenylphosphino)thiophene, X =1 (4), Br (5), Cl (6)]. Their molecular

structures and photophysical properties were investigated.

2. Experimental section

2.1.Materials

All starting chemicals and reagents are of commercial reagent grade. Ligands
2-trimethylsilyl-3,4-bis(diphenylphosphine)thiophene (dpts) and
3,4-bis(diphenylphosphino)thiophene (dppt) were synthesized according to the

literature method [34-35].

2.2.Instrumentation

'H, *C and *'P NMR in CDCl; spectra were recorded using a Varian 600 or 500

MHz NMR spectrometer. High resolution mass spectra (HRMS) were



recorded on the Thermo Scientific Exactive Plus equipped with ESI
ionization source. C and H analyses were determined using a Vario Micro Cube
elemental analyzer. The single crystal structures of the complexes 1-6 were measured
using a XtaLAB Synergy, Dualflex, HyPix or photo-100 CMOS area detector
diffractometer. UV—vis absorption and emission spectra were recorded by a Unicam
Helios o spectrometer and a FLS920 steady state & time-resolved fluorescence
spectrometer, respectively. Solid-state ®pr, values were determined with an absolute
PL quantum yield measurement system (Hamamatsu). The PL lifetimes were
measured by a single photon counting spectrometer with a Picosecond Pulsed
UVLASTER (LASTER377) as the excitation source. Thermogravimetric analysis

(TGA) was performed on a thermal analysis instrument (Perkin-Elmer Diamond).

2.3.8ynthesis of complexes 1-6

All Cu(I) complexes were synthesized according to the similar procedure in

literature [33Db].

[Cul(dpts)(PPh3)] (1). Greenish-yellow crystals (Yield: 310.6 mg, 83.4%). 'H
NMR (500 MHz, CDCl3) &: 7.90-7.67 (m, 3H), 7.62 (s, 1H), 7.23-7.00 (m, 24H),
6.90-6.70 (m, 8H), -0.21 (s, 9H). *'P NMR (200 MHz, CDCls) &: 3.99 (s, PPhs),
-14.90 (d, J = 168 Hz, 4-PPhy), -22.02 (d, J = 164 Hz, 3-PPhy). Anal. Calcd for
C49H4sCulP3SSi: C, 60.21; H, 4.64. Found: C, 60.26; H, 4.60. HRMS (ESI): m/z calcd

for [C49HssCuP3SSi]", 849.1520. Found: 849.1547.

[CuBr(dpts)(PPhs)] (2). Greenish-yellow crystals (Yield: 294.0 mg, 82.9%). 'H



NMR (500 MHz, CDCl3) &: 7.92-7.73 (m, 4H), 7.59 (t, J = 5 Hz, 1H), 7.33-7.27 (m,
4H), 7.23 (t, J= 7.5 Hz, 5H), 7.17-7.00 (m, 15H), 6.90-6.65 (m, 7H), -0.22 (s, 9H). *'P
NMR (200 MHz, CDCls) 8: 5.20 (s, PPhs), -13.44 (d, J = 136 Hz, 4-PPhy), -20.81 (d,
J =132 Hz, 3-PPhy). Anal. Calcd for C49H4sBrCuP3SSi: C, 63.25; H, 4.88; Found: C,
63.29; H, 4.84. HRMS (ESI): m/z calcd for [Ca9HssCuP3SSi]*, 849.1520, found:

849.1548.

[CuCl(dpts)(PPh3)] (3). Greenish-yellow crystals (Yield: 269.5 mg, 79.8%) . 'H
NMR (500 MHz, CDCls) 8: 7.97-7.75 (m, 4H), 7.57 (t, J = 5 Hz, 1H), 7.33-7.27 (m,
4H), 7.21 (1, J = 7.5 Hz, 4H), 7.15-7.00 (m, 15H), 6.90-6.60 (m, 8H), -0.23 (s, 9H).
3P NMR (200 MHz, CDCls) 3: 5.96 (s, PPhs), -12.56 (d, J = 150 Hz, 4-PPhy), -20.03
(d, J =150 Hz, 3-PPh). Anal. Calcd for C49H4sCICuP3SSi: C, 66.43; H, 5.12; Found:
C, 66.47; H, 5.10. HRMS (ESI): m/z calcd for [Cs9HssCuP3SSi]", 849.1520, found:

849.1549.

[Cul(dppt)(PPh3)] (4). Colorless crystals (Yield: 1.633 g, 81.6%). 'H NMR
(600 MHz, CDCl;) o: 7.80-7.70 (m, 3H), 7.38 (t, J = 6 Hz, 2H), 7.30-7.15 (m, 16H),
7.15-7.00 (m, 9H), 6.93-6.85 (m, 4H), 6.80-6.70 (m, 3H). *'P NMR (240 MHz,
CDCls) 6: —2.55 (s), —27.36 (s). Anal. Calcd for C46H37CulP3S: C, 61.03; H, 4.12.
Found: C, 61.07; H, 4.09. HRMS (ESI): m/z calcd for [CssH37CuP3S]", 777.1125,

found: 777.1080.

[CuBr(dppt)(PPh3)] (5). Colorless crystals (Yield: 1.531 g, 80.7%). '"H NMR

(600 MHz, CDCls) &: 7.88-7.78 (m, 3H), 7.34 (t, J = 6 Hz, 2H), 7.30-7.17 (m, 16H),



7.17-7.00 (m, 9H), 6.95-6.80 (m, 4H), 6.78-6.70 (m, 3H). *'P NMR (240 MHz,
CDCI3) 6: —1.18 (s), —25.99 (s). Anal. Calcd for CssH37CuBrPsS: C, 64.38; H, 4.35.
Found: C, 64.40; H, 4.32. HRMS (ESI): m/z calcd for [CssH37CuP3S]*, 777.1125,

found: 777.1036.

[CuCl(dppt)(PPh3)] (6). Colorless crystals (Yield: 1.463 g, 81.3%). '"H NMR
(600 MHz, CDCl3) 6: 7.95-7.80 (m, 3H), 7.33 (t, J = 6 Hz, 2H), 7.30-7.15 (m, 16H),
7.08-7.05 (m, 9H), 6.95-6.80 (m, 4H), 6.76-6.65 (m, 3H). *'P NMR (240 MHz,
CDClz) &: —0.08 (s), —25.08 (s). Anal. Calcd for CssH37CuCIP3S: C, 67.89; H, 4.58.
Found: C, 67.86; H, 4.55. HRMS (ESI): m/z calcd for [CssH37CuP3S]", 777.1125,

found: 777.0949.

3. Results and discussion

3.1.Description of syntheses and structures

The synthetic routes of the Cu(l) complexes are depicted in Scheme 1. The
mononuclear complexes [CuX(dpts)PPhs] (X = 1 for 1, Br for 2, Cl for 3) and
CuX(dppt)(PPh3) [X =1 (4), Br (5), Cl (6)] were prepared in 79.8-83.4% yield via the
addition of PPhs to a mixture of CuX in dichloromethane with dpts and dppt,
respectively. All the new Cu(I) complexes readily dissolve in general solvents such as
dichloromethane, acetonitrile and DMSO. Their structures were characterized and
confirmed by HRMS spectrometry, single crystal X-ray diffraction, and NMR
spectroscopy. In order to investigate the effect of the introduction of trimethylsilyl

group on the solubility of the complexes, we select complexes 2 and 5 as



representative samples to compare the solubility in various solvents. As it is given in
Table 1, the solubility of complex 2 in various solvents used is remarkably larger than
complex 5. The solubility in the low boiling point polar solvent acetonitrile and high
boiling point polar solvents diethyl phthalate and DMSO is in the order of 30, 80 and
more than 100 mg mL~!, respectively. The solubility in unpolar solvents is of
particular interest: For the high boiling point solvents chlorobenzene, tetralin and
toluene, solubility values of more than 100 mg mL~' were found. With this broad
solubility in various solvents, it is possible to create high-performance inks that can be

adjusted to various print heads by using solvent mixtures.
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Scheme 1. Synthetic pathways to mononuclear copper(I) complexes.

Table 1. Solubility data for complexes 2 and S in various solvents.

Solvent Solubility (mg mL™")
2 5

Chlorobenzene >100 70-80
DMSO >100 50




Acetonitrile 20-30 <5

Ethanol 4-5 <1
Mesitylene 8-10 2-3
Tetralin >100 5-10
Toluene >100 5-10
Diethyl phthalate 70-80 5-10

3.2.X-ray crystallographic study

ORTEP diagrams of 1-6 are shown in Fig.1. Crystallographic data and selected
bond lengths and angles are collected in Tables 2 and 3, respectively. In these
complexes, each of the copper(I) atoms coordinated with three phosphorous and one
halogen atom; these d'° centers located in a highly distorted tetrahedral environment.
The Pdiphos—Cu—Padipnos angles of complexes 1-3, ranging from 84.44 to 89.80°, are a
little larger than the angles ranging from 89.98 to 91.20° for complexes 4-6, possibly
due to the steric hindrance by bulky trimethylsilyl near to the PPh, on thiophene ring.
As listed in Table 2, the Cu—X distances of complexes 1-6 elongate with an increase
in the van der Waals radius of X. Intermolecular hydrogen bonds between the halide
of 2 and 3 to the hydrogens of the dpts diphenylphosphino phenyl rings are observed;
the closest of these Br-H and CI-H separations are 2.929 and 2.853 A. Since there are
5 solvent CH>Cl> molecules in the structure of complex 5, intermolecular hydrogen
bond between H of CH2Cl> to Br of complex can be observed, with the closest
Br-to-H distance is 2.854 A. Complex 1-6 show intermolecular C—HXn interactions

between the methyl of trimethylsilyl and PPhs phenyl rings for 1, PPhs phenyl rings



for 2,4 and 6, the dpts diphenylphosphino phenyl rings for 3, the dppt
diphenylphosphino phenyl rings and PPhs phenyl rings for 5, with the closest C-to-H
distances of 2.913, 2.809, 2.896, 2.828, 2.856 and 2.358 A for 1-6, respectively
(supporting information Fig.S19-S24). Overall, all these intermolecular interactions

are incorporated into 1-D tape-like arrays along the b-axis for 2, 3, 4 and 6, and a-axis

N
%5

~{ -

for 1, 2, 3 and 5, respectively.
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Fig.1. ORTEP diagrams of complexes 1-6.

Table 2. Crystallographic data and refinement details for 1-6.

1 2 3
Empirical formula C49H4sCulP3SSi C49H4sBrCuP3SSi C49H4sCICuP3SSi
Formula weight 977.35 930.36 885.90
Temperature (K) 293.0 293(2) 293
Wavelength (A) 0.71073 1.54184 1.54184
Crystal system Monoclinic Monoclinic Triclinic
Space group P12I/m1 P21 P-1
a(A) 10.7566(3) 18.05330(10) 10.4663(2)
b(A) 41.3386(11) 11.28750(10) 12.4850(2)
c(A) 10.9361(4) 22.6028(2) 18.9835(3)
V(A% 4545.7(3) 4555.15(6) 2253.08(7)
VA 4 4 2
p (g cm™) 1.428 1.357 1.306
u (mm™) 1.370 3.625 3.171
F(000) 1984 1912 920



6 range for data collection (°) 1.971 to 26.372

Index ranges

Independent reflections

Completeness to 6 = 25.242°

Max. and min. transmission

Gof

Final R indices [ > 2a(1)]

R (all data)

~13<h<l1l
~50 <k <50
~13<1<13

9156 [R(int) = 0.0453]
99.9%

1.00000 and 0.39726
1.039

Ri=0.0312

wR, = 0.0693
Ri=0.0422

wR> = 0.0729

0.401 and —0.600

2.475 t0 67.078
~18<h<21
~13<k<13
27<1<27

16246 [R(int) = 0.0698]
100.0 %

1.00000 and 0.39648
1.007

Ri=0.0381

WR, = 0.0982

Ri = 0.0406

wR> = 0.1030

0.287 and —0.580

Max/min (e A3)

2.380 to0 67.080
—12<h<12
~14<k<13
21<71<22

8046 [R(int) = 0.0431]
99.9%

1.00000 and 0.43143
1.067

Ri=0.0362

WR, = 0.0942
Ri=0.0422

wR, = 0.1002

0.333 and —0.353

4 4 (5) 5 (CH2CL) 6
Empirical formula  CssH37CulP3S 4 (C46H37CuBrP3S) 5 (CH2Cly) C46H37CuCIP3S
Formula weight 905.17 3857.33 813.72
Temperature (K) 297(2) 296(2) 297(2)
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/c P21/ P21/c
a(A) 12.3705(13) 12.8387(18) 20.7532(29)
b (A) 18.4017(20) 13.3034(20) 8.9378(14)
c(A) 18.2837(20) 30.5816(46) 22.8230(38)
V(A3 4132.6(8) 5213.2(13) 4030.5(11)
VA 4 1 4
p (g cm?) 1.455 1.229 1.341



p (mm™)
F(000)

6 range for data

collection (°)

Index ranges

Independent

reflections

Completeness to 6 =
27.60°

Max. and min.

1.474

1824

2.48 to 27.60

-16<h<14
-23<k<23

-23<1<23

9535 [R(int) = 0.0376]

99.5 %

0.6831 and 0.6662

1.474

1962

2.33 t0 27.60

-16<h<16
-17<k<17

-39<7<39

11955 [R(int) = 0.0474]

98.8 %

0.7187 and 0.6044

0.811

1680

2.50 to 27.54

—26<h<26

-11<k<11

-29<[<29

9285 [R(int) = 0.0625]

99.8%

0.7456 and 0.6930

transmission
Gof 1.029 1.055 1.053
Final R indices Ri1 =0.0334, R1=0.0641 R =0.0398
[I>20(])] wR>=0.0716 wR> =0.1873 wR> = 0.0830
R (all data) R;=0.0508 R1=0.0960 R1 =0.0642
wR2 =0.0786 wR>=0.2116 WwR> =0.0918
Max/min (e A3) 1.095 and —1.190 1.437 and —0.453 0.316 and —0.483
Complex 1 2 3
Cu—X 2.6084(3) 2.4129(7),2.4277(8) 2.3030(6)
Cu—Puiphos 2.2970(6) 2.2894(12), 2.3000(11) 2.3248(5)
2.3317(6) 2.2912(12) 2.2812(13) 2.2756(5)
Cu—Pppn3 2.2820(7) 2.2740(13), 2.2579(13) 2.2586(6)
P diphos—Cu—Paiphos 84.44(2) 89.56(4), 89.80(4) 89.115(19)
Paiphos—Cu—Pppn3 118.58(3) 118.84(5),119.29(5) 115.59(2)
113.83(2) 117.52(5), 119.29(5) 128.15(2)



Puiphos—Cu—X 119.594(19) 109.20(4), 114.08(4) 109.03(2)
115.04(2) 108.65(4), 117.04(4) 109.98(2)

Prpns—Cu—X 104.829(19) 105.47(4), 104.54(4) 104.02(3)

Table 3. Selected bond lengths [A] and angles (°) for complexes 1-6.

Complex 4 4 (5) 5 (CH2Cl) 6

Cu—X 2.6244(4) 2.4331(7) 2.3078(7)

Cu—Piphos 2.3010(7), 2.3040(8) 2.2952(11), 2.3118(10)  2.2786(6), 2.2858(6)
Cu—Pprn3 2.2643(7) 2.2720(10) 2.2804(7)
Pdiphos—Cu—Pudiphos  89.97(3) 90.45(4) 91.20(2)

Paphos—Cu—Ppprs  121.96(3), 117.51(3)  120.12(4), 115.55(4) 116.84(2), 117.44(2)
Puiphos—Cu—X 111.95(2), 108.39(2)  112.52(3), 112.63(3) 115.08(2), 114.75(2)

Ppprs—Cu—X 106.12(2) 105.40(3) 102.29(2)

3.3.Photophysical properties

The absorption spectra of dpts, dppt, PPhs and complexes 1-6 in CH>Cl, at room
temperature are shown in Fig.2. The absorption spectra of dpts, dppt and PPh; display
broad and intense bands at 255 nm (¢ = 2.07x10* M! cm™), 271 (¢ = 1.60 x 10*M!
cm™') and 278 nm (¢ = 1.04x10* M' cm™), respectively, that can be assigned to a
mixed transition of n—n* and m—n* of thienylphosphine and phenylphosphine
compound. The absorption band maxima of dpts is blue-shifted about 16 nm than dppt.
The introduction of one trimethylsilyl to diphosphine ligand, results in the structural
asymmetry and decreased conjugation in the whole molecule. Complexes 1-3 have
broad bands with maxima at 253-257 nm[e = (2.25 ~ 2.76) x 10*M"! cm™!], and broad

shoulders at 280-297 nm [e = (1.97 ~ 2.33) x 10* M cm and weaker band tails are



330-390 nm, and complexes 4-6 have red-shifted broad bands with maxima at
269-280 nm[e = (1.99 ~ 2.04) x 10*M™! cm™'], broad shoulders at 305 nm [¢ = (1.36 ~
1.44) x 10° M cm™'], and weaker band tails are 333-395 nm. The weaker band tails
may be due to the electronic transition being affected by the copper ions, the halide
ligands, or both, or intraligand charge transfer (n—n*, n—n* or both). Our TDDFT
(time-resolved density function theory) calculation on the absorption spectra of
complexes 1-6 in CH>Cl are indicated in Figs.S38-S43 in supporting information,
which are consistent with the experimental results. Based to the excitation properties
(Tables S2-S7) for complexes 1-6, the main contributions to the lowest excited states
are the transitions from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). As shown in Fig.3, the HOMO electrons are
mainly focused on the copper, halogen and P atoms in dpts, while the LUMO is
mainly localized on the thiophenyl rings in dpts. We can thus conclude that the lowest
excited states of complexes 1-6 consist of MLCT, XLCT and intraligand transitions,
quite different from those in Cu(I) halides complexes [CuX(dpmt)(PPhs3)] containing
diphosphine ligand dpmt (3,4-bis(diphenylphosphino)-2,5-dimethylthiophene) in
which the lowest excited states consist of intraligand and LLCT (ligand to ligand

charge transfer) transitions [33b].
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Fig.3. The optimized So geometry, electron cloud distribution of HOMO and LUMO
for complexes 1-6.

The emission spectra of complexes 1-6 in the powder state measured at 297 K
and 77 K are shown in Fig.4. Summarized in Table 4 are the emission maxima,
lifetimes and quantum yields of the complexes at 297 and 77 K. Complexes 1-6

exhibit strong bluegreen to yellowish green emissions between 485 and 535 nm at



room temperature (Aex= 360 for 1-3, 373 nm for 4-6). The quantum yields of 1-3 (®pL
= 0.29~0.52) are much higher than 4-6 (®pr. = 0.03~0.18). These emission bands are
broad and unstructured, suggesting that the emissive excited states have
charge-transfer character [16]. The emission bands of complexes 1 and 2 are
blue-shifted by approximately 30 nm compared with the maxima of 4 and 5, possibly
due to the structural asymmetry induced by trimethylsilyl and decreased conjugation
in complexes of 1 and 2. While emission maxima of complex 3 is red-shifted by 19
nm, compared with the maxima of 6. Based on the PL data in powder state at 297 K,
the Commission Internationale de L’Eclairage color coordinates are (0.2073, 0.3429),
(0.2440, 0.4409), (0.3629, 0.5147), (0.2922, 0.4163), (0.3528, 0.4828) and (0.3023,
0.4864) for 1-6, respectively (Fig.5). Based on the optimized S; geometries of these
complexes, the emission properties were also estimated using the TDDFT method.
The calculated emission wavelengths of 1-6 (Table 4) agree well with the
experimental ones, suggesting the reliability of our TDDFT method. The main
contribution to the emission is identified as the LUMO=HOMO transition. Based on
the S state geometry, the contour plots of the HOMO and LUMO are shown in Fig.6.
The LUMO is mainly confined to Cu and X and phosphorus in dpts, and the HOMO
is mainly focused on the thioenyl rings in dpts. So, the luminescence mainly

originates from MLCT, XLCT and intraligand transitions.

At 77 K, the emission maxima of complexes 1-6 are between 473 and 536 nm.
Compared to room temperature, except 3, the emission bands of complexes 1-2 and

4-6 are blue-shifted because the suppression of the excited state energy relaxation



caused by structural changes involving vibrations and rotations*’.The emission band
of complex 3 is red-shifted because the thermal population of a lower excited state (T1)
dominates at low temperature [23]. The lifetimes of luminescence at 297 K for 1-3 are
2~110 times shorter than those at 77 K (Table 4, Figs.S26-37), indicating that the
complexes may contain different emissive processes that are inter-exchangeable and
thermally activated [36]. The S; and T; energy levels are estimated according to the
fluorescence and phosphorescence spectra onsets (Table 4, Fig.4). The resulted slight
AE(S1-T)) values (0.0575~0.1283 eV) matches well with the AE*(S;—T;) values
(0.0610~0.1166 eV) by TDDFT calculations, indicating that complexes 1—6 can show
a very efficient thermally activated delayed fluorescence [37] (Table 4). The radiative
rate constant k; of complexes 1-6 was calculated to be 6.2 x 10° ~2.04 x 10* s7!, 1~2
orders of magnitude larger than those Cu(I) halide complexes with dimethylthiophene
diphosphine ligand dpmt and PPhs [33b], which are due to the much shorter lifetimes

of the complexes.

To prove the existence of these thermally equilibrated emitting states, we
selected complex 2 as a representative example, the observed decay time (7obs) as a
function of temperature in the range between 77 K and 317 K is obtained in Fig.7.
When the exciton population is assumed to be in thermal equilibrium among the
excited states, the observed decay time can be expressed as a function of the

temperature according to eqn (1) that has been found in the literature [38].
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(1)

In this equation, Kg and T represent the Boltzmann constant and the absolute
temperature, respectively. 7(S1) and 7(T1) are the emission decay times of S; and Ti,
and AFEst is the energy separation between these two states. Because in the
temperature range investigated a single-exponential decay behavior was found, it can
be concluded that a fast thermalization between S; and T;. Fitting eqn (1) to the
measured decay time data at different temperatures, the parameters were obtained
with values of 7(S1) = 0.9361 s, ©(T1) = 579.3 ps, and AEst= 0.0798 eV. The short
decay time of 0.9361 us determined for the thermally activated state substantiates its
singlet character. Thus, the measured emission decay time at 297 K of t = 48.9 us
represents a delayed fluorescence. It is remarked that despite this short decay time of
the singlet state, no spontaneous fluorescence is directly observed. This indicates that
the intersystem crossing (ISC) from the S; to T; state, is much faster than the prompt
S1— So emission. The fitted (T1) value approximate to the decay time 595 us for 2
observed at 77 K, and the obtained energy difference AEst is close to the value 0.1000
eV calculated the energy gap between the adiabatic excitation energies Si and Ti. As
shown in Fig.7, the solid fitting curve matches well with the experimental data. At
low temperatures (below 97 K), a nearly constant value of ca. 580 s is observed for
complex 2, indicating that the exciton population is predominantly frozen in the T;

state, and thus complex 2 emits almost pure phosphorescence at such low



temperatures. With the temperature increases, the intensity contributed from the T
state decreases, while the intensity stemming from the S; state (TADF) increases,
which due to the small energy gap between S; and Ti. We evaluated the
temperature-dependent relative contributions of TADF and phosphorescence in the
overall emission [36]. Applying eqn (2) and (3) and using the fit parameters as
determined for complex 2 (AEst= 0.0798 eV, 7(S1) = 0.9361 ps, o(T1) = 579.3 us,
®p(S1) = 0.52, and Dp(T1) = 0.87), the plots showing in Fig.8 are obtained. As
depicted in Fig.8, at room temperature, the phosphorescence and TADF account for

16% and 84% for complex 2, respectively.
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The selected bond lengths and angles in the optimized So, Si1, and T geometries
for complexes 1-6 are collected in Table S1. The core structures in the optimized So,
Si, and T geometries for complexes 1-6 are shown in Fig.S45. The S; and T
coordination geometries of the copper center of 1-6 are highly distorted tetrahedral.
For complexes 1-3, smaller changes of P1-Cu-P2, P2-Cu-P3 and P3-Cu-X bond
angles in comparison to the ground state (So), which result in much higher quantum
efficiencies than complexes 4-6. These bond angels changes possibly results in some

nonradiative processes cause by Jahn-Teller distortion of emissive excited states [24]



and not very high quantum efficiency in complexes 4-6, due to no bulky

trimethylsililyl group near to P1 atom.
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Fig.4. Normalized emission spectra of complexes 1-6 in powder state at (a) 297 K
and (b) 77 K.



The optimized Si geometry HOMO E =-4.74¢eV LUMO E=-2.18¢V




The optimized Si geometry HOMO E =-4.57 eV LUMO E=-2.11¢eV

The optimized S| geometry HOMO E=-4.64¢V LUMO E=-2.10eV

HOMO E=-456¢V LUMO E=-2.02¢eV

The optimized Si geometry HOMO E =-4.58¢V LUMO E=-199eV



The optimized S| geometry HOMO E=-4.50eV LUMO E=-2.02eV

6

Fig.6. The optimized S; geometry, electron cloud distribution of HOMO and LUMO
at S; geometry for complexes 1-3.
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Fig.7. Temperature dependence of decay time for complex 2 in powder state and

fitting curve (the inset shows the fitting parameters).
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Fig.8. The contributions of TADF and phosphorescence to the luminescence of

complex 2 in powder state as a function of temperature.

Table 4. Photophysical data of 1-6 in powder state.

Amax (NM)? Tave (1S)° 0% kS Es(S;)  Ed(T))  AEX ) (nm)f

(10*s)  (eV)e© eV)e  (Si-Th)

297K 77K 297K 77K 297K 297K (eV)e©

485 473 364 739 0.41 1.13 24381 23327 0.1054 508
3.0542¢ 299528 0.0590¢

506 498 48.9 595 0.52(0.87*%) 1.06 26176 25176  0.1000 473
3.03188 290408 0.1278¢

535 536 20.8 772 0.29 1.39 2.6223 25057  0.1166 472
2.9594¢ 283112 0.1283 ¢

515 499 9.0 108 0.18 2.04 2.6788  2.6133  0.0655 463
3.2208¢ 3.16332 0.0575¢

535 502 10.0 469 0.07 0.65 2.7460  2.6661  0.0799 452



3.0923& 2.9880¢ 0.1043 ¢

6 516 508 4.2 462 0.03 0.62 2.5689  2.5079  0.0610 483

3.0024¢ 2.8972¢ 0.1052¢

2 Emission peak wavelength.

b Averge lifetime was used and calculated by the equation Tave = ZA{Ti?/ZAiT;, Ajand T; are shown

in Figures S26-S37. Experimental errors are + 5%.
¢ Absolute emission quantum in air. Asterisk indicates at 77 K. Experimental errors are + 5%.
d Radiative decay rate. k= ®/Taye.

¢ E*i(S)) and E*¥(T,) are the adiabatic excitation energies, which correspond to the S — S; and
So — T, transitions, respectively. The energy gap between S; and T; is then obtained through
AEadi(Sl_Tl) — Eadi(sl)_ Eadi(Tl)_

f Calculated emission wavelengths based on the optimized S; geometries.

¢ The Si and T, energy levels were estimated according to the emission peak onsets at 297 K and
77 K.

3.4.Thermal properties

Since good thermal stabilities of the complexes are important for OLED
applications, the onset decomposition temperatures (Taec) of complexes 1-6 were
determined by thermogravimetric analysis (TGA) under a stream of nitrogen. From
the onset of the TGA curves (Fig. 9), all complexes show good thermal stabilities with
their Tqec values ranging from 229 to 264 °C for complexes 1-6. The first-step weight
loss for complex 3 of ca. 39 % was observed at 300 °C, ca. 37~43% was observed
between 390 and 430 °C for complexes 4-6, which is due to the removal of halogen
and PPhs. The second-step weight loss was observed at 352 °C for complex 3, and

from 472 to 476 °C for complexes 4-6, which can be ascribed to the removal or



decomposition of dpts. The weight loss for complexes 1 and 2 of ca. 80~88 % was

observed at 475 °C, which is due to the removal of halogen, PPh3 and dpts.
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Fig. 9. TGA traces of complexes 1-6.
3.5.Device performance

Solution-processed devices based on complex 2 were fabricated with the
structure of ITO/ PEDOT:PSS (40 nm)/ complex 2 (30 nm)/ TPBi (30 nm)/ LiF (1
nm)/ Al (100 nm). In the device, ITO (indium tin oxide) was used as the anode,
PEDOT: PSS (Poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)) used as
hole injection layer, complex 2 used as the EML,
1,3,5-Tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBi) used as the electron
transporting layer, LiF served as electron injecting layer and Al as cathode. The
energy level diagram of the device is shown in Fig.10(a). This device exhibits yellow
green emission at 564 nm with CIE (x, y) of (0.43, 0.51). The EL spectrum of the

device is shown in Fig.10(b). The device gives maximum external quantum efficiency



(EQE) of 7.74% and presented maximum luminance of 234 cd/m?. As far as we know,
this value of EQE and luminance is the highest among the previously reported
solution-processed OLEDs fabricated with neutral mononuclear Cu(I) halide
complexes. In addition, we fabricated several doped devices with CBP
(1,3-bis(9-carbazolyl)benzene) and mCP (4,4’-bis(9-carbazolyl)biphenyl) as host
materials. The doped devices didn’t perform as well as the non-doped device (Fig.
S46-S47). The unsatisfactory performance of the doped devices may be due to the
defective energy level matching between CBP, mCP and complex 2. A more suitable

host material is needed to improve device performance with complex 2.
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Fig. 10. (a) Energy-level diagram of the device based on the complex 2; (b) EL
spectra, and the inset is the CIE of EL spectra; (c) Current density-voltage-luminance

(J-V-L) characteristics; (d) EQE-luminance characteristics.



4. Conclusions

This is the first report on efficient TADF-OLEDs with ultra-soluble Cu(I) halide
complexes containing non-symmetrically substituted bidentate phosphine and PPhs
ligands. The nondoped device gives a maximum external quantum efficiency (EQE)
of 7.74 % and a maximum luminance of 234 cd/m? with CIE(x,y) of (0.43, 0.51). This
value of EQE and luminance is the highest among the previously reported
solution-processed OLEDs fabricated with neutral mononuclear Cu(I) halide
complexes. The introduction of bulky and flexible trimethylsilyl group into
diphosphine ligand, not only greatly improves the solubility of the complexes, but
also quantum efficiency, which is due to the suppression of nonradiative processes
caused by Jahn-Teller distortion of emissive excited states, and fine-tunes the
emission color as well. This provides a strategy for making ultra-soluble TADF
materials to allow the solution-processed devices, high-performance inks that can be
adjusted to various print heads by using solvent mixtures with tailor-made viscosity

and surface tension properties.
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