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Cationic and neutral mononuclear Cu(I) complexes, [Cu(PPh3)2(PmH)]BF,4 (1a), [Cu(DPEphos) (PmH)]BF4 (2a),
[Cu(Xantphos) (PmH)]BF, (3a), [Cu(PPh3)2(Pm)] (1b), [Cu(DPEphos) (Pm)] (2b) and [Cu(Xantphos) (Pm)] (3b)
(PPh3 = triphenylphosphine, DPEphos = bis(2-diphenylphosphinophenyl)ether, Xantphos = 9, 9-dimethyl-bis
(diphenylphosphino)xanthenes, PmH = 2-(pyridin-2-yl)benzimidazole, Pm=(2-(Pyridin-2-yl)benzimidazolate),
have been prepared and characterized by IR, 'H NMR, 13C NMR, 3!P NMR, XRD, elemental analysis and X-ray
crystal structure analysis. The structural analysis shows that each of Cu(I) complexes includes a tetrahedral [Cu
(NN) (PP)]" moiety, and temperature variation from 99 K to 298 K leads to the change of bonds lengths, angles
and weak interactions. Meanwhile, theoretical calculations indicate that the differences between cationic and
neutral Cu(l) complexes affect the composition of HOMO and LUMO orbitals, and the effect of temperature on
Miilliken atomic charges is limited. Furthermore, neutral Cu(I) complexes 1b-3b show better luminescence in
comparison to cationic Cu(I) complexes 1a-3a at room temperature, and temperature variations from 99 K to
298 K result in changing photoluminescence to some extent, which partly agrees with the related calculation
results. In these cationic and neutral Cu(I) complexes, the maximum phosphorescent lifetime and quantum yield
reach respectively 137 ps and 42% at room temperature. Moreover, cationic and neutral Cu(I) complexes are
utilized to fabricate the monochromatic LEDs, showing favorable electroluminescence with the maximum EQE of

7.10%.

1. Introduction

Photoluminescent metal complexes continue to attract attention due
to their practical applications in chemical probes, chemosensors, bio-
logical imaging, photochemical catalysts, light-emitting diodes (LEDs)
and dye-sensitized solar cells (DSSCs) [1-8]. Therefore, on the basis of
transition metal, it is particularly important to design and synthesize
highly-efficient luminescent complexes. Nowadays, metal copper have
been reported as an important candidate for synthetic copper(I) com-
plexes with high-efficiency luminescence [9-12], because metal copper
is more abundant than other luminescent materials like Ru and Pt [13,
14]. Meanwhile, a large amount of copper(I) complexes based on the
different kinds of ligands, such as N-ligands, P- ligands and N, P- ligands,
are prepared and used for solid-state lighting technologies like LEDs
[15-17]. Furthermore, the studies of luminescent properties show that
many factors affect photoluminescence of copper(I) complexes, i.e.
ligand types, weak interactions , solvent and the form of complexes

[18-22]. For example, Hou and co-workers reported that a series of new
functional phosphine ligands with different central arene spacers
(phenyl, naphthyl, biphenyl) are used to construct highly-effective,
binuclear copper(I) complexes [23]; Shi and co-workers reported that
neutral [Cu(nimp) (PP)] complexes show better luminescence in com-
parison with ionic [Cu(nimpH) (PP)]PF¢ complexes [24]; Xin and
co-workers presented that, owning to the restriction of intramolecular
rotation, copper(I) complexes display aggregation-induced phospho-
rescence emission behavior in CHsCly/hexane [25]; Gernert and
co-workers demonstrated that the expanded zn-system of the CAArC re-
sults in the formation of unusually deep red emitting Cu(I) complexes
with thermally activated delayed fluorescence (TADF) [26]. These work
show that the luminescent properties of copper(I) complexes can be
improved by tuning relative influence factors. That is to say, the varia-
tion of multiple factors may be a convenient way of mediating lumi-
nescent properties.

Temperature variation has been used to tune structures and

* Corresponding author. University of Electronic Science and Technology of China, Chengdu, 611731, China.

E-mail address: hth_chem@126.com (T.-H. Huang).

https://doi.org/10.1016/j.0orgel.2021.106273

Received 3 April 2021; Received in revised form 20 June 2021; Accepted 20 June 2021

Available online 1 July 2021
1566-1199/© 2021 Published by Elsevier B.V.


mailto:hth_chem@126.com
www.sciencedirect.com/science/journal/15661199
https://www.elsevier.com/locate/orgel
https://doi.org/10.1016/j.orgel.2021.106273
https://doi.org/10.1016/j.orgel.2021.106273
https://doi.org/10.1016/j.orgel.2021.106273
http://crossmark.crossref.org/dialog/?doi=10.1016/j.orgel.2021.106273&domain=pdf

T.-H. Huang et al.

luminescent properties of copper(I) complexes [27-30]. For example,
the solid-state emission of a copper(I) complex, [Cu(POP) (Me-DPSO)]
[BF4], ranges from orange at room temperature to yellow at low tem-
peratures [31]. Meanwhile, temperature-dependent crystal structures
and luminescence are presented by Moussa and co-workers [32]. These
studies show that temperature has an important influence on con-
structing the highly-efficient, luminescent copper(I) complexes. How-
ever, at present, temperature effect has rarely been incorporated into
theoretical calculation of copper(I) complexes [33]. Therefore, the
development of theoretical calculation at different temperatures is
important for observing the effect of temperature, which is in favor of
investigating the relationship between structure and luminescent prop-
erties and then obtaining highly luminescent copper(I) complexes.

Consequently, cationic and neutral Cu(I) complexes, [Cu
(PPh3)2(PmH)]BF,4 (1a), [Cu(DPEphos) (PmH)]BF, (2a), [Cu(Xantphos)
(PmH)]BF4 (3a), [Cu(PPh3)2(Pm)] (1b), [Cu(DPEphos) (Pm)] (2b) and
[Cu(Xantphos) (Pm)] (3b), have been constructed and characterized.
Meanwhile, the structures, theoretical calculation and luminescent
properties of these cationic and neutral Cu(I) complexes are investi-
gated, which aims to observing the influence of the form of copper(l)
complexes on structure and luminescent properties. Furthermore, take
the case of complex 1b, the single crystal X-ray diffraction data for this
copper(I) complex are collected at 99 K, 150 K, 200 K, 250 K and 298 K,
and then the related theoretical calculation and luminescent properties
of copper(I) complexes at different temperatures are studied to consider
effect of temperature. Moreover, the monochromatic LEDs using copper
(I) complexes as emitting materials demonstrate fairly good electrolu-
minescence (EQEnax = 7.10%).

2. Result and discussion
2.1. Syntheses

Cationic Cu(I) complexes 1a-3a are formed by the reaction of copper
(I) salt with phosphine ligands and PmH in a ratio of 1:2:1 or 1:1:1. And
these cationic complexes reacting with excessive KOH would produce
neutral Cu(I) complexes 1b-3b. In these six Cu(I) compounds, the IR
peaks of 1434-1437 cm~! and 1588-1601 cm ™! are assigned to Opp(p_ph
and vc - n, respectively, reflecting the presence of the binding patterns of
phosphine ligands (PPhs, DPEphos and Xantphos) and imidazole ligands
(PmH or Pm). Similarly, 'H and 13C spectra show anticipated resonances
typical for the coordinated ligands of these six Cu(I) complexes
(Figs. S1-S6). Meanwhile, the 31p NMR peaks of cationic and neutral Cu
(I) complexes are quite different, indicating different phosphorus and

Complex 1a
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electronic environments (Figs. S7-S12). Moreover, the experimental
powder XRD patterns of cationic and neutral Cu(I) complexes are almost
identical with simulated profiles, only being a bit difference on detail,
which may be due to the solid samples including solvent molecules
(Fig. 1, S13 and S14).

2.2. Structure analysis

The structure of complex 1a is analogue to the previously reported
(Fig. S15) [34]. Therefore, only the structures of 2a, 3a and 1b-3b are
demonstrated here on detail. The single crystal X-ray diffraction analysis
shows that both 2a and 3a contain one [Cu(NN) (PP)]* moiety, which
adopts a distorted tetrahedral geometry constructed by two N atom from
PmH and two P atoms from phosphine ligands (Fig. 2). In these two
complexes, the Cu-N and Cu-P bond lengths are in the range of 2.076
(5)-2.129(4) A and 2.2429(19)-2.2710(18) A (Table S3), respectively,
which are close to those in previously studied [Cu(NN) (PP)] " system,
such as [Cu(PPhg), (DPA)]BF,4 [35] and [Cu(DPEphos) (DPSO5)][BF4]
[36]. Corresponding N-Cu-N, N-Cu-P and P-Cu-P bond angles are
79.78(17)-80.1(2)°, 110.85(15)-116.77(15)° and 115.31(5)-115.64(7)°
(Table S3), respectively, which are similar with previously reported [Cu
(NN) (PP)] ™" species, e.g. [Cu(dmp) (dfppe)]PF [37], Meanwhile, Intra-
and inter-molecular © - & interactions in three complexes are observed
with the ring-central distances of 3.96-3.98 A and dihedral angles of
21.47-22.99° [38], while C-H " & interactions are found, with CH/x
distances of 2.63-2.95 A and angles of 139-178° [39]. Moreover,
C-H.--F and N-H---F hydrogen bonds are also involved in three com-
plexes (C-H---F hydrogen bonds: H --F = 2.42-254 A, C --F =
3.26-3.39 A; N-H--F hydrogen bonds: H ---F = 1.95-2.01 AN F=
2.76-2.82 A).

For 1b-3b, the overall structures are similar with that of complexes
1a-3a. However, different from 1a-3a, complexes 1b-3b are neutral four-
coordinated by two N atom from Pm and two P atoms from phosphine
ligands (Fig. 3 and Fig. 4). The Cu-N and Cu-P bond lengths in 1b-3b are
2.008(2)-2.154(4) A and 2.2393(11)-2.2987(14) A (Table 1 and
Table S3), respectively, which are analogous to previously investigated
copper(l) complexes containing imidazole ligands. Corresponding
N-Cu-N, N-Cu-P and P-Cu-P bond angles are 80.08(13)-80.99(9)°,
105.23(8)-122.62(12)° and 111.80(5)-119.63(3)° (Table 1 and
Table S3), separately, which are comparable with those of [POP-
CuPhPtp] [40]and [Cu(DPEphos) (NPhy)] [41]. Similarly, complexes
1b-3b contain C-H " x interactions, with CH/x distances of 2.50-2.99 A
and angles of 119-155°. Meanwhile, only © -t interactions of 1b and 2b
are found, with the ring-central distances of 3.69-3.99 A and dihedral

Complex 1b
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Fig. 1. XRD patterns of compounds 1a (left) and 1b (right) observed by simulation and experiments.
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Fig. 2. Molecular structures of 2a (a) and 3a (b). Except for H1, the hydrogens are deleted for clarity.

Fig. 3. Molecular structures of 1b. The hydrogens are deleted for clarity.

angles of 0-16.58°.

To observe the effect of temperature on bond lengths and angles, the
single crystal structure data of complexes 1b are collected at 99 K, 150 K,
200 K, 250 K and 298 K. As presented in Table 1, temperature variation
has a certain degree influence on bond lengths and angles: (1) with the
rise of temperature, the Cu-N and Cu-P bond distances will have a little
change; (2) at 99-298 K, corresponding P-Cu-P bond angles are larg-
ened by 0.89°, while N-Cu-N and N-Cu-P bond angles have a slight
variance. As previously reported [42,43], the P-Cu-P bite angle has a
major impact on the orbital overlap integral between the occupied
dr-orbitals from the central copper(I) and the P-localized lone-pairs
from the P ligand, which can affect MLCT transitions. Therefore, tem-
perature variation, which is useful to modify bond lengths and angles,
may an appropriate method for tuning structures and luminescent
properties. Meanwhile, the mean interplanar separation between two
pyridyl rings from two neighboring [Cu(PPh3)2(Pm)] molecules ranges
from 3.691 A to 3.731 A at 99-298 K (Fig. S16), implying that inter-
molecular © ~ 7 interactions will change with increasing temperature.
Corresponding intra- and inter-molecular C-H - x interactions in the
packing structures have some changes with the rise of temperature
(Tables S4-S8). Moreover, the O-H:--N hydrogen bonds are also
observed at 99-298 K, with the H---N centroid distances of 2.04-2.10 A

(Fig. S17). All these show that temperature variation have a formative
effect on bond lengths, angles and weak interactions.

2.3. DFT studies

Theoretical calculations for the cations [Cu(PPhs),(PmH)]" (1a),
[Cu(DPEphos) (PmH)]*(2a’), [Cu(Xantphos) (PmH)]*(3a’), and com-
plexes [Cu(PPhg3)2(Pm)] (1b), [Cu(DPEphos) (Pm)] (2b), [Cu(Xantphos)
(Pm)] (3b) are used for the observation of electronic properties and
Miilliken analysis (the luminescence of complexes 1a-3a are related to
the cations 1a’-3a’). As presented in Tables 2 and S9, the HOMO —
LUMO energies of cations 1a’- 3a’ are in the range of 2.04-2.26 eV,
which decreases the HOMO — LUMO energy gap (0.36-0.57 eV) in
contrast with that of neutral complexes 1b-3b. As previously reported
[44], all these are partially because the deprotonation of PmH leads to
the change of the charge distribution of copper(I) complexes. That is to
say, the deprotonation of PmH may have great effects upon the
HOMO — LUMO energy gap, which provide valuable information on
structure-property relation. Moreover, the HOMO — LUMO energy gap
of complex 1b shows almost no differences at 99-298 K (Table S9),
implying that the HOMO-LUMO gap of this complex may be indepen-
dent of the temperature.

As previously reported [45], DOS and PDOS can be used for
observing the constituents of the HOMO and LUMO orbitals (DOS and
PDOS below/above Fermi level would be related to HOMO/LUMO). In
cation [Cu(PPhs)o(PmH)]™, the s orbitals from H, C, N and P atoms, the D
orbitals from C, N and P atoms as well as the d orbitals from P and Cu
atoms are the most contributions of the HOMOs, while the essential
component of LUMOs are the p orbitals from C, N and P atoms, and a bit
contribution of the p and d orbitals from P and Cu atom (Fig. S18).
Meanwhile, the HOMO orbitals of [Cu(DPEphos) (PmH)]" and [Cu
(Xantphos) (PmH)]™ are mainly contributed by the s orbitals from H, C,
N, O and P atoms, the p orbitals from C, N, O and P atoms, and the
d orbitals of P and Cu atoms, while the largest contribution of LUMOs are
the p orbitals from C, N, O and P atoms, and the p and d orbitals from P
and Cu atoms (Figs. S19-S21). Because of luminescent properties of
1a-3a mainly having correlation with their cations, consequently, the
HOMO:s of 1a-3a are mostly delocalized over the copper d—orbital with
phosphine character (1a: PPhg; 2a: DPEphos; 3a: Xantphos), while the
LUMOs are primarily located on PmH with admixed copper d-orbital to
some extent (Table 3).

Different from 1a-3a, calculation results demonstrate that the largest
contributions for the HOMOs of 1b-3b are the copper d—orbital and Pm
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Fig. 4. Molecular structures of 2b (a) and 3b (b). The hydrogens are deleted for clarity.

Table 1
The selection of bond lengths (;\) and angles (°) for 1b under different
temperatures.
P, N N,
Clll
/ N
P, N3
99 K 150 K 200 K 250 K 298 K
Cul-P1 2.2457 2.2491 2.2486 2.2511 2.2532
(10) 13) (©)] (©)] [C)
Cul- P2 2.2456 2.2510 2.2525 2.2565 2.2600
(10) (13) ©)] 9 ©9)
Cul- N2 2.021 (3) 2.028 (4) 2.028 (3) 2.030 (2) 2.030 (3)
Cul- N3 2.132 (3) 2.137 (4 2.139 (3) 2.146 (3) 2.147 (3)
P2-Cul-P1 118.74 (4) 119.04 (5) 119.22 119.43 119.63
3 3 3)
N2-Cul-P1 113.04 (9) 112.86 112.70 112.48 112.38
an ® (€©)] 8)
N2-Cul-P2 119.23 (9) 119.16 119.17 119.17 119.04
12) ® ® ®)
N2-Cul-N3 80.95 (11) 80.72 (15) 80.67 80.82 80.79
an (10) an
N3-Cul-P1 111.90 (8) 112.08 112.21 112.20 112.32
(10) (8) 7) 8)
N3-Cul-P2 105.85 (8) 105.70 105.53 105.36 105.23
1D ® ® ®)
Table 2
The HOMO and LUMO energy, and Energy gaps of complexes 1a’-3a’, 2b and 3b
complex HOMO/ev LUMO/eV AE/eV
la’ -7.75 -5.49 2.26
2a’ —7.42 —-5.37 2.06
3a’ —7.47 —5.43 2.04
2b —4.55 —2.03 2.52
3b —4.58 -1.97 2.61

(Tables 3 and 4), having a certain consistency with the investigated DOS
and PDOS (Figs. $22-525). Meanwhile, compared with DOS and PDOS,
the largest contributions for the LUMOs are Pm for 1b, DPEphos for 2b,
Xantphos and Pm for 3b, implying that phosphine ligands have a

Table 3
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Contour plots of the HOMO and LUMO of 1a’-3a’, 2b and 3b

compound

HOMO

LUMO

1a’

2a

3a’

2b

3b
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Table 4
Contour plots of the HOMO and LUMO of 1b at different temperatures.

Temperature HOMO LUMO

99 K

150 K

200 K

250 K

298 K

Table 5
The selection of Miilliken atomic charges in 1a’-3a’, 2b and 3b.

P N
1\/2

Clll

1a 2a' 3a’ 2b 3b

charges charges charges charges charges
Cuy 0.512 0.559 0.538 0.622 0.592
Py 0.771 0.780 0.798 0.769 0.791
Py 0.779 0.809 0.807 0.754 0.798
Ny —-0.627 —-0.616 —-0.627 —0.696 -0.719
N3 —-0.519 —0.535 —0.524 —0.534 —0.530

measurable effect on the component of the LUMOs. Moreover, as pre-
sented in Table 4 and Fig. S26, the ingredients of the HOMOs and
LUMO:s in 1b are virtually unchanged at 99-298 K, which is consistent
with the minimal changes of bond lengths and angles under different
temperatures (see Table 5).

As shown in Tables 5 and S10, Miilliken atomic charges of cations
la’-3a’ and compounds 1b-3b are calculated. For 1a’-3a’, the charges of
Cu atoms are in the range from 0.512 to 0.559, while corresponding

Organic Electronics 97 (2021) 106273

total charges of the coordinated atoms are —0.404 for 1a’, —0.438 for 2a’
and —0.454 for 3a’. All these suggest that phosphine ligands have a
formative effect on atomic charges. Meanwhile, the charges of Cu atoms
in 1b-3b are larger than the related values in cations 1a’-3a’, respec-
tively, which is probably caused by the deprotonation of PmH ligand.
Furthermore, the charges of the copper atoms in 1a’-3a’ and 1b-3b are
less than +1, which may be beneficial for transfer charge of the copper
atom and the enhancement of luminescent properties. In addition,
Miilliken atomic charges of 1b at 99-298 K show that the charge of the
copper atom is in the range from 0.562 to 0.569, and the variation in the
total charges of the coordinated atoms at 99-298 K is going from 0.257
to 0.270 (Table S10). All these indicate that temperature variation may
lead to the change of atomic charges, which may be also good for
mediating charge migration and improving luminescent properties of
the related copper(I) complexes.

2.4. Luminescent properties

As presented in Fig. 5 and Table 6, solid-state luminescent properties
of cationic/neutral copper (I) complexes are observed at room temper-
ature. For these copper (I) complexes with identical PmH/Pm ligands
but different phosphine ligands, the tendency toward decreased quan-
tum yield and phosphorescent lifetime, as well as for a red-shifted
emission, goes with the size and steric encumbrance of phosphine li-
gands (The reason for this is that the size and steric encumbrance of
phosphine ligands can tune structural relaxation in the CT excited state
[23]). All these imply that the size and steric encumbrance of phosphine
ligands have an important influence on luminescent properties of cati-
onic/neutral copper (I) complexes. In addition, the emission peaks of
cationic copper (I) complexes 1a, 2a and 3a are 534 nm, 569 nm and
566 nm, respectively, which may be tentatively assigned to
metal-to-ligand charge transfer (MLCT) [19,46-48], consistent with the
change of Miilliken atomic charges and the component of the HOMOs
and LUMOs to some extent.

Meanwhile, the solid-state emissions of neutral copper (I) complexes
1b-3b have blue-shifted compared with cationic copper (I) complexes
la-3a, implying that neutral structures have an important influence on
luminescent properties of copper(l) complexes. Furthermore, The
emission decay time of neutral copper (I) complexes (1b: T = 137 ps; 2b:
T =17 ps; 3b: T = 8 ps) are much larger than the corresponding values in
cationic copper (I) complexes 1a-3a, which may partly be due to the
deprotonation of PmH ligand leading to the change of charge migration.
Simultaneously, quantum yield (@) in neutral copper (I) complexes
1b-3b reaches 42%, which is higher than [POPCu(FPhptp)] [40] and
[Cu(2PyN) (Xantphos)] [49], drastically increasing the quantum yield in
comparison to that of the related cationic copper (I) complexes 1a-3a.
Moreover, the K, values in these cationic/neutral copper (I) com-
plexes are much more than the related Kr values (Table 6). All these
show that the form of copper(I) complexes may have a strong effect on
adapting and improving luminescent properties.

To observe the effect of temperature on solid-state luminescent
properties, the photophysical properties of complex 1b are observed at
99-298 K. As shown in Fig. 6 and Table 7, the emission peaks of complex
1b range from 500 nm to 527 nm at 99 K to 520 nm at 298 K, while the
excitation peaks vary from 420 nm to 460 nm at 99 K to 425 nm at 298 K.
With the rise of temperature, the intensity of emission peaks will also
decrease, coinciding with the change of the excitation peaks at different
temperatures: (1) at 99-200 K, the emission peaks near 500 nm and 527
nm become much lower; (2) only the emission peak near 520 nm remain
considerable strength at 250-298 K. Meanwhile, the emission decay
time of complex 1b ranges from v = 919 ps at 99 K to 297 ps at 298 K,
suggesting that rising temperature can result in the decrease of phos-
phorescent lifetime. Furthermore, complex 1b has a rapid increase in the
Kr and Knr values with the increasment of temperature, and the varia-
tion of quantum yield, which ranges from ®,,, = 47% at 99 K to 36% at
298 K, is unapparent. All these indicate that rising temperatures can
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Fig. 5. Room-temperature, maximum emission spectra of 1a-3a (left) and 1b-3b (right).

strengthened with the increasement of current from 20 mA to 120 mA
(Fig. 7). By comparing to the LED-a2 and LED-a3 devices, the LED-al
Do/ T; Kne=(1-Pep) /7 [13]). device s.how better luminescence. Performance (Tables 8117813).: (1.)
the maximal external quantum efficiency (EQE) of the LED-al device is

Amax(om) (bs) Pem (%) K ke (1) 7.10% and far greater than the corresponding values in the LED-a2

la 534 nm 10 26 2.60 x 10* 7.40 x 10* (6.14%) and LED-a3 device (1.98%): (2) the luminance efficiency (LE)

Table 6
Room-temperature photophysical properties of six copper(I) compounds (K, =

2a 569 nm 7 27 3.86 x 10: 1.04 x 10: is LEqEp-a1)> LEwED-a2)> LE(LED.a3). Moreover, the CCT and CRI are
3 566 nm 05 ! 200> 10 1.98 > 10 4809-4898 K and 50.7-50.8 for the LED-al device, 3717-3743 K and
1b 510 nm 137 42 3.07 x 10° 4.23 x 10° ’ . i

2% 544 nm 17 25 1.47 % 10* 4.41 x 10* 50.2-50.7 for the LED-a2 device, as well as 3489-3571 K and 65.3-65.8
3b 530 nm 8 17 2.13 x 10* 1.04 x 10° for the LED-a3 device (Tables S11-S13). All these indicate that complex

1 may be fit for acting as a yellow-green emitting material in the
monochromatic LED.

We took neutral complexes 1b-3b instead of cationic complexes 1a-
3ato fabricate the LED-b1, LED-b2 and LED-b3 devices. Similarly, the EL

result in the increasing of Kr and Knr, and the decrease of phosphores-
cent lifetime and quantum yield.

2.5. Performance of LED devices
Table 7

The photophysical properties of compound 1b under different temperatures (K

To observe potential application of copper (I) complexes, the — @)t Kyt [130).

monochromatic LED devices are manufactured by near-ultraviolet chips

with cationic/neutral copper (I) complexes. As presented in Fig. 7, the 9K 150K 200K 250K 298 K
EL spectra of the LED-al, LED-a2 and LED-a3 devices show respectively Amax 495nm, 527 498 nm, 527 500 nm, 527 520 nm 516 nm
the existence of the emission peaks near 537 nm, 560 nm and 570 nm, (am) nm nm nm

coinciding with the solid-state emission of cationic copper (I) com- (ps) 919 837 655 460 297
plexes. Meanwhile, the LED-al device emit the yellow-green light with Pem 47 45 43 42 36

the CIE color coordinates of (0.3715, 0.5215), driven by 20 mA, while (%) ) ) ,

the LED-a2 and LED-a3 devices show the yellow light with the CIE co- K‘(s,l) >11 10 538 < 10 6.56 < 10 ?'0123 * 1'0231 x
ordinates of (0.4391, 0.5228) and (0.4458, 0.4973), respectively, under Kar 5.77 % 102 6.57 x 102 8.70 x 102 1.26 x 2.15 x
20 mA driven current (Fig. 7 and Tables S11-S13). Notably, the EL in- s 10° 10°

tensity of the LED-al, LED-a2 and LED-a3 devices are obviously

Intensity (a.u.)

Ll lJ L J J
T T T T u T T T T T v T v 1
= 300 350 400 450 500 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)
Fig. 6. (a) The maximum excitation spectra of 1b at the solid state, under different temperatures; (b) The maximum emission spectra of 1b at the solid state, under

different temperatures.
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spectrums indicate two main emission peaks near 435 nm and 550 nm
for the LED-b1 device, the emission peak of 555 nm for the LED-b2
device, and the emission peak near 565 nm for the LED-b3 device
(Fig. 8). Under 20 mA driven current, the LED-b1 device show yellow-
green emission with the CIE coordinates of (0.4029, 0.5072), while
the LED-b2 and LED-b3 devices demonstrate respectively yellow emis-
sion with the CIE coordinates of (0.4074, 0.5125) and (0.4268, 0.5072)
(Fig. 8). Meanwhile, the EL intensity of the LED-b1, LED-b2 and LED-b3
devices also increase with the rise of driven current from 20 mA to 120
mA. Compared with the previously observed LED-al and LED-a2 de-
vices, the LED-b1 and LED-b2 devices show weaker luminescence: the
maximal EQE (ca. 4.30%) and LE (ca. 12.33 Im/W) are much lower than
the correlation values in the LED-al and LED-a2 devices
(Tables S14-S15). Furthermore, the luminescence performance of the
LED-b3 device is no obviously change compared to the LED-a3 device,
and weaker than that of the LED-bl and LED-b2 devices (Table S13
-516). These results show that the form of copper(I) complexes may be
fundamental to their luminescence performance in the LED devices.

3. Conclusion

In summary, a series of cationic and neutral Cu(I) complexes have
been prepared and characterized. On the basis of optimizing lumines-
cent properties of Cu(I) complexes, the form of copper(I) complexes and
the effect of temperature have been observed. For example, the studies
of crystal structures, DFT calculation and photophysical properties of
complex 1b at different temperatures show that temperature variation
has a major impact on bond lengths and angles, weak interactions,
Miilliken atom charges, phosphorescent lifetime and quantum yield. In
these cationic and neutral Cu(I) complexes, the phosphorescent lifetime
and quantum yield are up tol137 ps and 42% at room temperature,
respectively. Moreover, cationic and neutral Cu(I) complexes are used to
fabricate the monochromatic LEDs, achieving favorable electrolumi-
nescence with the maximum EQE of 7.10%.

4. Experimental section
4.1. General procedures

All chemicals (A. R. grade) were purchased from Energy Chemical or
Aladdin, and used without further purification. The PerkinElmer Fron-
tier Near/Mid-IR Std spectrometer of 4000-400 cm ™' are used to
observe IR spectra. 'H, 13C and 3!'P{'H} spectra were determined by
using a Bruker AVANCE-500/600 spectrometer. The crystal phases and
elemental analyses are measured by the Bruker D2 PHASER X-ray
diffractometer and Vario EL Cube elemental analyzer, respectively. The
luminescent spectra as well as emission lifetime were collected using an
Edinburgh Instruments FLS980 spectrophotometer. Room-temperature
emission quantum yields were recorded on a HORIBA Dual-FL spectro-
photometer with PL quantum yield measurement system.

The luminescent spectra and emission lifetime of compound 1b at
different temperatures are observed using a temperature controller
(LNP95, Linkam) attached to FLS980 spectrophotometer, while emis-
sion quantum yields are measured by a self-developed absolute PL
quantum yield measurement system (a self-developed integrating
sphere, a LNP95 temperature controller and a QEPr spectrometer).
Performance of the LED devices are collected on a Everfine Instruments
HAAS2000 LED optoelectronic analyzer.

4.1.1. Synthetic method

The mixture of [Cu(CH3CN)4]BF4 and phosphine ligand (1a: PPhs;
2a: DPEphos; 3a: Xantphos) in 5 mL of acetonitrile was stirred for 20 min
and then PmH was added. After reaction, the acetonitrile solvent was
evaporated to give cationic compounds la-3a. Meanwhile, reacting
cationic compounds 1a-3a with KOH (2 equiv.) in 5 mL of acetonitrile/
methanol produced the precipitation of neutral Cu(I) complexes 1b-3b,
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and then the relative complexes were obtained by filtration. Further-
more, the crystals of compounds 1a, 2a, 3a, 2b and 3b were obtained by
the diffusion of n-hexane into the CH,Cl, or CHClj3 solution of the related
Cu(I) complexes, except that the crystal of compound 1b was offered by
recrystallization from ethanol.

4.1.2. [Cu(PPhs3),(PmH)]BF4 (1a)

Yield: 0.0398 g (ca.46%). IR (em™1): 3235 (br), 3052 (m), 1601(w),
1478 (m), 1435 (s), 1319 (w), 1094(s), 994 (vs), 796 (w), 742 (s), 694
(s), 516(s). 'H NMR (600.13 MHz, CDCls, 25 °C, TMS): & = 7.02-7.07
(m, 12H), 7.09 (t, J = 7.6 Hz, 13H),7.12-7.18 (m, 2H), 7.19 (s, 1H),
7.23-7.28 (m, 7H), 7.82 (d, J = 8.2 Hz, 1H), 7.87 (t, J = 7.8 Hz, 1H),
8.06 (d, J = 5.1 Hz, 1H), 8.40 (d, J = 8.1 Hz, 1H). 13¢ NMR (125.75
MHz, CDCl3) § = 149.4, 148.7, 145.5, 140.4, 138.9, 135.4, 133.1, 132.5,
132.4,130.1,128.8, 125.5, 125.2, 123.7, 123.0, 117.9, 114.4.31P{1H}—
NMR (242.94 MHz, CDCl3, 25 °C, TMS): 1.86 ppm. Elemental analysis:
calculated for C4gH39BCuF4N3Ps: C 66.26, H 4.52, N 4.83. Found C
65.96, H 4.77, N 4.64.

4.1.3. [Cu(DPEphos) (PmH)]BF4 (2a)

Yield: 0.0516 g (ca.58%). IR (cm’l): 3434 (br), 3243(m), 3054 (m),
1588(w), 1479 (w), 1436 (vs), 1319 (w), 1260(m), 1217(s), 1095(s),
988 (m), 793 (w), 743 (s), 695 (s), 502(s). 'H NMR (600.13 MHz, CDCl3,
25 °C, TMS): 8 = 6.86-7.00 (m, 10H), 7.07 (t, J = 7.7 Hz, 1H), 7.10-7.15
(m, 10H), 7.22-7.28 (m, 10H), 7.29-7.35 (m, 1H), 7.43-7.51 (m, 1H),
7.83 (d, J = 8.2 Hz, 1H), 7.90 (t, J = 7.7 Hz, 1H), 8.14 (d, J = 5.2 Hz,
1H), 8.47 (d, J = 8.1 Hz, 1H). '3C NMR (125.75 MHz, CDCls) § = 158.6,
149.2, 148.6, 145.4, 140.5, 138.7, 135.3, 134.3, 133.4, 132.7, 131.6,
130.1, 129.9, 128.6, 125.2, 125.0, 124.9, 124.7, 123.5, 122.8, 120.2,
117.7, 114.2.3'P{'H}-NMR (242.94 MHz, CDCls, 25 °C, TMS): —11.86
ppm. Elemental analysis: calculated for C4gH37BCuF4N3OPy: C 65.21, H
4.22, N 4.75. Found C 64.89, H 4.59, N 4.41.

4.1.4. [Cu(Xantphos) (PmH)]BF4 (3a)

Yield: 0.0621 g (ca.67%). IR (em™1): 3433 (br), 3264(m), 3051 (w),
2961(w), 1599(w), 1478 (m), 1437 (s), 1408 (vs), 1318 (w), 1243(m),
1082(s), 967 (w), 793 (m), 745 (vs), 695 (s), 508(s). H NMR (600.13
MHz, CDCl3, 25 °C, TMS): § = 1.71 (s, 3H), 1.86 (s, 3H), 6.41 (d, J = 8.1
Hz, 1H), 6.53-6.57 (m, 2H), 6.84-6.87 (m, 4H), 7.03-7.16 (m, 13H),
7.19-7.30 (m, 9H), 7.64 (d, J = 8.1 Hz, 2H), 7.85 (d, J = 8.2 Hz, 1H),
7.94 (t, J = 7.9 Hz, 1H), 8.17 (d, J = 5.0 Hz, 1H), 8.53 (d, J = 8.1 Hz,
1H). 3¢ NMR (125.75 MHz, CDCl3) & = 155.1, 155.0, 149.0, 148.7,
145.3, 140.5, 138.8, 135.3, 133.8, 132.9, 132.8, 132.7, 132.6, 131.9,
131.8, 131.7, 131.6, 131.2, 129.9, 129.8128.7, 126.9, 125.6, 125.0,
123.4, 123.0, 120.8, 120.7, 117.2, 114.2, 36.1, 29.7, 27.1.31P{'H}-
NMR (242.94 MHz, CDCl3, 25 °C, TMS): —12.64 ppm. Elemental anal-
ysis: calculated for Cs1H41BCuF4N30P5: C 66.28, H 4.47, N 4.55. Found
C 65.86, H 4.79, N 4.73.

4.1.5. [Cu(PPhs),; (Pm)] (1b)

Yield: 0.0139 g (ca.35%). IR (em™1): 3434 (br), 3050 (m), 1598(m),
1478 (m), 1434 (s), 1379 (m), 1328(m), 1279(m), 1093(s), 739 (vs), 693
(vs), 508(s). 'H NMR (600.13 MHz, CDCls, 25 °C, TMS): § = 7.04-7.36
(m, 33H), 7.46 (t,J = 8.0 Hz, 2H), 7.55 (t, J = 7.5 Hz, 1H), 7.65-7.69 (m,
2H). 13C NMR (125.75 MHz, CD3SOCD3) & = 158.6, 153.2, 149.2, 138.2,
134.1133.9, 133.4, 133.3, 132.5, 132.0, 131.9, 130.2, 130.0, 129.3,
129.2, 129.1, 129.0, 123.5, 121.5, 120.0, 118.6, 116.3.1P{1H}—NMR
(202.44 MHz, CD3SOCDs3, 25 °C, TMS): —1.24 ppm. Elemental analysis:
calculated for C4gH3gCuN3P5: C 73.69, H 4.90, N 5.37. Found C 73.42, H
5.26, N 5.05.

4.1.6. [Cu(DPEphos) (Pm)] (2b)

Yield: 0.0273 g (ca.53%). IR (em™1): 3051 (m), 1600(m), 1563 (w),
1462 (m), 1434 (vs), 1383 (s), 1329 (m), 1275(m), 1220(s), 1145 (s),
1095(s), 1068 (w), 793 (w), 744 (s), 695 (s), 507(s). 'H NMR (600.13
MHz, CDCl3, 25 °C, TMS): 6 = 6.77 (s, 2H), 6.85 (s, 1H), 6.91 (s, 3H),
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Fig. 8. (a) The EL spectra of LED-b1 made by 395 nm near-ultraviolet chip and compound 1b; (b) CIE chromaticity diagram of LED-b1, driven by 20 mA; (c) the EL
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T.-H. Huang et al.

6.99-7.27 (m, 25H), 7.33 (d, J = 7.9 Hz, 1H), 7.61-7.79 (m, 2H), 7.96 (s,
1H), 8.50 (s, 1H). '*C NMR (125.75 MHz, CDCls) & = 158.6, 158.5,
158.2, 153.0, 148.3, 147.8, 145.2, 136.8, 134.3, 133.5, 132.5, 131.1,
129.4, 129.3, 128.3, 128.2, 125.8, 125.7, 125.6, 124.5, 122.1, 121.3,
120.3, 119.7, 119.5, 118.0, 116.6.3'P{'H}-NMR (242.94 MHz, CDCls,
25 °C, TMS): —13.73 ppm. Elemental analysis: calculated for
C4gH36CuN3OPy: C 72.40, H 4.56, N 5.28. Found C 72.63, H 4.96, N
4.82.

4.1.7. [Cu(Xantphos) (Pm)] (3b)

Yield: 0.0285 g (ca.46%). 3434 (br), 3042 (w), 2951 (w), 1596(m),
1479 (m), 1435 (m), 1408 (s), 1375(w), 1325(m), 1237(m), 1025(w),
975 (w), 793 (w), 742 (vs), 694 (s), 511(s). 'H NMR (600.13 MHz,
CDCls, 25 °C, TMS): & = 1.70 (s, 3H), 1.87 (s, 3H), 6.35 (d, J = 7.7 Hz,
1H), 6.39-6.43 (m, 2H), 6.64 (t, J = 7.6 Hz, 1H), 6.95 (s, 5H), 6.97-7.16
(m, 16H), 7.19 (t, J = 7.5 Hz, 2H), 7.26 (s, 1H), 7.58 (d, J = 7.8 Hz, 2H),
7.69 (t, J = 7.7 Hz, 1H), 7.75 (d, J = 8.0 Hz, 1H), 8.02 (d, J = 4.8 Hz,
1H), 8.57 (s, 1H). '3C NMR (125.75 MHz, CDCl3) 6 = 158.4, 155.4,
155.3, 153.4, 148.2, 145.3, 136.8, 133.7, 133.5, 133.4, 133.3, 133.2,
133.1, 133.0, 131.1, 129.2, 129.1, 128.3, 126.1, 124.0, 122.2,
122.0,121.9, 121.8, 121.5, 119.4, 119.3, 118.3, 115.9, 36.1, 29.7,
26.8.3'P{'H}-NMR (242.94 MHz, CDCls, 25 °C, TMS): —13.67 ppm.
Elemental analysis: calculated for Cs;H49CuN3OPo: C 73.24, H 4.82, N
5.02. Found C 73.02, H 5.16, N 4.87.

4.2. X-ray crystallography

The single crystal X-ray diffraction data of cationic and neutral Cu(I)
complexes (la-3a and 1b-3b) were recorded using graphite mono-
chromated Mo-Ka radiation (A = 0.71073 A) on a Bruker D8 Adventure
diffractometer. Meanwhile, the crystallographic data of compound 1b
were collected at 99-298 K. The related crystal structures were solved by
direct or patterson methods, and refined with the full-matrix least-
squares on F? using SHELXTL and the olex2refine refinement package.
No hydrogen atoms are arranged on O2 in 2a and 2b. In the structure
refinement of compound 3a, the unidentifiable and badly disordered
solvent molecules (probably H,O) are omitted by the squeeze option in
PLATON. Crystallographic data for these six compounds are shown in
Tables S1-S2. The selection of bond lengths and bond angles are pre-
sented in Tables 1 and S3.

4.3. Computational section

The mGGA-DFT functional of the DMol® module is used to perform
DFT calculations of [Cu(PPhs)y(PmH)]"(1a’), [Cu(DPEphos)
(PmH)]*(2a"), [Cu(Xantphos) (PmH)]"(3a’), [Cu(PPh3)2(Pm)] (1b), [Cu
(DPEphos) (Pm)] (2b) and [Cu(Xantphos) (Pm)] (3b). Meanwhile, the
local function for the exchange correlation potential and basis set are
meta-GGA M11-L and DND, respectively. Moreover, in the calculation
process, the relevant parameters are set (SCF tolerance: 10_5; max.
force: 0.004 Ha A~!; max. displacement: 0.005 A; convergence toler-
ances for energy tolerances change: 2.0 x 107> Ha).

4.4. Fabrication of the LEDs devices

The monochromatic LED devices are manufactured by using a near-
ultraviolet chip (Aey, = 395 nm) as the excitation source, while com-
plexes 1a, 2a, 3a, 1b, 2b and 3b were used as the yellow/yellow-green
phosphors. The proper amounts of complexes 1a, 2a, 3a, 1b, 2b and
3b were completely mixed with epoxy resins, respectively, and the
related mixtures were coated on the near-ultraviolet chips to obtain the
monochromatic LED devices [50-52]. The monochromatic LED devices
were driven by various currents (20-120 mA). The EL spectra, corre-
lated color temperature (CCT), colour rendering index (CRI), luminance
efficiency (LE) and external quantum efficiency (EQE) were measured
on a Everfine Instruments HAAS2000 LED optoelectronic analyzer.
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